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ABSTRACT
Organic-inorganic hybrid perovskites, such as CH3NH3PbI3 and NH2CH=NH2PbI3, emerge
as a new class of low-cost semiconductors that have the potential applications in high-efficiency
photovoltaic cells, light emitting diodes, lasers, and sensors. However, hybrid perovskites can be
easily degraded by H2O, O2, and light in ambient conditions. To improve the stability of hybrid
perovskites, we carried out a comprehensive study including the degradation kinetics and surface
modification by vapor-solid reactions for encapsulation.
The degradation kinetics of perovskites were studied by using in situ methods. We found
CH3NH3PbI3 perovskite degrades slowly at 85°C. This result indicates hybrid perovskites alone is
not stable in the working conditions. We enhanced the stability of perovskites by surface
modification through studying the surface reaction mechanism on perovskites. We found that by
increasing the partial pressure of vapor reactants such as pyridine, the vapor-perovskite reactions
will change from surface terminated reaction to bulk transformation reactions.
A thin pin-hole free oxide barrier layer can not only block H2O and O2 from meeting
perovskites but also encapsulate the gas byproducts from the degradation reactions to stop the
reversible degradation reaction. Atomic layer deposition (ALD) is a promising method to deposit a
pinhole-free metal oxide barrier film onto perovskites. Although there are numerous reports in
applying ALD on hybrid perovskites, the nucleation mechanism of ALD on these perovskites are
poorly understood. Herein, we will present our findings about the atomic level surface reaction
mechanism during ALD on perovskite-related substrates. Collectively, we are able to create a
couple of new pathways to improve the stability of perovskite materials.
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CHAPTER 1: INTRODUCTION
The energy crisis and global warming have become a growing interwind problem in
civilization. Currently, 85% of global energy supply is from fossil fuels including natural gas, coal,
and petroleum. Although the proved gas and oil reserves have increased by 70% and 40%
respectively in the past two decades, fossil fuels are dwindling because of fast consumption and
environmentally damaging mining technology. Meanwhile, the usage of fossil fuels dumps million
tons of carbon dioxide into the atmosphere, resulting in the global climate change, such as extreme
weather and the rising sea level. The situation becomes a significant threat to human society.
The development of renewable energy technologies is widely recognized as a crucial
component in providing an integrated solution to limit greenhouse gas emissions and improve the
sustainability of human society.1-3 Renewable energy derives from a unlimited energy sources
including solar, wind, biomass, geothermal, hydropower and tidal energy. One biggest challenge is
to develop a renewable energy technology which is cheaper than fossil fuel in terms of per kWh.
The utilization of solar energy is considered as the ultimate way to solve the problem of energy
crisis. Sunlight is the most abundant clean energy and is sustainable for economic growth with a
minimum detrimental impact on the environment. Significant efforts have been devoted to harvest
solar energy through a sustainable and efficient way.

1

1.1 Brief history of solar cell
Since the photovoltaic (PV) effect was discovered by Alexander Edmond Becquerel,4 3
generations of PV technologies have been developed. The first-generation silicon solar modules
were available commercially in 1956. The cost was around $300 for a one-watt solar module, which
was far beyond an acceptable level for consumers. After more than 70 years` development, silicon
solar cells can now produce electricity from sunlight at a comparable cost to that from fossil fuels.
Although the high efficiency and stable energy output make the silicon solar cell the most
successful commercialized PV technology, people are still trying to find cheaper alternatives with
shorter payback period. Thin film based solar cells, for example, cadmium telluride (CdTe), copper
indium gallium sulfide/selenide (CIGS/Se), and copper zinc tin sulfide/selenide (CZTS/Se) are
second-generation solar cells. This generation of solar cells has high power conversion efficiencies
and high stability. Moreover, they can be applied to flexible substrates. However, the price and
toxic materials limit its further exploration. The third-generation solar cells including organic solar
cells, quantum dots solar cells, and organic-inorganic hybrid solar cell are low-cost and solution
processable. Among these emerging technologies, organic-inorganic hybrid lead halide perovskitebased solar cells show impressive high-power conversion efficiency. The solar-to-power conversion
efficiency of CH3NH3PbI3-based perovskite solar cells has reach ~22.1%, which is close to the
efficiency of state-of-the-art polycrystalline Si solar cells.5-8 The manufacturing of perovskites solar
cell is much less energy-intensive than Si solar cells because the perovskites can be fabricated by
solution methods, which are suitable for large-scale roll-to-roll production.9,10

1.2 Perovskite solar cells
Since Miyasaka and co-workers first reported methylammonium lead iodide as the sensitizer
in liquid-electrolyte-based Dye-sensitized solar cells in 2009, perovskite materials have attracted
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increasing attention due to their low-cost fabrication and excellent photovoltaic (PV) performance.
Progress in the efficiency of lab-scale perovskite solar cell device is summarized in Figure 1.1.10 In
2017, the efficiency of perovskite solar cells had climbed to 22.1%, and the energy payback period
is less than 3 months. The advantage of perovskite material makes it very promising to be the next
generation of the solar cell.

Figure 1.1 Evolution of the best-reported lab-cell (≤0.1 cm2) efficiencies with time.11
1.2.1 Perovskite crystal structure
Perovskite is a family of material that shares a crystal structure of ABX3, A is the organic
part such as CH3NH3+ (MA), CH(NH2)2+(FA); B is the metal cation such as Pb2+, Sn2+, Ge2+; and X
represents halides ion such as I-, Br-, Cl-. In the early 1920s, Goldschmidt proposed a “tolerance
factor” as follow12:
𝑡=

(𝑟𝐴 + 𝑟𝑥 )
2

√2(𝑟𝐵 + 𝑟𝑥 )

3

In the equation , rA, rB and rX are the ionic radii for the ions in the A, B and X sites, the
perovskite crystal lattice structure is shown in Figure1.2. Up to now, almost all perovskites have
the values in the range 0.75–1.00. Tolerance factor is an empirical formula and helps researchers to
choose atoms with suitable radii for the perovskite structure. Each A, B, X component has different
effects on the solar cell performance and crystal stability.
A is the organic amine cation, which balance the charge neutrality within the inorganic
lattice. It also affects the lattice size of the inorganic lattice. In general, materials with a tolerance
factor of 0.9-1.0 have an ideal cubic structure with better lattice stability. The tolerances are 0.84
and 0.88 respectively for MAPbI3 and FAPbI3. Compared to MAPbI3, FAPbI3 has lower band gap
and better thermal stability. For instance, FAPbI3 can stay stable in air at 150℃, but MAPbI3
degrades rapidly at 100℃. The thermogravimetric analysis (TGA) result also pointed out that
FAPbI3 is stable up to 300℃ in argon.13

Figure 1.2 Perovskite cubic crystal structure of ABX3.14 For CH3NH3PbI3 perovskite, A is
CH3NH3+, B is Pb2+ and X is I-.

4

B part is a metal cation including Pb2+, Sn2+, and Ge2+. Compare to the Sn and Ge
perovskite, MAPbI3 perovskite obtain the best power conversion efficiency. However, MAPbI3
perovskite is not stable in ambiance. MAPbI3 easily degrades into PbI2, which can dissolve in water
and contaminate the earth. Thus, researchers worked on finding Pb-free perovskites. Sn and Ge
were regarded as good candidates due to their similar electronic structures with Pb. However, the
power conversation efficiencies for MASnI3 and MAGeI3 perovskite are less than 7% and both of
them are very easy to be oxidized.15 Transition metals, such as Cu, Mn, Ge, Co, and Ni, are also
very promising alternatives. For instance, (CH3NH3)2CuCl4, (CH3NH3)2CuCl0.5Br3, and
(RNH3)2FeX4 also have perovskite structures. Although these materials have high open circuit
voltage (Voc), the low efficiency and oxidation resistance are significant drawbacks, which limiting
their usage and demanding more work to solve these problems.15
X part is the halide ion (F-, Cl-, Br-, I-). B and X form BX6- Octahedral structure. The band
length of B-X not only decides the band gap of perovskite but also the stability of perovskite. Jun
Hong Noh and co-workers synthesized CH3NH3Pb (I1-xBrx)3 with a different mole ratio of I and
Br.16 They found that as Br content increased, the sample would stay stable for longer time. When
Br content is 20%, the efficiency would stay stable even after 20 days` exposure in 55% humidity
environment at room temperature. The substitution of larger I atoms with smaller Br atoms in
CH3NH3Pb (I1-xBrx)3 leads to the reduction of the lattice constant and a transition to a cubic phase.
Lattice structure change would have a significant effect on the stability of perovskite.
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1.2.2 Perovskite synthesis methods

Figure 1.3 The preparation of MAPbX3 films by gas and solution deposition methods:(a) dual
source co-evaporation using PbCl2 and MAI sources; (b) vapor-assisted solution process using
MAI organic vapors to react with pre-deposited PbI2 films;(c) one-step and two-step sequential
solution spin-coating method; (d) dipping the PbI2 film into MAI solution. Reproduced with
permission from reference17.

Uniform and pinhole free perovskite absorber films are the key to achieve high power
conversion efficiency and stability. Currently, there are two major methods in preparing perovskite
films: vacuum deposition7 and solution processing.5,18 Although gas vacuum deposition has better
thickness control and offers better film uniformity (shown in Figure 1.3a, b), the higher fabrication
cost and difficulties in the large-scale manufacturing needs to be addressed. Compared to vacuum
deposition, the cost of solution processing is much lower (shown in Figure 1.3 c, d). The solution
processing includes the preparation of precursor solution, film coating, and annealing. The detail
steps will show in Chapter 2.

1.3 The stability challenges of perovskite materials
As a promising photovoltaic technology, enormous progress in improving the PV
performance has been achieved on hybrid perovskite in the last several years. However, the toxicity
of Pb metal and the stability in the working condition become barriers for its commercialization.
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The problem of heavy metal Pb pollution could be solved by encapsulation and recycling program,
but people still did not find a solution to extend the lifetime of perovskite absorber to more than 25
years in the working condition. Because of the poor chemistry stability, hybrid perovskite is easily
degraded to PbI2 when exposed in the ambient environment and lose the light-absorb property in
the visible light range. It`s found that heat, humidity, UV light ,and O2 will degrade perovskite in a
couple of days by various pathways shown in Figure 1.4.12 Hybrid perovskite is easy to lose the
organic group, for instance CH3NH3+, and then degrade to PbI2. More fundamental studies about the
stabilization of perovskites in different environmental conditions are still in urgent need to realize
its industrial commercialization.

Figure 1.4 The decomposition routes of perovskite materials under different environmental
factors including: heat, humidity, oxygen and light.12

1.3.1 Heat degradation
The synthesis of perovskites involves an annealing process in all the developed methods.1924

Based on the test standard of the International Electrotechnical Commission (IEC) 61646 “Thin-

film terrestrial photovoltaic (PV) modules design qualification and type approval”, perovskite
material should survive under the temperature cycling of -40 and 85°C.25 Whether perovskite
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material can keep stable at high temperatures, such as 85°C, is under debated. Michael Gratzel et al.
reported MAPbI3 can be stable up to 300 °C based on the TGA data.26 But during the synthesis
process, if the annealing temperatures are above 120 °C, perovskite can thermally degrade to PBI2,
CH3NH2 and HI gas. 21 The process is shown below:
CH3NH3PbI3

PbI2 + CH3NH2 + HI

Qi Yabing et al. showed that the CH3NH3PbI3 decomposed into methyl-iodide (CH3I) and
ammonia (NH3) by heat.27 Boyen et al. demonstrated that significant decomposition of perovskite
already occurs during annealing at 85 °C even in inert atmosphere.28 Thus, CH3NH3PbI3 perovskite
suffers from the thermal degradation in the working condition of solar cells. We also studied the
thermal degradation kinetics in different packaging gas and the result will be discussed in detail in
Chapter 3.
1.3.2 Humidity degradation
During the fabrication and cell operation procedures, perovskite materials are inevitably
exposed to the moisture in the air. Humidity affects the perovskite solar cells in both positive and
negative ways. Moisture can accelerate the crystallization speed of perovskite, which facilitates to
form dense and uniform film morphology. Therefore, fabricating perovskite solar cells in the
ambient environment will help to achieve better power conversion efficiency. However, humidity
also causes the degradation of perovskite, which become one of the biggest barriers to push
perovskite material to the market. Frost and co-workers proposed an acid-base reaction between
water and MAPbI3 shown in Figure 1.5a.29 Water will react with MAPbI3, degrade perovskite into
HI, CH3NH2 gas and PbI2. A different degradation mechanism was proposed by Barnes et al. where
water will form a hydrate with perovskite reversiablly.30 The hydrate will convert the crystal
structure of perovskite from 3D to 1D, and 0D (Shown in Figure 1.5b). After forming perovskite
dihydrate, the extra water will degrade MAPbI3 to PbI2. In the low humidity (<13%) environment,

8

perovskite material can stay stable for a long time and no hydrate structure could be detected by
FTIR.31 However, in relatively high humidity (>13%), the formation of monohydrate has been
proved by FTIR and QCM.32 The water induced degradation rate dramatically increased with the
increase of humidity. MAPbI3 will totally lose light absorbance after one-day storage in the 98%
humidity environment. (Shown in Figure 1.5c).

Figure 1.5 a) Possible decomposition pathway of hybrid halide perovskites in the presence of
water.29 b) Water degrades MAPbI3 by forming monohydrate phase (CH3NH3PbI3·H2O) and
dihydrate (CH3NH3)4PbI6·2H2O). Reproduced with permission from reference30. c) Uv-vis
spectra of CH3NH3PbI3 exposed in 98% humidity environment. Reproduced with permission
from reference33.

1.3.3 UV degradation
It was found that UV light will accelerate the decomposition of MAPbI3. The stability of
perovskite solar cell under UV radiation was firstly studied by H. J. Snaith’s group.34 They claimed
that UV light will cause the desorption of surface-adsorbed oxygen from TiO2 layer and following
oxidation reaction of I-. Jiangning Ding group proved that UV irradiation could accelerate the
degradation rate of perovskite in the humidity environment.35
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1.3.4 O2 degradation
When the light shines on the perovskite material, electrons would be excited and separated
with holes. O2 molecular would grab the excited electron and forms superoxide (O2-) on the surface
of perovskite. The degradation is initiated by the reaction of superoxide (O2-) with the
methylammonium cations. The O2 degradation mechanism is shown in Figure 1.4. The synergistic
effects of water with O2 and UV-vis light with O2 dramatically accelerate the degradation rate of the
perovskite.36,37 For instance, when exposed to both light and dry air, unencapsulated MAPbI3 solar
cells rapidly degrade within minutes.38

1.4 The current methods for addressing the poor stability and their limitations
Although the degradation mechanisms of perovskite by the environmental factors are still
under debated, various strategies have been proposed to improve stability.
1.4.1 Substitution of the A Cation and X Anion
It is hypothesized that substitution of the A cation and X anion will offer a more-stable
cubic phase of perovskite. Base on the tolerance factor, A cation such as CH(NH2)2+ (FA+), Cs+ and
X anion such as Cl-, Br- and SCN- can also fit to the perovskite crystal.
FA+ and PbI64- can also form a 3D perovskite with a lower band gap of about 1.47 eV.12
Compared to the MA+, FA+ enhanced hydrogen bonding to the inorganic matrix and thus alters the
covalent/ ionic character of Pb-I bonds, which enhances the thermal stability of perovskite. Park et
al. demonstrated FAPbI3 perovskite has good thermal stability at a temperature of 150°C.13,39
Because of the appropriate ionic radius of Cs+ for the perovskite 3D structure, inorganic perovskite
CsPbI3 has also been intensively investigated. Snaith et al. first demonstrated that cubic CsPbI3
perovskite can be formed over 310°C and it is very stable at room temperature for 200 days.40
However, both FAPbI3 and CsPbI3 suffer a fast crystal phase change. In the ambient environment,
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α-FAPbI3 phase will convert to β-FAPbI3 phase in a couple of days and lose all the PV
performance.41
For the substitution of X anion, compared to MAPbI3, MAPbBr3 and MAPbCl3 obtain better
stability in the ambient environment. S. I. Seok group found that using bromide to dope MAPbI3
can significantly improve the stability of the perovskite in humid atmosphere.16 Although the
bandgap of MAPb(I1-xBrx)3 was increased from 1.58 eV to 2.28 eV with x from 0 to 1, the humidity
resistance was dramatically improved with Br doping amount increase. As SCN- has a similar size
of I-, SCN- is perfectly fit into the perovskite structure. Tao Xu groups reported that compared to
MAPbI3 perovskite, CH3NH3Pb (SCN)2I has the similar band gap but better moisture tolerance.42

Figure 1.6 a) The efficiency development of mixed perovksite with specified chemical
compositions43. b) Stability improvement of FAPbI3 with Cs+ cation doping. Reproduced with
permission from reference43.

Based on the study of the functions of A and X ion, tones of perovskite with mixed cations
and halide anions was explored (shown in Figure1.6) .43,44 For instance,
Cs0.1FA0.75MA0.15PbI2.49Br0.51 perovskite have been proved to not only obtain a very high power
conversion efficiency (21.1%), but also maintain the stable performance in ambiance for 3 months.
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The efficiency and phase stability improved with the precise control to the ratio of each ion.
However, the dope of A and X ion would increase the cost of material and make the preparation of
precursor solution more complex. Therefore, although the substation of A and X ion could improve
the stability of perovskite, the lifetime of perovskite material without encapsulation needs to be
further extended.
1.4.2 2D perovskite
The 3D perovskite would convert to a 2D layered structure when replacing the surface MA+
with the larger organic primary ammonium cation. Sargent et al. reported a reduced-dimensionality
(quasi-2D) perovskite films with improved stability while retaining the high performance by mixing
phenylethyl ammonium iodide (PEAI).45-47 They found that, with the molar ratio of PEAI/MAI
increasing, the crystal size of perovskite decreases but the humidity tolerance dramatically
improved due to the surface coverage of large organic amine group. The stability and PV
performance has the opposite trend when mixing PEAI into the precursor. The improvement of
stability should not scarify the PV performance.
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Figure 1.7 a) Unit crystal structure of quasi-2D perovskite with different PbI64- layer amounts
values, showing the evolution of dimensionality from 2D (n = 1) to 3D (n = ∞), b) power
conversion efficiency of devices based on MAPbI3 and quasi-2D perovskites before and after 1440
h storage. Reproduced with permission from reference48.
1.4.3 Polymer or carbon encapsulation
The encapsulation of perovskite with polymer or carbon is an efficient method to block the
contact between perovskite material with the environmental factors. Because of the hydrophobic
property of polymer and carbon, the humidity resistance of perovskite is dramatically improved
after polymer and carbon encapsulation.
Polymers, such as poly-(vinylpyrrolidone) (PVP)49,50, Poly(methyl methacrylate)
(PMMA)51, Polyvinylidene fluoride (PVDF)52, Polystyrene (PS)53, polyethylene glycol (PEG)53,54
were used to work as a function layer or an additive to enhance the stability of perovskite material.
Qing Zhao group reported that MAPbI3 perovskite obtained strong humidity resistant and self-
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healing capability upon the addition of PEG into the precursor solution (shown in Figure 1.8a) .54
Snaith et al. reported that, after coating the mixture of PMMA and carbon nanotube on the surface
of perovskite, the film remained black over 96h.51 Without PMMA encapsulation, the perovskite
films cover by other carrier transport layer degrade to yellow PbI2 (shown in Figure 1.8b) .

Figure 1.8 a) Photographs of perovskite films after water-spraying for 60 s. With PEG
modification, the color can convert back to black in ambient air in 45s. Reproduced with
permission from reference54. b) Photo illustrating the visible degradation of the perovskite layer.
The color shifts from almost black to yellow for all organic HTLs except for the films covered
with PMMA only or a composite of carbon nanotubes and PMMA. Reproduced with
permission from reference51. c) Triple-layer architecture of perovskite device with a thick
carbon electrode. Reproduced with permission from reference55.
Carbon materials including PCBM, carbon nanotube, graphene, and amorphous carbon were
widely used to fabricate the electron transport layer or electrode in the solar cell. As the inherent
passivation ability of reduced graphene oxide (RGO) against oxygen and moisture, the RGO layer
cover on the surface of MAPbI3 significantly reduced the decomposition rate.56 Hongwei Han group
reported a triple layer architecture(TiO2-ZrO2-C) of the perovskite device. Because of the humidity
resistance of carbon electrode, the unsealed perovskite worked stably under full AM 1.5 simulated
sunlight in ambient air over 1008 hours (shown in Figure 1.8c).55

14

Polymer and carbon encapsulation show promising to enhance the stability of perovskite
film. However, most of the polymers are insulators, the coating of polymers will increase the
resistance of the whole solar cell device. Carbon materials are hard to coat uniformly on the surface
of perovskite film. The low coating quality and bad coverage increase the interface resistance
resulting in the decrease of power conversion efficiency of the device. Therefore, polymer and
carbon encapsulation works like a double-edged sword and better coating methods need to be
explored.
1.5 Surface modification of perovskite
The surface of perovskite plays a very important role in the stability of perovskite. Because
of the fast crystallization process, perovskite film is full of grain boundary and surface defects.
Although currently, there are no direct evidence proving the degradation is caused by the surface
defect, multiple indirect examples have demonstrated that the degradation rates are sensitive to the
grain boundary sizes.57,58 Jinsong Huang et al. reported that the degradation of humidity is along the
in-plane direction, which is initiated at the grain boundary.57 Moisture will diffuse from the
amorphous intergranular layer of the grain boundary to the bulk of perovskite film. Shuzhou Li
group found that oxygen and water molecules both have strong interactions with PbI2-terminated
surface of perovskite which cause the degradation of perovskite.37 Filippo De Angelis et al. pointed
out that the interaction of water molecules with Pb atoms changed MAI terminated surfaces through
a rapid solvation process, which prompts the degradation of perovskite.59 Therefore, understanding
the surface chemistry of hybrid perovskite is crucial for the following surface modification.
However, because of the complex of the surface group on the perovskite, the surface property of
perovskite is not systematically studied yet. Although people proposed many strategies to modify
the surface of perovskite, a comprehensive study about surface reaction mechanism is in urgent
need.
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1.5.1 Surface passivation of perovskite
The surface defect with higher surface energy is facile to react with water and O2 molecular
resulting in the degradation of perovskite. Moreover, the surface defect also acts as a trap which will
cause the charge recombination. Therefore, surface passivation enables to improve both stability and
efficiency of perovskite solar cell. In general, Lewis acid MA+, Pb2+ and Lewis base I- defect can be
exposed on the surface of MAPbI3 perovskite. Snaith and co-workers demonstrated uncoordinated
lead ions defect sites passivated by sulfur atoms in thiophene or nitrogen atoms in pyridine through
the coordinate bonding interactions.60 After passivation, the rate of nonradiative recombination in
perovskite film significantly decreased. As Lewis bases, thiophene and pyridine should coordinate
with Lewis acid sites, such as Pb2+. The surface Lewis base defect, for instance halide ion defect,
can also be passivated by the Lewis acid iodopentafluorobenzene (IPFB).61 After passivation, the
efficiency and stability have been dramatically improved.
Based on above passivation mechanism, multiple passivation groups including fatty
amine62, aromatic amine63,64, acid65, thiol66 ,and phosphate67 have been proposed to enhance the
stability. For instance, Jianjun Tian et al. modified MAPbI3 film with 2-Aminoethanethiol (2-AET)
molecular. After surface passivation, the film could keep stability even after dipping into water for
5min.66 Michael Grätzel and co-workers used butylphosphonic acid 4-ammonium chloride to
crosslink the grain boundary of perovskite film. 67 The strong hydrogen bonding between the –
PO(OH)2 and –NH3+ terminal groups and the perovskite surface significantly enhance the water
tolerance of perovskite. Ni Zhao group tested the stability of FAPbI3 film after modified by aniline,
benzylamine, and phenethylamine.63 They found benzylamine achieve the best stability due to the
spaces steric effect. Perovskite film could keep the black color for 4 months in ambience because
the water molecule is automatically repelled from the site of the Pb–I layer by the benzylamine
layer.
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Although a big step has moved forward to enhance the stability of perovskite by surface
passivation, the fundamental understanding of surface reaction mechanism is still not clear.
Currently, no direct evidence has been shown to verify which kind of functional groups are on the
surface of perovskite and the reaction mechanism between function group, such as -NH2 and -OH
with perovskite is not clear. We use pyridine a kind of molecular probe to show that both
Lewis and Bronsted acid sites are on the surface of perovskite by FTIR. The detailed content is
discussed in Chapter 4.
1.5.2 Surface coating of perovskite by atomic layer deposition (ALD)
Atomic layer deposition (ALD) is a thin-film deposition technique for a variety of
applications.68 The sequential, self-limited, gas-surface reaction control deposition of ALD leads to
excellent step coverage and conformal deposition on high aspect ratio structures. This property
makes ALD an efficient method to coat a uniform, pinhole-free, ultra-thin metal oxide layer on the
surface of perovskite.69-71 The typical Al2O3 ALD process was shown in Figure 1.9a. For the ALD
process, the key factor decides the growth behavior of the metal oxide film is the surface-active
sites. For instance, trimethylaluminum/water chemistry can easily nucleate and form a uniform
surface morphology on the surface with -OH group. If there are no active sites on the surface, for
instance the surface covered by long-chain alkyl, there will be no mass growth or existing a longtime nucleation delay period. Therefore, understand the vapor-solid reaction mechanism between
the ALD precursor and perovskite surface is crucial to achieve a conformal coating on the surface.
The mechanism about how ALD metal oxide layer enhances the stability of perovskite is shown in
Figure 1.9b. ALD metal oxide film could totally physically separate the contact between
environmental factor (such as water, oxygen molecular) and perovskite film which dramatically
extends the lifetime of perovskite.72,73
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Although people applied ALD metal oxide to enhance the stability of perovskite material,
most of the experiments were still trial and error. Dibyashree Koushik et al. pointed out that, after
ALD 10 cycles of Al2O3 on the surface of perovskite, the efficiency of perovskite device increased
from 15.1% to 18% and perovskite solar cell device could keep 70% of the original efficiency in a
series of humidity environment.74 Alex B. F. Martinson et al. reported that after ALD TiO2 onto
PCBM film, perovskite solar cell device could not only survive under high thermal stress (100 °C)
in ambient environments but also upon direct contact with a water droplet.73 ALD encapsulation
enables to enhance the stability of perovskite, however, the fundamental understanding of ALD
growth behavior and nucleation mechanism on the perovskite related subtract is not clear yet. Here,
we carried out a systematically study about ALD metal oxide growth behavior on perovskite related
layers at different deposition condition by in-situ method. The detail discussion is shown in Chapter
5 and 6. The study about the ALD nucleation mechanism on the perovskite related surfaces will
supply the inside understanding about the perovskite surface property and help to optimize the
surface coating condition.
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Figure 1.9. a) Typical Al2O3 ALD reaction mechanism.75 b) Improve the stability of perovskite
solar cell by the encapsulation of ALD metal oxide.
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1.6 Overview of the dissertation
Despite the great success of hybrid perovskite has been achieved, many physical and
chemical processes during the degradation have not been well understood yet. Thus, firstly, we
studied the thermal degradation kinetics of MAPbI3 in different gases environment by in-situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The degradation kinetics is
very helpful to elucidate the degradation mechanism and predict the degradation rate. Such
information is critical not only for the outdoor applications of MAPbI3 devices but also for my later
surface modification. The detail results are discussed in Chapter 3.
Secondly, we use pyridine as the molecular probe to detect the function group bonding on
the surface of perovskite. We also discuss the reaction mechanism of Lewis base Pyridine with
perovskite. We found a strong pressure-dependent growth behavior between amine with perovskite.
Low-pressure pyridine vapors passivate the surface of perovskite; however, high-pressure pyridine
vapor could convert perovskite crystal to liquid. The detail discussion is shown in Chapter 4.
In the next step, we studied the nucleation mechanism and growth behavior of ALD
AL2O3 on perovskite surface. Although people have proved that the ALD metal oxide layer
extends the lifetime of perovskite, a systematic study about the reaction mechanism of ALD
precursor and perovskite surface group is still lacking. Using in-situ quartz crystal microbalance
(QCM) and quadrupole mass analyzer (QMS) measurement, we found the strong effects of
reaction temperature and partial pressure of reactant on the nucleation of atomic layer deposition
of Al2O3 on MAPbI3. The present results are discussed in Chapter 5.
In addition to perovskite absorber, we also applied ALD on the Phenyl-C61-butyric acid
methyl ester (PCBM) which is the most used electron transport layer material for the solar cell.76
Different semiconductor metal oxides such as ZnO77, SnO278 and TiO2 were coated onto PCBM by
ALD to protect the perovskite solar cell device. However, no solid evidence showed the metal
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oxide really grow onto the PCBM. Our in-situ QCM and FTIR data indicated that ALD ZnO by
diethylzinc (DEZ)/water chemistry could not grow onto the PCBM film as the C=O bond cannot be
broke by weak Lewis acid DEZ, resulting in no active sites for DEZ to react. In order to form a
dense film, Al2O3 ALD was applied to the PCBM to supply active sites such as -OH for the
following ZnO ALD regarding that trimethyl aluminum (TMA) as the precursor of Al2O3 ALD is
more acidic. The detailed information is presented in Chapter 6.
Finally, we propose to apply the ALD to other perovskite systems such as
NH2CH=NH2PBI3 (FAPbI3)13 and perovskite quantum dots79,80. TMA could etch MAPbI3 at 75°C;
however, at 75°C NH2CH=NH2+ could form a stable coordinate structure with TMA which acts as a
stable active site for the following ALD process. Due to the ultra-small size and the unstable
chemical property, the iodine serial perovskite quantum dots will degrade in 15s at the ambient
environment. With the ALD encapsulation, we observed the MAPbI3 perovskite keeps
photoluminescence property in ambient for more than15min. The present results and future
direction are shown in Chapter 7.
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CHAPTER 2: EXPERIMENTAL METHODS AND RESEARCH METHODS
2.1 Materials
Most of the chemicals used in this dissertation are purchased from Sigma Aldrich. All the
chemicals were directly used without further purification. Lead Iodide powder was purchased from
TCI (99%). The ALD precursors including trimethylaluminum (TMA, 98%) and diethyl Zinc
(DEZ,98%) were purchased from Strem Chemicals. The subtracts including fluorine doped tin
oxide (FTO) glass (TEC 8), double-side polished silicon wafers (500 μm thick, undoped,
resistivity > 20,000 Ohm-cm), and AT-cut QCM crystals were purchased from Hartford Glass Co.,
University Wafer Inc, and Phillip Technologies LLC respectively.

2.2 Base substrate cleaning
Fluorine-doped tin oxide (FTO) glass substrates (TEC 8) of 1 cm × 2 cm was purchased
from Hartford Glass Co. Inc. FTO glass was cleaned by ultrasonication in soapy water, DI H2O,
acetone, and isopropyl alcohol (IPA) for 10 min, respectively, and then subjected to oxygen plasma
(Plasma Cleaner, PDC32G) for 15 min.
Double-side polished, undoped silicon wafers (500 μm thick and resistivity of >20 000
Ohm-cm) were purchased from University Wafer, Inc. Double-side polished silicon wafers were
sonicated in acetone and isopropyl alcohol, then dried by blowing with N2. The Si was further
cleaned by oxygen plasma to remove adventitious carbon.
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2.3 Hybrid perovskite film fabrication
2.3.1 CH3NH3PbI3 (MAPbI3) film synthesized by solvent engineering method
CH3NH3PbI3 films were synthesized by the solvent engineering method.81 The procedure is
as the following. First, the precursor solution of CH3NH3PbI3 was prepared by dissolving 0.154 g
PbI2 and 0.053 g CH3NH3I in the mixed solvent of 212 μl DMF and 23.6 μl DMSO. Second, the
precursor solution was spin-coated on the substrate at 4000 rpm for 30 s. At ~10 s into the spincoating, 500 μl toluene was dropped on the surface to accelerate the crystallization of CH3NH3PbI3
films. Third, the film was then annealed at 100 ºC for 3 min in ambient. The final CH3NH3PbI3
films have bright black color.
2.3.2 MAPbI3 powder synthesized by drop-casting method
The precursor solution is prepared by the one-step method. PbI2 and CH3NH3I were
dissolved in DMF solvent with the concentration of (1 mmol/ml). Drop casting the precursor
soltuion onto the glass substrate which was cleaned through sequential sonication in DI Water,
acetone, and isopropanol. The film totally converts to black color after annealing at 100°C in the
glove box for 30min. The MAPbI3 powder was collected by scratching the film.
2.3.3 Formamidinium Lead Iodide (FAPbI3) HC(NH2)2PbI3 film fabrication
FAPbI3 films were synthesized followed the intramolecular exchange method.82 The PbI2
solution was prepared by dissolving 0.154 g PbI2 in the solvent mixture of 256 μl DMF and 23.6 μl
DMSO. PbI2 film forms by spin-coated PbI2 solution onto a substrate at 3000 rpm for 30 seconds.
Then FAI solution which prepared by dissolving 0.080g FAI in 1ml IPA was spin-coated on top of
PbI2 film at 5000 rpm for 30 sec. The films changed to dark brown color during annealing on a hot
plate at 150 °C for 20 min.
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2.4 Characterization methods
2.4.1 In situ Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
Drifts is an infrared spectroscopy technique used for measurement of particles and powders,
as well as rough surface. When the IR beam enters the sample, it can either be reflected off the
surface of a particle or be transmitted through a particle. The IR energy reflecting off the surface is
typically lost. The IR beam that passes through a particle can either reflect off the next particle or be
transmitted through the next particle. This transmission‐reflectance process can repeat many times
between the sample, which increases the pathlength. Finally, such scattered IR energy is collected
by a spherical mirror that is focused onto the detector. The detected IR light is partially absorbed by
particles of the sample, bringing the sample information.

Figure 2.1 The image of in-situ DRIFTS system.
All DRIFTS spectra were acquired with Nicolet™ iS50 interferometer (Thermo Fisher
Scientific Inc.). All spectra were obtained at a resolution of 4 cm-1 resolution averaging over 64
scans. For Drifts analyses, we employed a liquid-N2-cooled mercury cadmium telluride (MCT)-A
detector with the frequency range of 650 - 4000 cm-1. The diffuse reflectance spectra were acquired

24

on a diffuse reflection accessory (DiffusIRTM, Pike Technologies Inc.). Fresh CH3NH3PbI3/KBr
samples were purged with UHP N2 for around 1h to remove air from the gas-tight Drifts cell (Pike
Technologies Inc). The temperature of Drifts cell can be controlled up to 900°C. For in-situ Drifts
analyses, the MAPbI3/KBr sample will be analyzed under the continuous flow of UHP N2 or O2 of
20 standard cubic centimeters.
2.4.2 X-ray diffraction (XRD)
Perovskite films were obtained by XRD (Bruker D8 Advanced Diffractometer). The X-ray
source is Co Kα radiation (0.179 nm) and then the spectra were converted as the Cu Kα radiation
source (0.154 nm) as the source. The operating voltage and current are 40 kV and 35 mA.
2.4.3 Ultraviolet–visible spectroscopy (UV−Vis)
The UV−vis measurements were tested in absorbance mode on a Shimadzu UV-1800
UV−vis spectrophotometer. The perovskite samples were coated on the FTO glass. A clean FTO
glass was used as the background in the UV−vis analyses. The scan range in UV−vis is 400−900
nm. The scan rate is 0.5 nm/ s with a resolution of 0.1 nm.
2.4.4 Scanning electron microscope (SEM)
The morphology of samples was analyzed by a JEOL 7000 FE SEM. Acceleration voltage
(20 kV) was used in SEM measurements.
2.4.5 In situ QCM Measurement.
The in situ QCM measurements were performed using Eon-LT monitor with a temperature
sensor. To stabilize the QCM signal, the samples were sitting in the reactor at vacuum for at least 1
h before we perform the pyridine adsorption experiment. The mass of MAPbI3 films is 260 ±25
μg/cm2 on the QCM crystal.
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2.4.6 In-situ QMS
In situ QMS measurement. The quadrupole mass spectrometer (Stanford Research Systems
RGA300) was located at the downstream of the ALD reactor. The differentially pumped chamber
was separated from the reactor tube by a 50 μm orifice and evacuated using a turbo-molecular
pump (Agilent, TPS-compact). 0.5 g CH3NH3PbI3 powder was sealed in a stainless-steel tube by
quartz wool. The tube was connected to the inlet of the orifice by a Swagelok tube fitting. The
CH3NH3PbI3 powder was used to increase the concentration of desorbed byproducts from the
reaction between CH3NH3PbI3 and TMA vapor so that the mass spectrometer could detect these
byproducts, because powder samples supply more surface area than thin film samples. The
installing of the instrument was shown in Figure 2.2.
2.4.7 In-situ FTIR
All the experiments are done in a home-made ALD system (shown in Figure 2.3). The
sample was mounted horizontally in the vacuum chamber. The FTIR measure follows by the
transmission model. The testing sample was prepared by pressuring the mixture of perovskite
powder and high surface area SiO2 onto stainless steel mesh (34% open area, 1.1 mm thickness) by
the jack under the pressure of 40MPA.
2.4.8 XPS
The surface chemical property was analyzed by XPS (Kratos AXIS 165), the analyzer pass
energies were 160 eV and 80 eV for the survey scan and detail scan respectively. The perovskite
was spin coated on the silicon wafer.
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Figure 2.2 Homemade ALD system with the capability of in-situ QMS.

Figure 2.3 ALD system with in-situ FTIR instrument
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CHAPTER 3： PROBE DECOMPOSITION OF METHYLAMMONIUM LEAD
IODIDE PEROVSKITE IN N2 AND O2 BY IN SITU INFRARED
SPECTROSCOPY
3.1 Introduction

While the field has been making great progress in improving the efficiency of
methylammonium lead iodide (MAPbI3)-based solar cells, the large-scale deployment of
MAPbI3 based solar cells still faces several major challenges.10,83-91 The instability of MAPbI3 in a
typical outdoor environment is one of the biggest challenges.10,84-86,88-91 Among various
environmental factors, moisture, oxygen, light, and environmental temperatures are major concerns
affecting the stability of MAPbI3.29 The threat of moisture can be addressed by packaging the solar
cell with pure N2 or dry air.92 According to international standards for thin-film photovoltaic
modules (IEC 61646), a solar cell of any type will experience temperatures as high as 85 °C.
Therefore, it is critical to understand the intrinsic thermal stability of MAPbI3 in these potential
packaging gases including N2 or dry air.
The related studies are limited and have contradicting results. Thermogravimetric analyses
show that MAPbI3 is stable up to 300 °C in the N2 environment.93 Above 300 °C,
MAPbI3decomposes into volatile CH3NH2 and HI and solid PbI2. However, conductive atomic
force microscopy measurements provide evidence that MAPbI3 actually decomposes irreversibly at
85 °C in N2 after 24 h. In situ scanning transmission electron microscopy (STEM) showed no
detectible degradation up to 150 °C inside a complete MAPbI3 solar cell.94
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These contradicting results could partially be ascribed to the degradation kinetics of MAPbI3 in N2,
which unfortunately is not readily available. In terms of the effect of O2 on the decomposition of
MAPbI3, the mechanism is not yet well-understood,33,95,96 and the reaction kinetics has rarely been
studied. Time-evolved and temperature-evolved infrared (IR) spectroscopy can provide valuable
insights about the decomposition chemistry and kinetics. For example, the time-evolved chemical
composition of MAPbI3 during the decomposition at various temperatures will provide the chemical
identities of the products and help in understanding the mechanism. The temperature dependence of
the degradation rates will provide the decomposition kinetics of MAPbI3 to elucidate the
degradation mechanism and predict the degradation rate. Such information is critical not only for
the outdoor applications of MAPbI3 devices but also the syntheses of MAPbI3 (either in ambient
conditions or a glovebox). To date, this type of study has not been carried out.
In this work, we employed in situ diffuse-reflectance infrared Fourier transform
spectroscopy (DRIFTS) to probe the time-evolved and temperature-evolved chemical changes of
MAPbI3 during its decomposition in N2 and O2. In situ DRIFTS allowed us to quantify the amount
of MAPbI3 when it was well-dispersed in a KBr matrix as isolated particles with a concentration of
less than 2 wt %. With the in-situ cell, we were able to carry out the IR experiment in an ultra-highpurity O2 or N2environment. Through our study, we found that in N2 the rate of decomposition
increases from ∼0.05% h–1 at 75 °C to ∼50% h–1 at 150 °C. The effective activation energy of
degradation of MAPbI3 in N2 is ∼120 kJ/mol. Our kinetics results predict that MAPbI3 could
decompose at 60 °C or lower at a very low rate. Without illumination, O2 accelerates the
degradation rate. The synergistic effect of O2 and photons (633 nm) further increases the rate and
reduces the effective activation energy of decomposition of MAPbI3 to ∼50 kJ/mol. In addition, in
situ DRIFTS analyses showed that a small amount of H2O can be removed from MAPbI3 by heating
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and does not accelerate the decomposition. Moreover, there are no IR peaks (650–4000 cm–1) from
the solid product formed by decomposition of MAPbI3 in N2 and O2.

3.2 Experimental results:
MAPbI3 was synthesized by a one-step solution method. Details about the experimental
conditions are shown in the Supporting Information. X-ray diffraction of our MAPbI3 films showed
only MAPbI3 crystals (Figure S1). The average crystal size was ∼60 nm. For DRIFTS analyses
84,86

, we scratched the MAPbI3 films from glass substrates and gently mixed them with KBr powder

in ambient conditions with concentrations of <2 wt %. As all of the samples were processed in
ambient conditions, moisture could react with MAPbI3 to form hydrates.19-21 We characterized the
chemical identity of MAPbI3/KBr by DRIFTS (DiffusIR900C, Pike Technology Inc.). The spectra
of samples in Figure 3.1 were taken after ∼1 h purge with N2. The IR spectra show peaks related to
asymmetric and symmetric N-H stretching modes (3179 and 3132 cm-1), asymmetric and
symmetric C-H stretching modes (2958 and 2921 cm-1), the C-H bending mode (1422 cm-1),
asymmetric and symmetric N-H bending modes (1577 and 1469 cm-1), CH3-NH3+ rocking modes
(1249 and 910 cm-1), the C-N stretching mode (962 cm-1), and various resonant modes of MAPbI3
(2817, 2711, 2488, 2375, and 1840 cm-1).97-99 The positions of these peaks (Table S1) and their
relative intensities match with the corresponding IR spectra of pure MAPbI3,97,99 which verified the
chemical nature of MAPbI3 in our MAPbI3/KBr samples. UV-vis analysis of a MAPbI3/KBr pellet
with a KBr pellet as the background shows the starting absorbance at ∼800 nm (Figure S2), which
is consistent with the band gap of MAPbI3 (∼1.54 eV). In comparison with the large N-H stretch
mode (∼3179 cm-1) from MAPbI3, the small -OH peak (centered at 3500 cm-1) suggests that the
amount of hydroxyl species, including hydrates, water, and hydroxide, is relatively small.100,101 The
spectra confirmed the presence of MAPbI3 and small amount of -OH species in our samples.
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DRIFTS can be used to quantify the amount of an absorber (e.g., MAPbI3) when it is diluted

Figure 3.1. IR spectra of MAPbI3 samples diluted with KBr powder to weight percentages of
1:1600 to 1:50. All the spectra were obtained at 25 °C. The inset shows the variation of the
intensity of the N−H stretch (3179 cm−1) from MAPbI3/KBr with the weight percentage of
MAPbI3. All the spectra are referenced to that of a pure KBr powder sample at 25 °C.
in a nonabsorbing material such as KBr powder according to the Kubelka-Munk theory of diffuse
reflectance of powdered samples (eq 1)102:
f(R ∞ ) =

(1−R∞ )2
2R∞

=

𝐾
𝑆

= 𝑘𝐶

(2.1)

wherein f(R∞) is the Kubelka-Munk unit of highly diluted MAPbI3 dispersed in KBr; R∞, K, and S
are the spectral reflectance, absorption, and scattering components from the sample; k is a constant;
and C is the concentration of dispersed MAPbI3 in KBr. For any one wavelength, S is assumed to
be constant and is determined by the KBr powder matrix, while K changes with the concentration
of MAPbI3. Our measurements showed that the intensity of the N-H stretching mode (i.e., 3179 cm1

) increases quite linearly with the weight percentage of MAPbI3 inside KBr up to 2 wt % at least
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(inset in Figure 3.1). Therefore, we were able to use DRIFTS to quantify the amounts of MAPbI3 in
samples.

Figure 3.2. IR spectra of MAPbI3/KBr samples at 95 °C in N2 for 2 min and 18 h. All the spectra
are referenced to the spectrum of a pure KBr sample at 25 °C.

The thermal stability of MAPbI3 in N2 was probed at different temperatures by DRIFTS in
an in situ heated gas-tight sample chamber with a continuous flow of N2 (99.999%). Figure 3.2
shows the IR spectra of MAPbI3 at 95 °C after 2 min and 18 h. The intensity of characteristic peaks
of MAPbI3 is reduced by increasing the heating time. This indicates that decomposition of MAPbI3
happened in 95 °C. The IR spectrum of MAPbI3 (95 °C, 18 h) resembles the spectrum of pure
MAPbI3 as shown in Figure 3.1 and other reports.97-99 This suggests that the decomposed products
either do not have IR absorbance in the probed` range (e.g., PbI2) or desorb from the samples (e.g.,
CH3NH2 or HI). These two spectra also indicate that hydrate is not a major component in the
sample, because annealing at 95 °C will degrade hydrates, which will cause a shift of the N-H peak
and generate a negative -OH IR peak centered ∼3500 cm-1.101,103

32

Figure 3.3. Time-evolved differential IR spectra of MAPbI3/KBr samples at 95 °C. The spectrum
labeled 10min ref 2min was obtained at 10 min with the spectrum at 2 min as the reference. The
labels of the other spectra follow the same principle.

Time-evolved differential spectra show a subtle change of chemical bonds that are not
observable with KBr as the background. Figure 3.3 presents differential spectra of MAPbI3/KBr at
95 °C for different periods. The negative peaks represent species that are removed from the sample.
The -OH peaks (3250-3700 cm-1) are removed during the first 60 min. The majority of -OH species
are removed during the first 10 min. The free -OH at 3660 cm-1 and H bonded -OH, a broad peak
centered around 3500 cm-1, are assigned to the surface bonded OH groups on MAPbI3.104 The peak
for the desorbed -OH species in a pure KBr sample at 95 °C is centered at 3400 cm-1, as shown in
Figure S3 Even though we tried to eliminate moisture from the sample by continuously purging the
system with ultrahigh-purity N2,101 it was not possible to completely eliminate water from the
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system without damaging MAPbI3 because of the sticky nature of water molecules.105 It often takes
a heating step to remove surface-bonded water molecules.

Figure 3.4. Normalized intensity of the N−H peak (∼3179 cm−1) vs reaction time in N2 at 75 °C
(black ■), 85 °C (red ●), 95 °C (blue ▲), 100 °C (green ▼), 120 °C (magenta◀), and 150 °C
(brown ◆). Solid lines are guides for the eyes. We extracted the reaction rates α t d d from the
slopes of the initial linear portions of these data sets (e.g., the dashed line for the data from
120 °C).
It is noteworthy that the change in intensity of the N-H peaks is negligible during the first 60
min at 95 °C. In the second hour, the removal of N-H and -OH peaks are negligible. After a longer
term of annealing, the removal of N-H peaks is clear. For example, the spectra at 6 h (referenced to
that at 2 h) and at 18 h (referenced to 6 h) show the removal of N-H peaks (3179 and 3132 cm-1)
along with a very small amount of the -OH peak at 3500 cm-1. This means that -OH and N-H are
removed at different stages. Similar time-evolved differential spectra were obtained at other
temperatures in N2 (Figure S4). From the differential spectra in Figure 3.3, we draw several
conclusions. First of all, these removed -OH species, probably water, do not dramatically accelerate
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the degradation of MAPbI3,101 although water has been proposed as a catalyst to accelerate the
degradation of MAPbI3.29 Second, the surface bonded water does not form hydrates with MAPbI3
as claimed by many literature reports,106 because the removal of -OH peaks is not accompanied by a
change in the N-H peaks. This is probably due to the fact that the relative amount of water in our
system is much smaller than that in other studies. Third, the degradation of MAPbI3 at 95 °C is
mainly due to the thermally induced decomposition because the removal of -OH and N-H do not
take place at the same time.
The time-evolved IR spectra of MAPbI3 at different temperatures were used to probe the
rates of decomposition of MAPbI3 in a continuous flow of N2. The intensity of the N- H peak (3179
cm-1) was chosen to monitor the decomposition as a function of reaction time because it is the most
pronounced peak from MAPbI3 (Figures 3.1 and 3.2). For a clearer comparison, the intensities of
the N-H peak are normalized to the intensity of N-H peak obtained at 2 min at that temperature.
Figure 3.4 summarizes the normalized N-H peak intensity versus reaction time at various
temperatures. At 75 °C, the trend of the extent of degradation with time is not clear because of the
low degradation rate (∼1%/18h). The differential spectrum of 18 h - 2 min at 75 °C (Figure S5)
clearly shows the reduction of peak intensities from MAPbI3 due to the degradation. At 85 °C, the
total reduction in the N-H peak intensity after 18 h is 3 ±1.5%. The error is from multiple
experiments and may be caused by the sample preparation. The degradation rate at 85 °C in N2
agrees reasonably well with reported marginal degradation of a MAPbI3 film in N2 at 85 °C for 24
h. Our own experiment also shows that the degradation rate of MAPbI3/KBr substrate at 85 °C is
similar to that of a MAPbI3 thin film on a Si wafer with native oxide (Figure S6). These two pieces
of evidence suggest that the KBr substrate does not strongly affect the degradation of MAPbI3. At
95 and 100 °C, the normalized N-H peak intensity decreases with reaction time in a linear fashion
up to at least 18 h. The constant slope suggests that the degradation rate does not change much with
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small degree of degradation. The degradation rate at 120 °C is constant within 2 h and then
decreases with the extent of decomposition, as shown by the less-steep slope at longer reaction
times. The degradation rate is further increased at 150 °C. The degradation can also be observed by
the reduction in the intensities of the C-N mode (∼962 cm-1) and N-H bending mode (∼1468 cm-1)
with annealing time at various temperatures (Figure S7).
The rate of the MAPbI3 decomposition reaction can generally be described by eq 2
according to the mole balance of solid-state decomposition kinetics theory:107
𝑟𝑝 =

𝑑𝑎
𝑑𝑡

𝐸𝑎

= 𝐴𝑒 −(𝑅𝑇) 𝑓(𝑎)

(2.2)

in which A is the pre-exponential factor, Ea is the activation energy, T is the absolute temperature,
R is the gas constant (8.314 J mol-1 K-1), f(α) is the reaction model, and α is the conversion of the
reaction, given by eq 3:
α=

𝑁0 −𝑁𝑡
𝑁0

𝑁

= 1 − 𝑁𝑡

0

(2.3)

wherein N0 and Nt are the molar amounts of MAPbI3 at times 0 and t and N tN0 is the intensity of
the N-H peak at time t normalized to that at time 0 (Figure 3.4).
According to the data in Figures 3.4 and S7, the degradation rate of MAPbI3 does not
change much with reaction time when the degradation fraction α is smaller than 10%. This suggests
that dα/dt is relatively constant within this range and that f(α) is relatively constant and has a very
small impact on the reaction rate at this stage. Therefore, according to eq 2, it is possible to extract
the effective activation energy from a plot of ln(dα/dt) versus 1/T at the initial stage of degradation.
It is noteworthy that the degradation rate extracted from the C-N mode (Figure S7a) is slightly
different than the rates obtained from the N-H modes (Figures 3.4 and S7b). This could be due to
the impact of hydrogen bonding of N-H on its IR modes. We calculated the average rates from all
of these IR modes with a standard deviation representing the variation of the rates from different
modes. These calculated initial rates dα/dt are ∼0.06% h-1, 0.17 ±0.06% h-1, 0.3 ±0.1% h-1, 0.8 ±
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0.2% h-1, 6 ±0.5% h-1, and 50% h-1 at 75, 85, 95, 100, 120, and 150 °C respectively. We have
plotted ln(dα/dt) versus 1/T in Figure 3.5. The data can be fitted well by linear regression. The
residue of the fit is ∼99%. We extracted the effective activation energy (Ea) from the slope (= Ea/R) according to eq 2. The value of E a is ∼120 kJ/mol. On the basis of the value of Ea and eq 2,
the calculated decomposition rate of MAPbI3 at 60 °C should be ∼5% of the rate at 85 °C for
similar samples. The differential spectrum 18 h - 2 min at 60 °C (Figure S5) shows negligible N-H
stretches, which agrees with the prediction. Our results predict that the extent of degradation of
MAPbI3 in N2 should be within 10% after 1000 h of operation at 60 °C. This prediction is
consistent with the lifetime study of MAPbI3 solar cells in N2.92 Furthermore, our kinetics results
show that the low degradation rate in N2 and a high heating rate (10 °C/min) are the reasons why
researchers did not observe the degradation of MAPbI3 up to 250 °C in the thermogravimetric
analysis.93
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The decomposition rate of MAPbI3 in pure oxygen without illumination is ∼1.1% h-1 at
85 °C (Figure S8), which is higher than the rate in N2 (0.17 ±0.06% h-1). This result suggests that
O2 affects the degradation of MAPbI3. This relatively low rate is probably the reason why previous
reports showed that oxygen alone does not accelerate the degradation.95,96 We further confirmed
that the synergistic effect between O2 and photons (633 nm)95,96 dramatically increases the
degradation rate of MAPbI3 in O2. These 633 nm photons were from a HeNe laser in our IR bench

Figure 3.5. Plots of ln (da/dt) vs 1/T for degradation in N2 and O2 with a laser (633 nm). The
laser with O2 greatly increases the decomposition rate. Lines are linear fits to the data points. We
use the symbol −rP to represent da/dt.
to help locate the IR beam. The laser beam was also on during the experiments with N2, therefore
the results in Figure 3.5 suggests that the laser itself does not dramatically affect the degradation
rate.
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The IR spectra of MAPbI3 with decomposition caused by O2 and photons are similar to
those of pure MAPbI3 (Figure S9) but with reduced intensities of its characteristic peaks. We did
not observe peaks associated with -OH species (3600-3400 cm-1) and C-O species (1750-1900 cm-1).
These results suggest that the decomposed products from CH3NH3+ left MAPbI3. This may be due
to the deprotonation reaction between the reduced O2 and CH3NH3+.
The proposed reaction rate model for the decomposition in O2 is shown in eq 4:
𝑟𝑝 =

𝑑𝑎
𝑑𝑡

𝐸𝑎

= 𝐴𝑒 −(𝑅𝑇) 𝑓(𝑎)𝑔(𝑂2 )ℎ(𝑎)

(2.4)

in which A, Ea, T, R, f(α), and α are defined as in eq 2, g(O2) is a function of the partial pressure of
O2, and h(α) is the concentration of photoelectrons. When α is less than 10%, α t d d is relatively
constant (Figure S10). g(O2) is a constant because of the constant flow rate of pure O2. Because α is
small and the photon flux is constant, the optical absorption of the sample is relatively constant, and
thus, the concentration of photoelectrons h(α) is also nearly constant. We extracted the
decomposition rate (dα/dt) at the initial decomposition stage, and ln(dα/dt) is plotted versus 1/T in
Figure 3.5 The effective degradation activation energy is ∼50 kJ/mol, which is smaller than the
activation energy in N2. This result indicates that visible photons coupled with O2 can lower the
barrier of the composition of MAPbI3. The reduced barrier may result from deprotonation of
CH3NH2+ facilitated by O2-.

3.3 Conclusion
Our results show that the long-term stability of MAPbI3 in a normal solar cell operating
environment (up to 85 °C) even in N2 is a concern. At 60 °C or below, >90% MAPbI3 could be
stable for up to 1000 h in N2. O2 accelerates the decomposition reaction. The synergistic effect
between O2 and solar irradiation may increase the decomposition rate further. Our results show that
MAPbI3 is very sensitive to temperature. Therefore, careful attention must be paid to monitor the
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history of temperatures that MAPbI3 has experienced. According to our results, it is very possible
that the deprotonation of surface CH3NH2+ is the rate-limiting step in the decomposition of MAPbI3
in N2 and O2.94,95 Therefore, one could increase the stability of MAPbI3 by reducing the rate of this
reaction. For example, a larger crystal size (fewer surface CH3NH2+ sites per unit mass) would lead
to a lower degradation rate. It is also possible to improve the stability by replacing the surface
CH3NH2+ sites with other ligands that have a higher bonding energy with the Pb-I matrix
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Support information

Figure S1. A representative XRD spectrum of MAPbI3 thin film synthesized from one step
method. There is no PbI2 peak.
The crystal size of MAPbI3 is calculated according to Scherrer formula
D =kλ/(βcos(θ))

In the above equation, k is 0.943 (cubic lattice). The λ is the X-ray wavelength from Co source
(0.179 nm). D is the average diameter of perovskite crystal. Therefore, D is listed as following:
D=0.943 * 0.179 / (0.18075 / 180 * 3.14 * cos (16.37688/2)) = 54.1 nm
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Figure S2. A representative UV-vis spectrum of MAPbI3/KBr with KBr as the background at
room temperature. The light absorption starts ~800 nm, which is consistent with the bandgap
of MAPbI3 (1.54 eV). The UV-vis spectrum did not show a bump at ~540 nm. This indicates
that PbI2 content (bandgap 2.3 eV, 540 nm) is negligible in the film.

Figure S3. Differential spectra of pure KBr at 85°C. Negative peaks of –OH suggest the
removal of water. Most of water is removed during the first 10 min.
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Figure S4. Differential spectra after sitting at 100°C for different periods. The critical feature
is that majority of –OH groups is removed during the initial 60 min. The major removal of NH does not accompany with a significant removal of –OH groups.

Figure S5. Differential spectra of samples after 18h at 60°C, 75°C, and 85°C with the spectra at
2min as the reference. The change of N-H stretching mode is negligible for 60°C and is
noticeable at 75°C and 85°C. These results suggest that the decomposition of MAPbI3 is
negligible after 18h at 60°C

Figure S6. a) IR spectra of MAPbI3 thin film on Si after annealing at 85°C in N2 for different
periods. b) Intensities of –N-H bending band at ~1468 cm-1 for MAPbI3 film on Si (a) and
MAPbI3/KBr from Figure S6. The Line is for the guidance of eyes. The degradation rate of
MAPbI3 film on Si is ~ 0.23%/h, which aligns with the degradation rate of MAPbI3/KBr 0.17±
0.06%/h. The relative amount of MAPbI3 is calculated by the height of NH3+ bending peak
(1469 cm-1), instead of using N-H stretching mode (3179 cm-1). It is because the baseline
between 2000 and 4000 cm-1 is tilted while the baseline for NH3+ bending peak is flat as shown
in figure (a).
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Figure S7. a) The change of C-N rocking band at ~962 cm-1 with reaction time; b) The change
of N-H bending band at 1468 cm-1 with reaction time. The degradation rates at various
temperatures obtained from N-H bending mode (b) match well with the corresponding rates from
N-H stretching mode. There are small differences between degradation rates from C-N rocking
mode and N-H modes at 90°C and 100°C. The differences are incorporated into the degradation
rates as standard deviation. The differences may due to the impact of hydrogen bonding on N-H
mode.

Figure S8. The IR spectra of MAPbI3/KBr after degradation in O2 without laser at 85°C with
KBr at 25°C as the background. The degradation rate is ~1.1%/h, which is faster than the
corresponding rate in N2 at 85°C (< 0.3%/h) shown in the inset figure.
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Figure S9. The IR spectra of MAPbI3 after 50% degradation in O2 with photon of 633nm at
85°C with KBr at 25°C as the background. We observed removal of H2O peak after heating.
The spectrum is largely same as the spectrum of pristine MAPbI3.

Figure S10. The change of N-H stretching mode at (3179 cm-1) of MAPbI3/KBr with
annealing time in O2 with a laser (633 nm) at 60°C, 80°C, and 100°C.
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CHAPTER 4 ：INSPECT THE SURFACE PROPERTY OF MAPBI3 BY PROBE
MOLECULAR OF PYRIDINE
4.1 Introduction.
Methyl amine lead iodide perovskite (CH3NH3PbI3) shows promise for applications in solar
cells,108 light-emitting diodes,109 lasers,110 and chemical sensors.111,112 Its large-scale deployment for
these applications faces several challenges, including toxicity of Pb, environmental stability, charge
recombination, and scalable processing of the material. Its chemical reaction with pyridine
(C5H5N)113,114 has been explored to address these challenges. For instance, it is claimed that
pyridine can improve the photoluminescence and solar cell performance of CH3NH3PbI3 by
passivating its surface coordinate-unsaturated sites (CUS) of Pb2+ through the formation of pyridine
(Py-Pb2+).113 On the other hand, auto-generated pyridine vapor, right above liquid pyridine, can
dramatically improve the conformality and crystallinity of a CH3NH3PbI3 thin film within 1 min in
ambient at room temperature.114 In addition, a similar exposure of pyridine vapor is shown to cause
the optical bleach of the whole film.112,114 These results contradict each other as surface CUS
passivation demands the reaction to be surface-limited or confined at surface region, but
recrystallization and optical-bleach requires the transformation of the bulk film. The origin of these
inconsistent results is not clear due to a lack of systematic study of the reaction behavior between
pyridine and CH3NH3PbI3. For example, although the passivation of Pb2+ CUS site on CH3NH3PbI3
by pyridine is ascribed to its enhanced photoluminescence, the direct chemical evidence is missing.
On the other hand, although the changes of morphology, crystallinity, and optical appearance of
CH3NH3PbI3 confirms its bulk transformation by the exposure of pyridine vapor, it is challenging to
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draw a conclusive mechanism from these experiments as the impact of moisture in ambient on the
chemisorption of pyridine is unknown. More importantly, no research has been done to understand
the effect of partial pressure of pyridine on its reaction with CH3NH3PbI3 even though the reaction
behavior is dependent on its partial pressure. In addition, the time-evolved reaction behavior is not
understood despite the fact that the extent of the reaction depends on the reaction time. These
missing understandings are critical to choosing right conditions to passivate the surface and
transform the bulk of a CH3NH3PbI3 film by pyridine vapor, and to apply CH3NH3PbI3 to sense
pyridine vapor.
In this study, we show that the reaction behavior between pyridine vapor and
CH3NH3PbI3depends strongly on the partial pressure of pyridine. When pyridine’s pressure is 1.15
torr or below, the reaction takes place at the surface region of CH3NH3PbI3 and generates
PbI2 around the surface of CH3NH3PbI3 core. Pyridinium ion (Py+H) is the main final product from
pyridine and bonds to the surface of CH3NH3PbI3 and PbI2. When pyridine’s pressure is 1.3 torr or
higher, the pyridine vapor can transform the whole CH3NH3PbI3 film after a short incubation
period. The reaction rate increases several-hundred times after the incubation period. The
dramatically increased rate is ascribed to a liquid-like layer that is formed when the partial pressure
of pyridine is 1.3 torr or higher. In the liquid-like layer, the mobility of species is increased so that
they can work in concert to catalyze the reaction between pyridine and CH3NH3PbI3. In bulk
transformation, pyridine is also mainly converted into Py+H through the proton transfer reaction
between CH3NH3+and pyridine. The formed Py+H molecules transform CH3NH3PbI3 into undefined
crystals. Our results, for the first time, show the sensitivity of reaction behaviors to the partial
pressure of undersaturated pyridine vapor, that is, i.e., its free energy. Our findings highlight the
critical role of fundamental studies in guiding the chemical treatment of CH3NH3PbI3.
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4.2 Results and discussions.
Exposure to Autogenic Pyridine Vapor (20 torr, 25 °C) in a Glovebox (P_20 torr
Treatment).
Figure 4.1 shows the change of optical appearance of a typical CH3NH3PbI3 film (dark) on
an FTO glass (CH3NH3PbI3/FTO) before, during, and after the exposure of pyridine vapor. The
dark film becomes gray after 10 s exposure to a pyridine vapor in a glove box (H2O < 0.1 ppm and
O2 < 0.1 ppm). The pressure of pyridine vapor is estimated to be ~ 20 torr, the saturated vapor
pressure of pyridine at 25 ºC and 1 atm. After 1 min exposure to this pyridine vapor, the film
becomes transparent. For convenience, we will refer this treatment as P_20torr. After the removal
of the pyridine vapor, the transparent film turns into brownish within 1 min in glove box, not yet
fully recovered to the original dark color even after 30 min back into the N2 filled glove box.
Although the changes of optical appearance of CH3NH3PbI3 film is generally consistent with
previous reports,112,114 the recovery of CH3NH3PbI3 from the pyridine bleached film is much slower
in our experiment than that in other reports. The slow rate is due to the moisture free environment
in the glove box (Figure S1).

49

Figure 4.1. Optical images of a CH3NH3PbI3/FTO sample (a) before pyridine exposure; (b, c)
after 10 s and 1 min of exposure to autogenic pyridine vapor (∼20 torr at 25 °C) in a glovebox;
(d–f) 1, 5, and 30 min in N2 (glovebox) after removal of the pyridine vapor.

Figure 4.2 presents the IR spectra of a CH3NH3PbI3 film on Si substrate (CH3NH3PbI3/Si)
before and after P_20torr treatment. All of these IR spectra use Si as the reference. The clean
CH3NH3PbI3/Si shows only the characteristic peaks of CH3NH3PbI3115,116: asymmetric and
symmetric stretching modes of N-H (3179 and 3125 cm-1), asymmetric and symmetric C-H
stretching modes (2958 and 2921 cm-1), C-H bending mode (1422 cm-1), asymmetric and
symmetric N-H bending modes of NH3+ (1577 and 1469 cm-1), CH3-NH3+ rocking modes (1249 and
910 cm-1), C-N stretching mode (962 cm-1),22-24 This IR spectrum is consistent with CH3NH3PbI3.
After the pyridine treatment of P_20 torr, the CH3NH3PbI3/Si sample after P_20torr treatment is
quickly transferred from the glove box to the dry air purged IR chamber. The whole transfer process
takes less than 1 min with a brief ambient exposure that is less than 30 s.
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Figure 4.2. Time-evolved IR spectra of a CH3NH3PbI3/Si after P_20 torr treatment. The
spectra were recorded at 3 min, 30 min, 1, 6, and 12 h in a dry-air purged IR chamber. IR
spectrum of a clean CH3NH3PbI3/Si is added for the comparison. All spectra use Si as the
reference. Blue dash lines are peaks from Py+H. Red dash lines are peaks from Py-H. Green
dash line is the ring-vibration mode from Py-Pb2+. Brown dash lines are H-deformation from
all pyridine species. Black dash lines are peaks from CH3NH3PbI3. * represents the ring
vibration modes of Py+H.

After the P_20 torr treatment, the IR spectra of CH3NH3PbI3/Si sample are recorded at 3
min, 30 min, 3 h, 6 h, and 12 h in dry air. The spectra show the time-evolved chemical composition
of the sample in dry air. First, after P_20torr treatment, the film still has the peaks from
CH3NH3PbI3, 3175, 3132, 1469, 1249, 962, and 910 cm-1. The absorbance of these peaks does not
change much with time and is ~ 73% of the value from the original CH3NH3PbI3. Therefore, a
significant amount of CH3NH3+ is still preserved inside the film, and its concentration is relatively
stable during the12 h in dry air. Second, Py+H is generated inside of the film, and their absorbance
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increases with time in dry air. According to the studies that use pyridine molecules to probe Lewis
acid and Br∅nsted acid surface sites,117-121 the IR peaks at 1633, 1601, 1528 and 1478 cm-1 are the
unique ring-vibration modes of pyridine in Py+H. Their absorbance increases with time; it means
more and more Py+H molecules are generated, presumably, through the proton transfer reaction
from CH3NH3+ to pyridine. In addition, the N-H stretching mode of Py+H117-121, a shoulder peak at
3250 cm-1, becomes clearer with time increasing; it confirms the continuous formation of Py+-H.
Third, there are Py-H molecules inside the film and its concentration decreases with time. The
positive peaks at 1590 and 1439 cm-1 belong to the ring-vibration modes of Py-H.117 The
absorbance of these Py-H peaks decreases with time, suggesting the reduction of Py-H’s
concentration. It is a surprise that Py-H molecules are still in the film even after 12 h in dry air. In
addition, in the 3 min spectra, the broad N-H stretching modes (3000-3500 cm-1) become broader
than clean CH3NH3PbI3. It is due to the hydrogen bonding formed between pyridine and CH3NH3+,
namely Py-H. Fourth, after P_20torr treatment, the concentration of Py-Pb2+ is negligible, but
increases very slowly with time. The ring-vibration mode of pyridine in Py-Pb2+ is located at ~1610
cm-1, whose absorbance is negligible in the 3 min spectrum and becomes detectible in the 6 h
spectrum. Fifth, pyridine is continuously removed from the film though desorption. In all pyridine
related species, including Py+H, Py-H, and Py-Pb2+, pyridine ring has in-plane C-H deformation
modes, whose IR peaks are located at 1213, 1148, 1066, 1030, and 1000 cm-1. The absorbance of
these peaks decreases with increasing the time in dry air. Because the concentrations of Py-Pb2+ and
Py+H increases with time upto 12 h, the reduction of their absorbance is from the removal of Py-H
from the sample through the desorption. In summary, using the unique ring-vibrations of three types
bonded pyridine, Py+H, Py-H, and Py-Pb2+,117-121 we are able to identify that Py-H and Py+H are the
main components of pyridine inside of the CH3NH3PbI3 film right after P_20torr treatment. We also
show the continuous formation Py+H in dry air through the proton transfer reaction from CH3NH3+
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to pyridine, with Py-H as intermediate compounds. Pyridine molecules can bond to the
uncoordinated Pb2+ orbital in PbIxx-2 to form Py-Pb2+, which is a minor component in comparison
with the formed Py+H. This result disagrees with the previous claim of selective formation of PyPb2+ by treating CH3NH3PbI3 with pyridine molecules.113

Figure 4.3. Differential IR spectra of CH3NH3PbI3/Si (after P_20 torr treatment) at 18, 21,
24, 27, and 30 min in dry air with the spectrum at 15 min in dry air as the reference. A
negative peak means the related species is removed during the period in dry air. A positive
peak means the related species are generated. Blue dash lines are peaks from Py+H. The black
dash lines are peaks from CH3NH3+. The broad negative peak centered around 3100 cm–1 is
due to the removal of CH3NH3+.

To better illustrate the chemical change of CH3NH3PbI3/Si in dry air after P_20 treatment,
we present, in Figure 4.3, the differential spectra of the sample within a short time frame. The
sample after 15 min in dry air is used as the reference. The positive peaks at 3244 and 3229 cm-1 are
N-H stretches from Py+H that are bonded to PbIxx-2.117 The relatively small positive peaks at 3180
and 3124 are also N-H from the Py+H molecules that are bonded to PbIxx-2.117 Peaks at 3114, 3082,
3068, and 3034 cm-1 are probably the C-H stretches on pyridine ring in Py-H+. The large broad
negative peak ranging from 2900 – 3200 cm-1 is N-H and C-H stretches from the consumed
CH3NH3+ molecules and removed pyridine molecules. The broad peak becomes larger with time
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because CH3NH3+ and pyridine are continuously removed from the substrate, but at a very slow
rate. The negative peaks at 2820 and 2950 cm-1 are probably the resonant peaks from CH3NH3+.
The complex N-H stretching modes of Py+H indicates its complex bonding environment.
From these IR spectra, we conclude that major reaction pathway between pyridine and
CH3NH3PbI3 proceeds with the formation of Py-H bonded with CH3NH3+, shown in (Eq.1). A
portion of the Py-H molecules desorbs from the film as pyridine molecules (Eq. 1), the other
portion is converted into Py+H through the proton transfer reaction from CH3NH3+ to pyridine (Eq.
2). These Py+H molecules are mainly coordinated to PbIxx-2 (Eq. 3). The absorbance of Py+H in the
3 min spectrum is 0.1486. It takes 2 h to double its absorbance after the film is sitting in dry air
(Figure S1 and Figure 4.2). It suggests that the formation rate of Py+H is much faster during the 1
min exposure of pyridine vapor of 20 torr than that from the film that is removed from the 20 torr
pyridine vapor. It is partially due to the low concentration of Py-H in the film in dry air and
partially due to the restriction of movement of ionic species.
𝐶𝐻3 𝑁𝐻3+ + 𝐶5 𝐻5 𝑁 ⇔ 𝐶𝐻3 𝑁𝐻2 ⋯ 𝐻 + ⋯ 𝐶5 𝐻5 𝑁

(1)

𝐶𝐻3 𝑁𝐻2 ⋯ 𝐻 + ⋯ 𝐶5 𝐻5 𝑁 ⇔ 𝐶𝐻3 𝑁𝐻2 + 𝐶5 𝐻5 𝑁𝐻 +

(2)

𝑃𝑏𝐼𝑥𝑥−2 + 𝐶5 𝐻5 𝑁𝐻 + → 𝐶5 𝐻5 𝑁𝐻 + ⋯ 𝑃𝑏𝐼𝑥𝑥−2

(3)
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Figure 4.4. SEM images of a pure CH3NH3PbI3/Si sample (a) and CH3NH3PbI3/Si after P_20 torr
treatment and sitting in N2 for 30 min (b). The SEM images show that P_20 torr treatment
changes the surface morphology of CH3NH3PbI3.

Figure 4.4 presents the SEM image of the CH3NH3PbI3/Si. The sample consists of grains.
There are randomly distributed cracks in the film. The morphology of sample changes dramatically
after P_20torr treatment and sitting in N2 for 30 min. The texture of grains disappears. The cracks
are healed. These changes are due to the movement of ions that is triggered by the pyridine vapor.
Figure 4.5 shows the XRD spectrum of CH3NH3PbI3/Si after P_20torr treatment sitting in
glove box for 30 min. The XRD spectra of CH3NH3PbI3, CH3NH3I, and PbI2 are added for
comparison. The pure CH3NH3PbI3 film has diffraction peaks at 14.1, 20.0, 23.5, 24.4, 26.5, 28.4,
31.8, 33.7, 34.9, 37.7, 40.7, and 43.2 degree, which are consistent with literature report.114,122,123
After P_20torr treatment, the CH3NH3PbI3/Si thin film shows a major new peak at ~ 12.4 degree
and small new peaks at 11.0, 14.1, 19.0, 21.5, and 22.3 degree. These new peaks do not belong to
either PbI2 or CH3NH3I, for PbI2 film shows peaks at 14.7 and 45.1 degree, and pure CH3NH3I film
shows peaks at 11.4, 22.8, and 34.2 degree.114,122,123 These new peaks probably result from Py+H
coordinated PbIxx-2 cluster45,124. Our finding is different from the previously reported result,114
which claims CH3NH3I as the product after CH3NH3PbI3 is bleached by pyridine. In addition, in our
recovered film, the intensity of all peaks from CH3NH3PbI3 are dramatically reduced. This result is
also in contrast with the previous report, where the recovered CH3NH3PbI3 shows dramatically
improved crystallinity. These differences may due to the difference in moisture level in
recrystallizing the CH3NH3PbI3 after the pyridine treatment, because in our experiment sample is
recovered in H2O free glove box, while in the previous reports, the sample recovery is done in a
controlled dry air environment. In our control experiments, the formation rate of PyH+ and removal
rate of Py-H are dramatically enhanced in the moisture environments (Figure S1).
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Figure 4.5. XRD patterns of CH3NH3PbI3 (red, ●, red dash-dot lines) and CH3NH3PbI3/Si after
P_20 torr treatment and sitting in N2 for 30 min (black, *, black dashlines) after. The XRD
patterns of CH3NH3I (green, ▼, green dashlines) and PbI2 (blue, ■, blue dash-dot lines) are
shown for comparison.

Exposure to Pulses of Pyridine Vapor (<0.5 torr) in a Vacuum Reactor (Pulse Treatment).
To further understand the reaction between pyridine and CH3NH3PbI3, we studied the
isothermal pyridine sorption onto CH3NH3PbI3 films. We first tried the pulsing mode, in which 1 s
pulse of room temperature pyridine vapor is injected into the N2 carrier gas stream. An in-situ
quartz crystal microbalance is used to record the mass change onto a CH3NH3PbI3 film induced by
pyridine vapor in a vacuum reactor. The injection of pyridine vapor causes a spike of pressure of
0.3 - 0.5 torr on top of the process pressure (~ 0.9 torr, 250 sccm N2). As shown by Figure 4.6a, the
first pulse of pyridine vapor causes a spike of mass gain onto CH3NH3PbI3 surface at 25 ºC. A
portion of the gained mass is removed during the following purge step with only N2. The removed
mass is due to the removal of weakly bonded physiosorbed pyridine. The net mass gain that
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survives the purge step is from the chemically-bonded pyridine onto CH3NH3PbI3 surface. Then,
another 15 pulses of pyridine vapor are introduced onto the sample. The mass gain behavior in
these pulses similar as the 1st pulse, except that the magnitude of mass gain and removal in each
pulse decrease with increasing the pulse number. The net mass gain from No. 16 pulse is negligible,
suggesting no more reaction after 16 of 1 s pulse of pyridine vapor. After 16 pulses of pyridine
vapor, the total chemically bonded pyridine reaches ~ 0.35 µg/cm2 (Figure 4.6a).
As shown in Figure 4.6b, the intensity of XRD peaks from CH3NH3PbI3 is barely affected
after the multiple pyridine pulses, except the generation of a small peak of PbI2. In addition, as
shown by the Figure 4.6c and 4.6d, these pulses of pyridine vapor have a marginal impact on the
surface morphology of a CH3NH3PbI3 film. The subtle difference of the surface morphology is due
the variation of surface morphology of the sample at the different locations. The CH3NH3PbI3 film
has a large amount of cracks before and after the 16 pulses of pyridine vapor. These cracks are not
healed by the pulses of pyridine. The XRD and SEM results are consistent with the QCM results,
confirming that multiple 1 s pulses pyridine vapor (0.3 - 0.5 torr) reacts with a CH3NH3PbI3 film at
the surface region. The IR analyses (Figure 4.7) shows the formation of Py+H and removal of
CH3NH3+, without presence of Py-H.
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Figure 4.6. (a) The mass gain occurred on a CH3NH3PbI3 film measured by QCM in exposure to
16 pulses of pyridine vapor (1 s each). The blue trace is the reactor’s pressure, with the spike
from pyridine pulses, and the black trace is the mass gain from the in situ QCM. (b) XRD pattern
of CH3NH3PbI3/Si after 16 pyridine pulses. (blue, ■) and (red, ●) are peaks from PbI2 and
CH3NH3PbI3. (c, d) SEM images show that surface morphology of CH3NH3PbI3/Si sample is
similar before (c) and after (d) the pyridine pulses

On the basis of the ex situ IR and XRD measurements, the low-pressure pyridine vapor
generates mainly Py+H and PbI2 and removes CH3NH3+ from the CH3NH3PbI3. According to the
reaction, the net mass gain is 48 g/mol Py+H. If we assume the packing density of CH3NH3+ sites
are 1 × 1015 molecules/cm2, a monolayer of bonded pyridine weighs 0.077 μg/cm2. The obtained
mass is ∼0.350 μg/cm2 and is larger than 0.077 μg/cm2. This discrepancy is partially due to the
cracks in the CH3NH3PbI3 film (Figure 6c,d) and roughness of CH3NH3PbI3 film. It is important to
note that the 1 cm2 area is the projected area. Roughness and cracks mean more sites in a projected
1 cm2area than sites in a projected 1 cm2 area than the solid flat surface. In solid flat surface. In
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addition, the initial CH3NH3PbI3 film has a mass of 260 ± 25 μg/cm2, which is 0.42 ±0.04
μmol/cm2 of CH3NH3PbI3. If we assume all CH3NH3+ are replaced by Py+H, the net mass gain
would be 20 ± 2 μg/cm2 (for details of calculation, see Supporting Information). Because this value
is much larger than the 0.35 μg/cm2, the reaction between multiple pulses of pyridine vapor and
CH3NH3PbI3 is confined close to the surface region of CH3NH3PbI3. Therefore, we demonstrate
that pulsing pyridine vapor is a reliable way to modify the surface of CH3NH3PbI3.

Figure 4.7. IR spectrum of CH3NH3PbI3 after 16 pulses of pyridine vapor. It shows that Py+H
is formed and CH3NH3+ is removed.
Exposure to Pyridine Vapor of Different Pressure in a Vacuum Reactor
We further performed the isothermal experiment in a batch mode to understand the effect of
pyridine vapor pressures on its reaction with CH3NH3PbI3. Specifically, after evacuated to 50 mtorr
and isolated from the processing pump, the vacuum reactor is quickly filled with pure pyridine
vapor of a desired pressure. A QCM crystal records the mass change of a CH3NH3PbI3 film
throughout the whole process. As shown in Figure 4.8, before the pyridine exposure, the
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CH3NH3PbI3 film is stable inside vacuum reactor at 25 °C, as its mass is stable in this condition.
Then the film is exposed to pyridine vapor of 0.5 torr for ∼8700 s. The mass gain rate is high
initially and decreases with time. After ∼1 h of exposure, the mass gain rate is small and remains
relatively constant. The CH3NH3PbI3 film gains a mass of ∼0.9 μg/cm2 after 8700 s of exposure.
The following N2 purge step removes the pyridine vapor and the physically bonded pyridine
molecules on the film. The final sustained mass is ∼0.8 μg/cm2, which is from chemically bonded
pyridine. The CH3NH3PbI3 film shows similar mass gain behavior when exposed to 0.3 torr
pyridine for 10 000 s (Figure S2). This mass gain behavior is consistent with the results from
pulsing pyridine vapor of similar pressure to CH3NH3PbI3, except the mass gain here is higher than
that in the pulsing mode. The higher mass gain is probably due to the long exposure of pyridine and
higher surface area per 1 cm2 of projected area. In long exposure of 0.5 and 0.3 torr pyridine, the
mass gain keeps increasing with time but at a slower rate in the later stage. As pyridine’s partial
pressure and reaction temperature are not changing, the slow mass gain rate in the later stage is
partially due to the reduced reactive sites on the substrate as the reaction proceeds and partially due
to the formation of PbI2 layer, which slows the reaction by limiting the diffusion of pyridine or
CH3NH3+. The amount of mass gain and slow mass gain rate at the later stage indicate the reaction
is still confined at the surface region of the CH3NH3PbI3 film. This is confirmed by the XRD
spectrum (Figure S3) of the sample after 8700 s of exposure to 0.5 torr pyridine. It shows a small
peak of PbI2 and largely unaffected peaks from CH3NH3PbI3.
We further performed the isothermal experiment in a batch mode to understand the effect of
pyridine vapor pressures on its reaction with CH3NH3PbI3. Specifically, after evacuated to 50 mtorr
and isolated from the processing pump, the vacuum reactor is quickly filled with pure pyridine
vapor of a desired pressure. A QCM crystal records the mass change of a CH3NH3PbI3 film
throughout the whole process. As shown in Figure 4.8, before the pyridine exposure, the
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CH3NH3PbI3 film is stable inside vacuum reactor at 25 °C, as its mass is stable in this condition.
Then the film is exposed to pyridine vapor of 0.5 torr for ∼8700 s. The mass gain rate is high
initially and decreases with time. After ∼1 h of exposure, the mass gain rate is small and remains
relatively constant. The CH3NH3PbI3 film gains a mass of ∼0.9 μg/cm2 after 8700 s of exposure.
The following N2 purge step removes the pyridine vapor and the physically bonded pyridine
molecules on the film. The final sustained mass is ∼0.8 μg/cm2, which is from chemically bonded
pyridine. The CH3NH3PbI3 film shows similar mass gain behavior when exposed to 0.3 torr
pyridine for 10 000 s (Figure S2). This mass gain behavior is consistent with the results from
pulsing pyridine vapor of similar pressure to CH3NH3PbI3, except the mass gain here is higher than
that in the pulsing mode. The higher mass gain is probably due to the long exposure of pyridine and
higher surface area per 1 cm2 of projected area. In long exposure of 0.5 and 0.3 torr pyridine, the
mass gain keeps increasing with time but at a slower rate in the later stage. As pyridine’s partial
pressure and reaction temperature are not changing, the slow mass gain rate in the later stage is
partially due to the reduced reactive sites on the substrate as the reaction proceeds and partially due
to the formation of PbI2 layer, which slows the reaction by limiting the diffusion of pyridine or
CH3NH3+. The amount of mass gain and slow mass gain rate at the later stage indicate the reaction
is still confined at the surface region of the CH3NH3PbI3 film. This is confirmed by the XRD
spectrum (Figure S3) of the sample after 8700 s of exposure to 0.5 torr pyridine. It shows a small
peak of PbI2 and largely unaffected peaks from CH3NH3PbI3
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Figure 4.8. (a) Mass gain (black line) vs time for a CH3NH3PbI3 film before, during and after
exposure to pyridine vapor at partial pressures of 0.5 torr (blue).

With the exposure to a pyridine vapor of 1.3 torr, the typical time-evolved mass gain on a
fresh CH3NH3PbI3 film (Figure 4.9) is dramatically different than that with pyridine of 0.5 torr.
The most pronounce features in Figure 4.9a are the abnormal jump of mass gain to 74e3 µg/cm2
after ~1000 s exposure to the pyridine vapor. These abnormal mass gains are an artifact due to the
formation of a short-circuit between the two originally isolated electrodes on the front and back
sides of the QCM substrate. It is noteworthy that the CH3NH3PbI3 film is only coated on the front
electrode of the QCM substrate. There is a gap of couple of millimeters between the edge of the
QCM substrate and the back electrode. Therefore, in order to short-out the front and back
electrodes, a conductive fluid must flow to bridge the gap must flow across According to these
results, the product, after ~ 1000s reaction, is an electrically conductive fluid. As CH3NH3PbI3 is an
insulating solid in dark vacuum reactor, the electrically conductive fluid is presumably due to the
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increased mobility of ionic species caused by the reaction with pyridine. The evacuation of pyridine
vapor fixes the short-circuit instantaneously, because the removal of pyridine converts the
conductive fluid into an insulating material.

Figure 4.9. (a) Overall view of the time-evolved mass gain (black trace) occurred onto a
CH3NH3PbI3 film during the exposure of pyridine vapor of 1.38 torr in a vacuum reactor. It is
termed P_1.3 torr treatment. The measured mass gain suddenly jumps to 74 × 103 μg/cm2. It is an
artifact due to the short of the back and front electrodes of QCM crystal by the reaction product.
(b) The enlarged view of dash line window in (a). The mass gain behavior changes with reaction
time and is categorized into three Zones (1–3) as shown by shadowed areas. (c) The enlarged
view of transient mass gain behavior in Zone 1. Zone 1 consists of two Stages (1–2). (d) The
transient mass gain behavior during the evacuation of the pyridine vapor. The mass gain stabilizes
at ∼20 μg/cm2 and is from the absorbed pyridine molecules. (a–d) The mass gain is the black
trace, and the pressure is the blue trace.

To understand the progress of reaction between pyridine vapor and CH3NH3PbI3, we present
the detail mass gain behavior before the electrodes are shorted. After the introduction of 1.3 torr
pyridine vapor, the time-evolved mass gain can be categorized into three Zones (1–3) as marked
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in Figure 4.9b. Zone 1 lasts ∼80 s and is the incubation period. The mass gain from Zone 1 is ∼1.6
μg/cm2, and the reaction in Zone 1 is largely confined to the surface region but with an additional
complexity, which will be discussed later in Figure 4.9c. In Zone 2, right after the incubation
period, the mass gain rate dramatically increases to 9 μg/ (cm2 s), which is ∼350 times of the rate in
Zone 1. The mass gain from Zone 2 is ∼46 μg/cm2. After that, the rate of mass gain decreases
significantly to 0.1 μg/ (cm2 s) in Zone 3. At this rate, more and more pyridine molecules are
absorbed into the film until the QCM electrodes are shorted. It is important to note that the pressure
of pyridine vapor is stable at 1.3 torr during the exposure; therefore, the change of mass gain rate is
from the progression of the reaction. The growth behavior can be repeated well with 1.3 torr
pyridine vapor (Figure S4). The amounts and rates of mass gain at each zone are not exactly the
same during several experiments. This difference is due to the variation of CH3NH3PbI3 film,
including surface roughness and density of cracks and impurities.
A finer detail of Zone 1 is shown in Figure 4.9c. The transient mass gain in Zone 1 consists
of two stages, both of which are concave to the axis of the mass gain. This is different than the
reaction behavior of pyridine at a lower pressure (e.g., 0.5 torr). In the Stage 1, the reaction rate
ramps up fast and then levels off into the second stage at ∼1.6 μg/cm2. The rate of mass gain in the
second stage increases quickly with time and merges into Zone 2. Stage 1 and Stage 2, i.e., Zone 1,
are the induction period of Zone 2. This mass gain behavior is dramatically different than that from
the low-pressure pyridine experiments as well. On the basis of the amount of mass gain, the first
concave curve is probably from the reaction between pyridine molecules and the exposed surface of
the film. The CH3NH3PbI3 sample is exposed to 1.3 torr pyridine vapor for ∼1200 s before we start
to pump out the pyridine vapor. As soon as we start pumping out the pyridine vapor from the
reactor, the QCM crystal starts functioning again (Figure 4.9d), because the shorted electrodes
become insulated. The removal of mass is probably due to the desorption of pyridine and
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CH3NH2molecules. The mass removal rate slows dramatically with increasing the pumping time
(Figure 9d). The final attained stable mass gain is ∼17 μg/cm2.

Figure 4.10. (a) IR spectrum of CH3NH3PbI3/Si after the exposure to 1.3 torr pyridine vapor as
shown in Figure 9. (b) XRD spectra of CH3NH3PbI3/Si sample in (a). Inset Figure is the optical
image CH3NH3PbI3/FTO after 1.3 pyridine treatment (Brown). (Black, *) and (Red, ●) are peaks
from new unknown species and CH3NH3PbI3. (c, d) SEM images of the CH3NH3PbI3/Si in (a) at
different magnifications. Red arrows point to the flakes, and white arrows points to the voids.

Figure 4.10a shows the IR spectrum of the CH3NH3PbI3 film after the P_1.3 torr treatment.
The film now contains Py+H as a major product. In the range of 3000–3400 cm–1, the double
positive peaks at ∼3250 cm–1 are N–H stretches Py+H. The dual peaks at ∼3200 cm–1 are from
CH3NH3+inside the film. The spectrum in the range of 1400–1700 confirms the formation of Py+H
in the film and existence of CH3NH3+, as well as the generation of a small amount of Py-H and Py-

65

Pb2+. The ratio of the absorbance of 1529 cm–1 peak (Py+H) to the absorbance of 1440 cm–1 peak
(Py-H) is ∼10 and is larger than that after P_20 torr treatment (0.5). It is partially due to the higher
extent of reaction to Py+H because of the longer exposure to pyridine vapor in P_1.3 torr treatment
(1200 s) than P_20 torr treatment (1 min) and partially due to the more effective removal of Py-H
by evacuation than sitting in 1 atm dry air.
After the treatment of P_1.3torr shown in Figure 4.9, the XRD spectrum of the film (Figure
4.10b) shows new peaks at 10.7, 11.0, which do not belong to PbI2 and CH3NH3I. These new peaks
are not identified and are formed from the reaction with pyridine. There are also peaks from
CH3NH3PbI3, but with a significantly reduced intensity. After P_1.3 torr treatment, the dark
CH3NH3PbI3 film becomes brownish (the inset Figure in Figure 4.10b). This color change is due to
the formation of new materials with larger bandgaps than CH3NH3PbI3, for example, twodimensional materials125,126. As shown in Figure 4.10c, d, the treatment of P_1.3torr dramatically
changes the film morphology. There are voids and flakes on the surface of the sample. The
formation of voids is probably due to the fast removal of the dissolved Py-H and CH3NH2 in the
evacuation step. The flakes resemble the common crystal morphology of two-dimensional
materials, and are probably from the intercalated Py+HPbI3.125 The continuous phase is probably
mainly CH3NH3PbI3, but with an inferior crystallinity than the starting film.
Figure 4.11a shows the mass gain behavior a CH3NH3PbI3 film with the exposure of
pyridine vapor, whose pressure is increased stepwise from 0.5 torr to 1.3 torr. When the pressure is
1.15 torr and below, the total mass gain is less than 1.5 µg/cm2. Shortly after the pressure of
pyridine increases to 1.3 torr, the mass gain rate increases significantly and merges into Zone 2 type
growth. While the reaction is still in the Zone 2, we start to remove part of the pyridine vapor. The
stepwise reduction of pyridine pressure slowly reduces mass. It is probably due to the desorption of
Py-H and CH3NH2 molecules. The zoom-in view of mass gain data before Zone 2 is shown in
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Figure 4.11b. After the exposure to 0.5 torr pyridine for 21 min, the occurred mass gain is 0.45
µg/cm2. Then additional pyridine is fed into the reactor, the partial pressure of pyridine increases to
0.8 torr. During the 36 min at 0.8 torr for 36 min, additional 0.38 µg/cm2 is accumulated onto the
sample. During the following 40 min at 1.15 torr, mass increases another 0.47 µg/cm2. For all of
these pressures, the mass gain versus time curve is concave to time axial, which is similar to the
mass gain obtained at 0.3 and 0.5 torr pressure (Figure 4.8). Therefore, according to our
experimental results, 1.3 torr is the transient point, which can trigger the Zone 2 type growth and
activate a new chemistry, which does not take place at pressure 1.15 torr or below.

Figure 4.11. (a) QCM result from the stepwise increases of the partial pressure pyridine, 0.5, 0.8,
1.15, and 1.3 torr, then stepwise reduce the pressure of pyridine. Zone 2 region is shadowed. (b)
Zoom-in view of the region enclosed by the dash-box in (a). The mass gain and duration at each
pressure are labeled accordingly.

4.3 Discussion
According to our results, whether the reaction between pyridine vapor and CH3NH3PbI3 is confined
around its surface or into the bulk is strongly affected by the pressure of pyridine vapor as
summarized in Figure 4.12. When the pressure of pyridine vapor is low, for example, 1.15 torr or
less, pyridine vapor reacts with surface region of CH3NH3PbI3 without disturbing the bulk
properties. When a pyridine vapor has a higher pressure, for example, 1.3 torr or above, it
transforms the bulk CH3NH3PbI3 after a short incubation time (within a couple of minutes). A
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recent study shows that the behavior of the reaction between NH3 vapor and CH3NH3PbI3 also
depends on the pressure of NH3 vapor127: with 0.75 torr NH3, the reaction is confined around the
surface region, while with 450 torr NH3, the whole CH3NH3PbI3 substrate can be transformed into a
NH4PbI3 film. Because Pb–I lattice window is 0.191 nm, NH3 (<0.15 nm) can diffuse into
CH3NH3PbI3, but pyridine molecule (0.389 nm) cannot. It is also important to recognize that based
on their proton affinity value, pyridine is a stronger base than CH3NH2, while NH3 is a weaker base
than the CH3NH2. Therefore, it is not the size and basicity of an amine that determines whether its
reaction with CH3NH3PbI3 is confined around the surface reaction or penetrates into the bulk of the
substrate. Rather, it is determined by the pressure of the amine vapors as shown in our experiment
and the experiment with NH3. There is additional indirect evidence in literature that supports our
conclusion. For instance, CH3NH2 and butane amine of high pressure can transform the whole
CH3NH3PbI3.128 The surface of CH3NH3PbI3 can be functionalized by large amine molecules, such
as benzyl amine, which have low vapor pressures and similar size as pyridine. 14,129-131 The size of
aniline has been attributed to the fact that aniline cannot cause bulky transformation of
CH3NH3PbI3 at room temperature even after 60 min of exposure.132 As aniline and benzyl amine
have the similar cross-section size as pyridine molecules, our explanation is that surface
functionalization by benzyl amine and aniline is due to their low vapor pressure rather than their
bulky molecular size or their basicity. Therefore, it is critical to study the effect of pressure of an
amine on its reaction with CH3NH3PbI3.
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Figure 4.12. Schematic mechanism of the reaction between the pyridine vapor and
CH3NH3PbI3 when the vapor pressure of pyridine is 1.15 torr or lower (a) and 1.3 torr or
higher (b). In (a), at low pressure, PbI2 shell acts as a barrier to protect CH3NH3PbI3 from
pyridine. Liquid film and catalytic reaction are observed when pyridine vapor is 1.3 torr or
higher.
For the reaction between CH3NH3PbI3 and pyridine vapor, the core reaction is the proton
transfer reaction between CH3NH3+ and Py+H, no matter what the pressure of pyridine is. This
reaction is reversible, and its position of equilibrium can be moved to Py+H by continuously
supplying pyridine and removing CH3NH2. However, when the pyridine vapor is 1.15 torr or lower,
the extent of the reaction is limited by the kinetics rather than by thermodynamic equilibrium. As
shown in Figure 4.12a, this pyridine vapor reacts with CH3NH3PbI3 to form PbI2. As the reaction
proceeds, more and more PbI2 clusters are generated and form a conformation layer of PbI2; the
reaction rate is limited by the diffusion of pyridine molecules to the interface between PbI2 and
CH3NH3PbI3.

69

When the pressure of pyridine vapor increases from 1.15 to 1.3 torr, its chemical free energy
increases only 0.3 kJ/mol according to the equation of RT ln (1.3/1.15), where R is the gas constant,
and T is the reaction temperature (298 K). It is fascinating that such a small change of chemical
potential can cause a dramatic change of the reaction behavior between pyridine vapor and
CH3NH3PbI3. It is our hypothesis that when its pressure is 1.3 torr or higher, pyridine vapor
generates a liquid-like layer on CH3NH3PbI3 to enable dramatic increase of mass gain rate shown in
Zone 2 (Figure 4.12b). This hypothesis is supported by the experimental results (Figure S5) that
show the film morphology of CH3NH3PbI3 changes at the beginning of Zone 2. It suggests the great
mobility of surface species. In addition, as the pressure of pyridine vapor and reaction temperature
are not changing throughout the experiment, the dramatically enhanced rate after the incubation
period can only be explained by a reduction of activation energy for the reaction between pyridine
and CH3NH3PbI3. The liquid-like film increases the mobility of the species so that these species can
move to the reaction sites and find the right configuration to catalyze the reaction, therefore
lowering the activation energy. It has been observed that pyridine can catalyze the proton transfer
reaction.133 Furthermore, with 1.3 torr pyridine, the rate of mass gain increases with the extent of
the reaction in Stage 2 and Zone 2. It suggests the reaction products work with pyridine molecules
to dismantle the CH3NH3PbI3 film. Otherwise, the growth behavior will be similar as the one with
0.5 torr pyridine vapor. The morphology of the final products also suggests that the whole film of
the CH3NH3PbI3 was turned into a liquid in P_1.3 torr and P_20 torr treatments. This hypothesis is
also consistent with the experimental results from P_20 torr: the formation of Py+H slows
dramatically after removal of the pyridine vapor. According to the mechanism in Figure 4.12b, the
liquid film that is formed during pyridine exposure is solidified, and the Py-H molecules are
“frozen” in the film so that the catalytic reaction is not possible. Although liquid formation has been
observed in the reaction between the CH3NH2 and CH3NH3PbI3,128 our report is the first
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demonstration that the liquid or liquid-like film can be formed at a pressure far below the saturated
vapor pressure of an amine and that its formation depends strongly on the amine’s pressure, that is,
its chemical free energy.
In terms of the formation mechanism of the liquid-like layer, we believe it is due to the
interaction between the absorbed pyridine, PbIxx–2, Py+H, and CH3NH3+. The incubation time means
that the formation of liquid-like film takes time and is an accumulation result. We rule out the
possibility that the liquid or liquid-like film is formed from the condensation of pyridine vapor with
two reasons. First, 1.3 torr is far below the saturated vapor pressure of pyridine (20 torr at 25 °C).
Second, although according to the Kelvin equatio, capillaries can induce presaturation
condensation, such condensation is expected to take place at different vapor pressures, as sizes of
cracks on the film are randomly distributed. However, in all of our experiments, the Zone 2 type of
growth starts only when the pressure is 1.3 torr or higher. In terms of why a small change of
pressure at ∼1.3 torr can change the state of the system; further research is needed to understand the
underlying thermodynamics.

4.4 Conclusion
In summary, our results demonstrate that pressure of pyridine is a key parameter that defines its
reaction behavior with CH3NH3PbI3: if you want surface modification, use low pressure pyridine
vapors; if you want bulk transformation use high pressure pyridine vapors. As this strong pressuredependent growth behavior effect should be applicable for other amines as well, therefore it is
critical to understand the reaction behavior in treating CH3NH3PbI3 with amines. In addition,
pyridine is a valuable probing molecule in studying the type of surface sites on CH3NH3PbI3 and
can potentially be used to analyze the effect of synthesis chemistry, temperature history, and surface
modification on the surface chemistry of CH3NH3PbI3. This information is invaluable in solving the
stability issue and surface charge recombination problem that are currently facing halide
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perovskites-based devices. In addition, according to our result, although it is possible to sense
amine vapor by measuring the conductivity of a CH3NH3PbI3 film,134 its sensing capability may not
be fully reversible and its response may not be linear to the pressure of pyridine.

Support information:

Figure S1. Time-evolved absorbance of ring-vibration of Py (at 1590 cm-1) and Py+H (at 1525 cm1
) from pyridine treated CH3NH3PbI3 film sitting in dry air and in ambient, within 60 min; For a
direct comparison, we normalized the peaks’ intensity to their intensity in the first spectra
measured at 3 min (time zero in the figure) in the dry air purged IR chamber.
Effect of moisture of the rate of Py-H to Py+-H
Although finding optimal conditions of recrystallization is beyond the scope of this paper, we
probed the effect of moisture on the chemical composition of CH3NH3PbI3 after P_20torr. We
monitored the two ring-vibration modes Py-H (1590 cm-1) and Py+H (1528 cm-1) because they are
the strongest one for the related species. More importantly, the effect of bonding environments on
their absorbance is small as they are the nuclear resonances. Figure S1 shows the time-evolved
absorbance of these ring-vibration modes in dry air and ambient air. For a direct comparison, their
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absorbance at different times is normalized to the corresponding peak’s absorbance that is obtained
after the ambient air is cleared out from the IR chamber. This process generally takes 3 min. As
shown in Figure S1, it takes a much shorter time to achieve the same level of removal of Py-H and
production of Py+H in ambient air than in dry air. For instance, it takes only 3 min for the 30% of
Py-H absorbance in ambient (Figure 5a), but 1 h for the 10% reduction in dry air. For Py+H, it takes
less than 3 min in ambient to generate Py+H of normalized absorbance of 1.6, but a hefty of 30 min
to get the same level Py+H if the film in dry air. These dramatically accelerated reaction rates in
ambient suggest that H2O can facilitate the conversion of Py-H to Py+H and removal of Py-H from
the CH3NH3PbI3/Si after P_20torr treatment, potentially acting as a catalyst. Therefore, our results
clearly show the significant role of H2O in the chemical transformation. The concentration of
moisture is the reason that why our sample in glove box take a much long time to be converted back
to CH3NH3PbI3.

The theoretical mass change if all CH3NH3+ are replaced by Py+H.
The mass of CH3NH3PbI3 film on QCM film is around 260 ±25 µg/cm2. If assume all CH3NH3+ are
replaced by Py+H as shown in the Eq. (s1)
𝐶𝐻3 𝑁𝐻2 𝐻 + + 𝐶5 𝐻5 𝑁 ⇔ 𝐶𝐻3 𝑁𝐻2 + 𝐶5 𝐻5 𝑁𝐻 +

(s1)

Then theoretical maximum net mass gain on the film can be calculated:
Moles of CH3NH3+ can be calculated from Eq. (s2), wherein 620 g/mol is the molar mass of
CH3NH3PbI3. As the mass of a CH3NH3PbI3 film is 260 ±25 µg/cm2, 𝑀CH3NH3+ is 0.42 ±0.04
µmol/cm2 on a QCM crystal. According to Eq. (s3), the ultimate net mass gain (mnet) is 20 ±2
µg/cm2. In Eq. 2, 48 g/mol is the increase of the molar mass after replacing CH3NH3+(32 g/mol) by
Py+H (80 g/mol). As the 𝑀CH3NH3+ is 0.42 ±0.04 µmol/cm2,
𝑚CH3NH3PbI3
620𝑔/𝑚𝑜𝑙

= 𝑀CH3NH3+

(s2)
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𝑔

𝑀CH3NH3+ × (48 𝑚𝑜𝑙) = 𝑚𝑛𝑒𝑡

(s3)

Figure S2. SEM image of a CH3NH3PbI3 film measured by QCM with pyridine of vapor pressure
0.3 torr.

Figure S3. XRD spectrum of a CH3NH3PbI3 film that is exposed to pyridine vapor of pressure
0.5 torr for ~8700 s. It shows that majority of CH3NH3PbI3 (Red dots) is still in the film and
some PbI2 (Blue square) has been generated.
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Figure S4. The overall view of the time-evolved mass gain (black trace) occurred onto a
CH3NH3PbI3 film during the exposure of pyridine vapor of 1.38 torr in a vacuum reactor from a
different run than that in Figure 9. (b) Zoom-in view of Zone 1 in (a). Note, Stage 1 finished at
0.6 µg/cm2. Zone 2 finished around 50 µg/cm2.

Figure S5. SEM images of CH3NH3PbI3 films obtained after remove pyridine at Stage 2 (a) and
(b) at the early stage of Zone 2 in P_1.3torr treatment. The SEM images show the surface
morphology of a CH3NH3PbI3 film does not change until the early stage of Zone 2. (c-d) are the
XRD spectra from sample in (a) and (b) respectively. The XRD spectra show additional
diffraction peak (Black, *) from new species other than PbI2 (Blue, ◼) and CH3NH3PbI3 (Red, ●)
in the sample obtained at the early stage of Zone 2.
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CHAPTER 5: IMPROVE THE STABILITY OF METHYLAMINE LEAD
PEROVSKITE BY ATOMIC LAYER DEPOSITION OF AL2O3 AT 25°C
5.1 Introduction
Halide perovskites have emerged as a class of low cost semiconductors for high efficient
solar cells,109,135-140 LEDs,109,113,140,141 lasing,110,142 sensors,111,143,144 and computing chipsets.135,145
The power-conversion-efficiency (PCE) of CH3NH3PbI3 solar cells reaches 22.1%, which is
competitive with the high cost commercial silicon solar cells.108 In order to commercialize
CH3NH3PbI3-based devices on a large scale, the generation cost per kilowatt hour must be low
enough to be competitive. It demands long life time of solar cell modules, owing to the high cost of
installation of solar cells. However, CH3NH3PbI3 has a poor stability in ambient,109,135-140 and the
state-of-the-art lifetime of CH3NH3PbI3 solar cells is less than a couple of years,146-148 which is
much shorter than the lifetime (20 - 30 years) of commercial Si solar cells. A range of methods
have been developed to improve the environmental stability of perovskites.149-160 For instance,
engineering the composition of perovskites12,161 has been demonstrated as the most effective way to
improve their stability. Encapsulating perovskite devices can also improve the stability of
perovskites.162 Another method is to isolate CH3NH3PbI3 from ambient by a thin diffusion barrier
as moisture and oxygen degrade and accelerate the degradation of CH3NH3PbI3. 12,163,164 Currently,
there is no winning solution that solved the stability problem of perovskites. It is possible that these
methods and additional methods need to work in concert to solve the environmental stability issue
of perovskites.
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Among the various diffusion barrier layers that have been developed for
perovskites,51,159,165-170, Al2O3 layers formed by atomic layer deposition (ALD) represent an
attractive strategy. For instance, an Al2O3 layer, which was deposited on CH3NH3PbI3 by 10 cycles
of trimethyl aluminun

(TMA)/H2O chemistry at 100 ºC, not only improves the environmental

stability of the CH3NH3PbI3 film, but also enhances the efficiency of CH3NH3PbI3 solar
cells.74,171Al2O3 ALD (TMA/H2O) films that were grown on CH3NH3PbI3 at room temperature can
greatly improve its stability.172,173 Chemisorption of triethyl aluminum (a similar chemical as TMA)
at room temperature onto CH3NH3PbI3 can improve its ambient stability.174 However, there are also
reports showing that Al2O3 ALD degrades CH3NH3PbI3. For example, TMA/H2O chemistry, at 100
ºC, degrades CH3NH3PbI3.166 TMA vapor etches and degrades CH3NH3PbI3 at 75 ºC.175 In
summary, ALD Al2O3 may be effective in improving the stability of CH3NH3PbI3, however these
inconsistent results present a challenge in reliably using this method. These inconsistent results
could be due to the poorly understood TMA/CH3NH3PbI3 reaction, which is the key step
determining the nucleation of ALD Al2O3 on CH3NH3PbI3,171,173,175 because ALD is step-wise
process.
In this study, we investigated the reaction between TMA and fresh CH3NH3PbI3 by using in
situ QCM (quartz crystal microbalance) and QMS (quadrupole mass spectrometer). We found that
TMA/CH3NH3PbI3 reaction does not follow the surface site-limited monolayer reaction as expected
for ALD. Instead, the TMA/CH3NH3PbI3 reaction proceeds into the CH3NH3PbI3 substrate. Both
reaction temperature and partial pressure of TMA strongly affect the TMA/CH3NH3PbI3 reaction.
Specifically, at 25°C, TMA vapor of ~ 0.1 torr reacts with CH3NH3PbI3 to generate a saturated
mass gain of 350 ng/cm2, which is much larger than the saturated mass gain of TMA step on a
metal oxide surface. The generated product layer supports the nucleation of Al2O3 ALD. In
contrast, at 75°C, TMA vapor (~0.1 torr) continuously etches CH3NH3PbI3 to generate PbI2 and the
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nucleation of the following Al2O3 ALD process is delayed. QMS measurements show that CH3NH2
is not the main gaseous byproduct at both reaction temperatures; Instead, CH3I emerges as the
byproduct after many pulses of TMA vapor on CH3NH3PbI3 at both temperatures. In addition, when
the partial pressure of TMA is higher than 0.5 torr, TMA etches CH3NH3PbI3 even at 25°C and the
extent of the etching reaction increases with increasing the partial pressure of TMA and reaction
time. Based on these results, we hypothesize that TMA/CH3NH3PbI3 reaction follows a
core(perovskite)-shrinking model107,176: the CH3NH3PbI3 core is consumed by the
TMA/CH3NH3PbI3 reaction, which forms a product shell. The shell formed at 25 ºC in the vacuum
process can protect CH3NH3PbI3 from TMA, but the product shell disintegrates at higher
temperatures (e.g., 75 ºC). The environmental stability of CH3NH3PbI3 can be improved by one
cycle of ALD Al2O3 that was done at 25°C with TMA of ~ 0.1 torr, followed by the air exposure.

5.2 Result and discussion
In situ QCM measurement shows that TMA (0.1 torr)/CH3NH3PbI3 reaction approaches a
saturated mass gain at 25°C. As shown in Figure 5.1a, the mass gain obtained from each TMA
vapor pulse decreases with repeating the pulses of TMA vapor. This trend is clearly illustrated in
Figure 5.1b. The mass gain from a TMA pulse approaches zero after 40 pulses of TMA vapor. The
total net mass gain saturates at ~ 0.35 µg/cm2 after 50 pulses of TMA (1s TMA dose/30s purge by
N2). The accumulated mass is from the reaction between TMA and CH3NH3PbI3 because the mass
gain cannot be removed by a long-term purge step with ultrahigh purity N2 gas. This mass gain is
~3 times of the saturated mass gain that is obtained from multiple TMA pulses in QCM surface
(Figure S1 supporting information). This higher mass gain suggests that the reaction mechanism
between TMA and CH3NH3PbI3 is different from the submonolayer chemisorption of TMA on AlOH surface in steady-state Al2O3 growth, because the surface of a CH3NH3PbI3 film on a QCM
crystal is smoother than a clean QCM crystal with 50 nm Al2O3 (Figure S2), indicating that the
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CH3NH3PbI3 substrate potentially has less amount surface sites per 1cm2 projected area than the
steady state Al2O3 film on a QCM crystal. This in situ QCM result suggest that the TMA (0.1
torr)/CH3NH3PbI3 reaction at 25°C has a saturated mass gain, which is much higher than that from
the expected monolayer TMA chemisorption.

Figure 5.1. In situ QCM measurement of the mass gain behavior (a) during 50 pulses of TMA
onto CH3NH3PbI3 and (b) during the first eight pulses of TMA vapor on CH3NH3PbI3. The
experiment is carried at 25 °C. Each TMA exposure step consists of 1s pulse of TMA vapor
(partial pressure of ~0.1 torr) followed by 30s N2 purge.

In situ QMS was applied to monitor the gas products during the TMA pulses (Figure 5.2).
First, the mass signal from TMA (m/z = 57) is well resolved. The intensity of TMA signal does not
change much for the 50 TMA pulses, because the partial pressure of TMA does not very much, and
the majority of TMA does not participate in the reaction. Second, the main peak for CH3NH2 (m/z =
30) is negligible during the measurement. It means that CH3NH2 is probably not a byproduct from
the reaction between TMA and CH3NH3PbI3. Third, the intensity of mass signal of CH4 (m/z = 16)
gradually decreases by repeating the pulses of TMA vapor. After ~20 TMA pulses, the CH4 signal
becomes constant. The constant CH4 signal is ascribed to the fragment from TMA molecules. In a
control experiment of pulsing TMA vapor on the Al-OH surface in the steady-state ALD of Al2O3,
CH4 signal becomes constant after ~16 pulses of TMA (Figure S3), suggesting that the surface
reaction is limited by surface sites and the gradually reduced CH4 signal is, at least partially, due to
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the reaction between TMA and –OH on the wall of the reactor. The reaction between TMA and
CH3NH3+ could lead to the formation of CH4. After ~ 40 cycles of TMA, QMS measurement
detects the signal from CH3I (m/z = 142). It is interesting that when the CH3I signal picks up, the
CH4 signal drops further. This trend of QMS signal indicates that the reaction between TMA
molecules and CH3NH3PbI3 changes with the progression of the reaction. In the first stage, TMA
mainly reacts with surface sites groups, e.g., -OH or CH3NH3+, to generate CH4. At the second
stage, the reaction generates CH3I molecules, which desorb from the substrate. The desorbed CH3I
explains the negligible mass gain after ~ 40 pulses of TMA vapor (Figure 5.1a), as the mass loss
from the desorbed CH3I is balanced by the added mass from TMA.

Figure 5.2. In situ QMS measurement of 50 pulses of TMA vapor on the CH3NH3PbI3 powder at
25 °C. The signal intensity of TMA (m/z = 57) and CH3I (m/z = 142) is magnified by 200 times.

The 50 pulses of TMA vapor do not generate detectable PbI2 on CH3NH3PbI3 at 25 °C
(Figure 5.3). For the fresh CH3NH3PbI3 sample, there are main peaks of CH3NH3PbI3 at 14.1°,
28.4°and 32.2°, corresponding to the (110), (220) and (222) planes of a tetragonal perovskite
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structure. After the exposure to 50 pulses of TMA vapor, no new peaks, such as PbI2, is detected by
XRD. In addition, the full width at half maximum (FWHM) of the (110) peak at 14.1°does not
change. Therefore, the sizes of CH3NH3PbI3 crystals inside the film remain unchanged by the
surface reaction with TMA vapor based on the Scherrer equation. Because TMA vapor does not
generate PbI2 and reduce the crystal size of CH3NH3PbI3 while accumulate mass onto the substrate
(Figure 5.1), we conclude that the reactions are confined at the surface region at 25°C.

Figure 5.3. XRD spectrum of a CH3NH3PbI3 film before (top) and after (bottom) 50 pulses of
TMA vapor at 25°C.
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The alternate exposures of TMA and H2O vapor continuously add mass onto the
CH3NH3PbI3 substrate (Figure 5.4). As shown in Figure 5.4a, there is a short nucleation delay in
the initial several cycles, where the average mass gain rate of each cycle is smaller than the steadystate rate in Al2O3 ALD. According to Figure 5.4b, the mass gain is mainly from the TMA
exposure. The comparison of results from Figure 5.1 and Figure 5.4 suggest that H2O is
indispensable to refresh the surface sites to nucleate Al2O3 ALD. At 25°C, it is possible that the
mass gain from TMA pulses is due to the physically bonded H2O residue. However, H2O pulses
contribute negligible net mass gains (Figure 5.4b), suggesting physically bonded H2O is negligible.
Therefore, ALD Al2O3 at 25°C can readily nucleate on CH3NH3PbI3 without significantly

Figure 5.4. Nucleation and growth behavior of ALD Al2O3 on CH3NH3PbI3 at 25 °C. (a) The
overview of mass gain during 50 ALD Al2O3 cycles; (b) the detailed mass gain behavior during
the initial 7 cycles.
damaging it.
Figure 5.5 shows the in-situ QCM measurement during TMA pulses on CH3NH3PbI3 at
75°C. CH3NH3PbI3 films are relatively stable at 1 torr, 75°C in N2,177 as QCM measurement
(Figure 5.5b) shows the mass of the film is relatively stable before introducing TMA pulses. The
first pulse of TMA on fresh CH3NH3PbI3 produces a positive mass gain. This positive mass gain is
mainly due to the reaction between TMA vapor and –OH groups on the surface, which is expected
from air exposure. However, the following 30 pulses of TMA reduce the mass of CH3NH3PbI3 at a

83

relatively constant rate (Figure 5.5a). The reduction of mass is completed within the 1s TMA
pulsing step and the mass of the film is stable during the following N2 purging steps (30 s). This
etching reaction behavior agrees with a previous QCM result,175 and is dramatically different than
that at 25°C (Figure 5.1)

Figure 5.5. (a) The mass change during TMA pulse on CH3NH3PbI3 at 75°C; (b) The mass
change during the initial 6 pulses of TMA as shown by the dash box in (a).

Figure 5.6 shows QMS results from the reaction between CH3NH3PbI3 and TMA at 75°C.
The signal of CH3NH2 is not detectible while signals from TMA and CH4 are clear. This result does
not agree with a previous report,175 which hypothesizes that CH3NH2 is the major byproduct. The
intensity of CH4 peak gradually decreases with repeating the TMA pulses and becomes constant
after ~20 pulses of TMA. It suggests that no more CH4 is generated from the reactions with either OH or CH3NH3+. After the signal of CH4 becomes constant, the CH3I (m/z = 142) signal appears
and increases with repeating TMA pulses. The QMS results suggest that the reaction between TMA
and CH3NH3PbI3 changes with repeating TMA pulses. The QMS measurement show a similar
pattern as that from 25°C (Figure 5.2) although the mass gain behaviors are different. The detailed
reasons will be presented in discussion.
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Figure 5.6. The gas product of the reaction between CH3NH3PbI3 and TMA vapor at 75 °C by
QMS.

XRD measurement (Figure 5.7) shows that PbI2 is produced onto CH3NH3PbI3 after 50
pulses of TMA vapor at 75°C. The peak at 12.6°is due to the (110) plane of PbI2. Therefore, TMA
molecules degrade CH3NH3PbI3 to PbI2 at 75°C. This result is different from that at 25°C and is
consistent with the previous reports.166,175 Although TMA molecules etch CH3NH3PbI3, Al2O3 ALD
can still nucleate onto CH3NH3PbI3 at 75°C. As shown in Figure 5.8a, it takes more than 10 Al2O3
ALD cycles to start accumulating mass onto a CH3NH3PbI3 film. This delay of nucleation is better
illustrated in Figure 5.8b. It is interesting that there are net mass gains during the 1st and 2 nd ALD
cycles, but the net mass gain approaches zero at the 3rd cycle and beyond. The nucleation delay is
probably due to: (1) etching of CH3NH3PbI3 by TMA (Figure 5.5); and (2) accumulating Al related
species onto the substrate before CH3NH3PbI3 film is fully isolated from the gaseous reactants.
After 50 cycles of Al2O3 ALD, the CH3NH3PbI3 film becomes unstable in vacuum as the film’s
mass decreases with time (Figure 5.8a). This result suggests that Al2O3 ALD at 75°C can degrade
CH3NH3PbI3 and is not suitable for modifying the surface of CH3NH3PbI3.
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Figure 5.7. XRD spectrum of CH3NH3PbI3 before (black) and after (red) TMA pulse treatment at
75°C. PbI2 can be detected after 50 pulses TMA.

Figure 5.8. Nucleation and growth of Al2O3 ALD on CH3NH3PbI3 at 75°C measured by in situ
QCM, (a) successive 50 cycles; (b) initial 5 cycles.
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Figure 5.9. XPS spectrum of Pb4f (a), I3d (b), N1s (c) and O1s (d) in fresh CH3NH3PbI3 (black
trace) and after treated by 50 pulses TMA vapor at 25°C (red trace) and 75°C (blue trace). For
all spectra, the lower C1s peak is set at 284.8 eV.

Figure 5.10. XPS spectrum of CH3NH3PbI3 before (a) and after treated by 50 pulses TMA
vapor at 25°C (b) and 75°C (c).
XPS spectra in Figure 5.9 show the binding energy of Pb4f, I3d, N1s, and O1s peaks before
and after the 50 pulses of TMA vapor at 25°C and 75°C. The peak of Pb4f shifts to a lower energy
after the TMA treatments at both temperatures. For example, the apex of the peak of Pb4f7/2 shifts
from 138.6 eV (Pb-I) to 138.4 eV. This shift may indicate the possible formation of Pb-O bonds
(mixed Pb-I and Pb-O) as Pb4f7/2 in Pb-O is located at 138.0 eV. However, as the shift is within the
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resolution limitation of the XPS, further analysis is needed. After the TMA vapor treatments at both
temperatures, the O/Pb ratios increase. The oxygen is due to the reaction between TMA treated
samples and moisture in ambient. This is consistent with the formation of Pb-O on the surface. The
apexes of I and N peaks do not have measurable shifts. It is surprising that Al2p peak is not
detectable by the XPS instrument for both sets of samples after 50 pulses of TMA vapor, it suggests
that the signal of Al is below the detection limit (~ 0.1 at. %) of the instrument. This is consistent
with a previous report, in which grazingangle synchrotron-based XPS measures very small Al
concentration on CH3NH3PbI3 after 5 cycles of Al2O3 ALD.173 Note, the grazing-angle synchrotronbased XPS is much more surface sensitive than the XPS used in this work. For the sample treated at
25°C, the low concentration of Al is due to the surface confined reaction as shown by QCM
(Figure 5.1). The negligible Al signal on sample at 75°C means the 50 pulses of TMA vapor
accumulate a very small amount of Al on the sample surface. For both samples, the ratio of peak
areas at 284.8 eV and 286.3 eV decreases. The peak at 286.3 eV comes from the C-N bonding. The
peak at ~ 284.8 eV is due to the C1s peak, which could originate from hydrocarbons (e. g., from
ambient). The higher degree of reduction of C1s peaks indicates that C-N related species have a
higher concentration on the sample surface. This result also suggests that CH3NH3+ does not leave
the surface as CH3NH2, because, if this is the case, the intensity ratio of C-N/C-H peaks should not
change significantly or at least should decrease as TMA and air contamination will bring
hydrocarbons onto the surface.
We further examined the effect of 50 pulses of TMA vapor on the ambient stability of
CH3NH3PbI3 film. As shown in Figure 5.11, CH3NH3PbI3 film remains dark in color after the
TMA treatment at 25°C and 75 °C. This result indicates the amount of PbI2 is small, which is
consistent with the XRD measurements (Figure 5.3 and Figure 5.7). After 14 days exposure in the
ambient environment (25°C and 40% relative humidity), all three samples become yellow due to
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the degradation of CH3NH3PbI3 to form PbI2. The CH3NH3PbI3 film that was treated with 50 pulses
of TMA vapor at 25°C shows the least amount of yellowish color, in comparison with pristine
CH3NH3PbI3 film and the film treated by TMA vapor at 75 °C. Therefore, the treatment with a low
pressure of TMA (~0.1 torr) at 25°C can improve the ambient stability of CH3NH3PbI3.

Figure 5.11. Optical image of CH3NH3PbI3 and CH3NH3PbI3 after treated by 50 pulses TMA
vapor treatment at 75°C and 25°C. The samples are sitting in the lab ambient environment.
The morphology of the CH3NH3PbI3 films after 50 pulses of TMA vapor at 25 °C and 75°C
are analyzed by SEM and presented in Figure 5.12. Figure 5.12a and Figure 5.12b show the
change of surface morphology of CH3NH3PbI3 films after 50 pulses of TMA vapor at 25°C. The
fresh CH3NH3PbI3 film (Figure 5.12a) shows clear crystal grain of CH3NH3PbI3 and the grain
boundaries. The 50 pulses of TMA treatment at 25 °C generate hair-like surface texture (Figure
5.12b). The crystals and the grain boundaries can still be resolved. The 50 pulses of TMA treatment
at 75 °C also create the similar hair-like surface structures, which is denser than that is generated at
25 °C. The grains cannot be easily differentiated after the treatment. These results suggest that the
extent of reaction is higher at 75 °C than at 25 °C.
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Figure 5.12. SEM images of top views of CH3NH3PbI3 films grown on the silicon wafer, (a)
before and (b) after 50 pulses of TMA vapor of 0.1 torr at 25°C, (c) before and (d) after TMA
vapor of 0.1 torr at 75 ° C.
Effect of partial pressure of TMA
We further examined the effect of partial pressure of TMA vapor on the TMA/CH3NH3PbI3
reaction. If TMA/CH3NH3PbI3 reaction at 25°C is only limited by the sites on the external surface
of CH3NH3PbI3, the mass gain should not change with changing the partial pressure of TMA. The
results in Figure 5.13 show that the mass gain changes with partial pressure of TMA. With the
exposure to TMA vapor of 0.5 torr, CH3NH3PbI3 first gains mass, then loses mass during the first ~
60s exposure. In the following 140s exposure, the mass of CH3NH3PbI3 is stable. By further
increasing the partial pressure of TMA to ~ 1.2 torr, the mass is further reduced and stabilized with
a net mass loss of ~ 100 ng/cm2. The stabilized mass loss indicates that the reaction is confined at
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the surface region. In addition, the sample color remains the same after these two treatments. In
contrast, TMA vapor with a higher partial pressure (e.g., ~ 3 torr) continuously reduces the mass of
CH3NH3PbI3, suggesting the degradation of bulk of CH3NH3PbI3 by TMA. In combination with the
result in Figure 5.1, the data in Figure 5.13 suggests that the reaction TMA/CH3NH3PbI3 at 25°C is
strongly affected by the partial pressure of TMA vapor and the reaction is not limited by the sites on
the external surface of CH3NH3PbI3.

Figure 5.13. Mass change of CH3NH3PbI3 during the long exposure to TMA vapor of high
partial pressure at 25°C. Black line is the mass gain and blue trace is the partial pressure of
TMA.

5.3 Discussion
Our results show that the reaction between TMA and CH3NH3PbI3 can be dramatically
affected by both the reaction temperature (Figure 5.1 and Figure 5.5) and partial pressure of TMA
(Figure 5.1 and Figure 5.13). At 75 ºC, TMA vapor of 0.1 torr continuously etches CH3NH3PbI3;
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At 25 ºC, the reaction between TMA vapor of 0.1 torr and CH3NH3PbI3 is limited and confined
around the surface region. TMA vapor of a high partial pressure (e.g., 3 torr) can etch CH3NH3PbI3
at 25 ºC. These key findings suggest that the seemly contradictory literature results74,166,171,173-175
could be due to the different processing conditions, including reaction temperature, partial pressure
of TMA, and reaction times that are used in these papers. For instance, although TMA vapor will
continuously etch CH3NH3PbI3 at 100 ºC,166,175 a short TMA exposure time will limit the extent of
the etching reaction. Although Al2O3 ALD coating could be formed onto CH3NH3PbI3 substrates at
75ºC or 100ºC, the interface between Al2O3 ALD coating and the CH3NH3PbI3 substrate will be
anything but a sharp interface. The composition and thickness of the interface will be affected by
the processing temperature, TMA partial pressure, and reaction time. The interface’s compositions
and structures will be different in different experiments, the variation of interface properties could
be one key reason that contradictory results are reported for the optoelectronic properties of Al2O3
ALD treated perovskites solar cells and their stability. Unfortunately, few of current literature
carefully characterized the interface between Al2O3 ALD and CH3NH3PbI3, whose properties will
vary in different experimental conditions, and is the key to truly understand the correlations
between ALD treatment and optoelectronics properties and stability of CH3NH3PbI3 based devices.
Our experiment results show that TMA/CH3NH3PbI3 does not follow the simple surfacesite-limited reaction modes.178,179 If CH3NH3PbI3 is an impermeable and nondegradable substrate to
TMA, the reaction between TMA and CH3NH3PbI3 should be limited by surface sites and follow
Langmuir isothermal adsorption behavior. The mass gain results should be that the higher the
reaction temperature and the higher the partial pressure of TMA, the faster the TMA/CH3NH3PbI3
reaction approaches to monolayer saturation. However, the reaction shifts from accumulating mass
(Figure 5.1) to removal of mass (Figure 5.5) with increasing the reaction temperature; the reaction
also shifts from accumulation of mass (Figure 5.1) to removal of mass (Figure 5.13) by increasing
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the partial pressure of TMA vapor. We know that CH3NH3PbI3 is impermeable to TMA molecules
as TMA is too big to diffuse into CH3NH3PbI3. With our results, we hypothesize that the reaction
between TMA and CH3NH3PbI3 follows the core shrinking model of fluid-solid reaction,107,176in
which the reaction of TMA/CH3NH3PbI3 generates a product shell, which is much thicker than a
monolayer, and the reaction frontier moves towards the core of CH3NH3PbI3 until the product shell
fully cover the underlying CH3NH3PbI3 and block the TMA from reacting with the underlying
CH3NH3PbI3. This core-shrinking model can explain the experimental results. At 25°C,
TMA/CH3NH3PbI3 reaction can gradually generate a conformal product shell over CH3NH3PbI3
substrate to block TMA molecules from reaching the underlying CH3NH3PbI3. However, the
TMA/CH3NH3PbI3 reaction cannot form a conformal and dense shell to protect CH3NH3PbI3 from
TMA at 75°C or at 25°C with high partial pressure of TMA. We believe that the reaction proceeds
through similar pathways, but the composition of the product layer is sensitive to the reaction
temperature and partial pressure of TMA. We draw our hypothesis based on the following reasons.
First, at both temperatures, QMS measurements show the same gaseous species and the same
transition, in which CH3I appears when CH4 signal decreases to a constant value (Figure 5.2 and
Figure 5.6). Second, the ex-situ XPS shows similar changes of surface compositions of
CH3NH3PbI3 after TMA treatment at both temperatures (Figure 5.9 and Figure 10), followed by
the air exposure.
Although we cannot nail down the exact reaction pathways between TMA and
CH3NH3PbI3, our results advance the current understandings in the following aspects. First, our
QMS measurement show that although CH3NH3+ is removed from CH3NH3PbI3 by TMA at 75°C,
the reaction product is not CH3NH2 (Figure 5.6). As QMS can detect CH3I as desorbed byproducts,
QMS should be able to detect CH3NH2 if it is a main byproduct as CH3NH2 has a higher vapor
pressure (boiling point is -6°C compared with 45°C of CH3I) and probably higher ionization cross-
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section than CH3I.180 Although TMA could take a proton from CH3NH3+ as TMA is a strong Lewis
acid and CH3NH3+,181 the as-formed CH3NH2 will react with other TMA molecules, because TMA
could coordinate with R-NHx (R: alkyl) to form stable complexes,182,183 including (CH3)2AlNHCH3
(m/z=87), (CH3)2AlNH2CH3+ (m/z=88), (CH3)3AlNH3 (m/z=89), (CH3)2AlCH2I (m/z=198),
(CH3)2Al (NH2CH3)2+ (m/z =104). Some of these complexes could present in the product layer as
QMS did not detect these species (Figure S4). However, the Al in the product layer is below the
detection limitation of XPS. Further experiments with in-situ IR coupled with CH3NH3PbI3
powders of a high surface area could help identify the Al species produced from the reaction
because if TMA coordinates with N-H, infrared (IR) peaks from -CH3 will increase and N-H peaks
could shift. In addition, TMA could also react with CH3NH3PbI3 to form compounds containing I,
such as AlI3 or complexes based on AlI3 and methyl ammonium, whose mass signals are close to
and beyond the detection limit of our mass spectrometer (m/z=200). Second, we show that CH3I is
not the volatile byproduct that is responsible for the mass reduction at 75°C in Figure 5.5,27,184
because CH3I is detected by QMS in the later pulses of TMA vapor rather than in the earlier pulses
(Figure 5.6). CH4 is probably generated from the reaction between TMA and CH3NH3+, however it
cannot explain the mass loss. Further studies are needed to understand the chemical identity of
volatile compounds from the reaction between TMA and CH3NH3PbI3. Such understanding will
help us understand the surface reactivity of CH3NH3PbI3. Third, our results suggest that the reaction
between CH3NH3PbI3 and TMA changes with pulses of TMA vapors, meaning the surface
chemistry changes by repeating TMA pulses. CH3I is generated in the later stage of the reaction
between TMA and decomposed products, for instance, transferring of -CH3 ligand from TMA to Ias the Al center is a strong Lewis acid. No literatures have mentioned such dynamics of surface
reactions. Further studies of the exact surface reactions mechanism could help improve the stability
of CH3NH3PbI3.
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5.4 Conclusions
The reaction of TMA/CH3NH3PbI3 is not limited by sites on the external surface of
CH3NH3PbI3 substrates. Instead, the reaction is strongly affected by the reaction temperature and
partial pressure of TMA and proceeds towards to the core of CH3NH3PbI3 presumably through the
core-shrinking mode of fluid-solid reactions. A layer of products will be formed at the interface
between Al2O3 ALD coating and CH3NH3PbI3. The properties of the layer of materials deserve
more detailed studies in order to reliably apply TMA/CH3NH3PbI3 for modifying the surface of
perovskite in a controllable and desirable way without significant changing its bulk. It is possible
that other vapor/CH3NH3PbI3 reactions could advance towards the core of CH3NH3PbI3 as well and
generate a layer of products. The composition of these layers would be strongly affected by the
processing conditions of these experiments. As shown by our results, the kinetics of the reactions
could be harnessed to control the composition, thickness and microstructure of these generated
interfaces, thereby to obtain the desired optoelectronic properties of perovskite devices. The
heterogeneous reactions on CH3NH3PbI3 and other halide perovskite are not well studied, and many
assumptions have been made in literature and not yet confirmed. As hybrid halide perovskites have
unique surface chemistry, their heterogeneous reactions will be interesting and complex, and the
understanding of these heterogeneous reactions is essential to finding new methods to enable
commercially viable perovskite devices.
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Supporting information:

Fig.S1. Mass gain of 100 cycles of ALD Al2O3 at 75°C. The crystal was coated with 200 cycles
of ALD Al2O3 before the measurement. The mass gain of each cycle stabilizes at 39.8 ng/cm2.

Fig. S2. AFM image of a clean QCM crystal without (left) and with CH3NH3PbI3 film (right).
The sampling area is 20μm×20μm for both images.
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Fig. S3. The QMS signal during TMA pulsed into the reactor chamber that does not containing
CH3NH3PbI3 powder at 25°C. The signal intensity of CH4 (m/z = 16) decreases by repeating
TMA vapor pulses and then becomes constant after ~ 16 pulses. The intensity of TMA (m/z = 57)
signal remains relative constant.

Fig.S4. In situ QMS measurement of successive two rounds TMA pulsing on the CH3NH3PbI3
powder, the experiment was carried at (a) 25 °C and (b) 75°C. At 25C, to prove this hypothesis, a
second train of TMA vapor pulses is pulsed onto CH3NH3PbI3 powder after it had stayed in the
vacuum chamber for ~ 1000s (Fig. S4a). Only the 1st pulse of TMA vapor pulses, in the second
train, generate CH4 from the signal of produced CH4 is detected, which signal of CH3I is not
observed but CH4 due to the TMA reaction priority with surface –OH group. The signal intensity
of CH3I increases to constant after a couple pulses of TMA vapor. During this 1000s storing, the
surface group of perovskites reorganized, and water molecule bonded on the surface of perovskite
and instrument again due to the low-vacuum of our reactor (1 torr).

97

Fig.S5. (a) The possible gas byproducts from the reaction between TMA and CH3NH3PbI3 at
75°C; (b) Zoom-in spectrum of the main m/z peaks of the hypothesized gas byproducts of
(CH3)2AlNHCH3, (CH3)2AlNH2CH3+, (CH3)3AlNH3, (CH3)2AlCH2I, (CH3)2Al(NH2CH3)2+.
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CHAPTER 6: IMPROVE THE STABILITY OF HYBRID HALIDE PEROVSKITE
VIA ATOMIC LAYER DEPOSITION ON ACTIVATED PHENYL-C61 BUTYRIC
ACID METHYL ESTER
6.1 Introduction
[6, 6]-phenyl-C61 butyric acid methyl ester (PCBM) is one of the most widely used and studied ntype charge transport material for polymer solar cells185 and hybrid perovskite solar cells146,186 due
to its high electron transporting efficiency and solution-processible properties. Recently, it has been
proposed and demonstrated by several groups that PCBM can help nucleate the formation of
pinhole free oxide films by atomic layer deposition (ALD) when it is applied onto CH3NH3PbI3
surface. The resulted pinhole free PCBM/ALD oxide film can block O2 and water from diffusing
and degrading CH3NH3PbI3, therefore shows a great promise in improving the stability of halide
hybrid perovskite, e.g., CH3NH3PbI3, in the outdoor environment. For instance, Yu-Chia Chang et
al. reported that ALD ZnO film on the surface of PCBM77 not only provides excellent electron
extraction and transport properties but also supply excellent air stability for more than 1 month.
What`s more, Martinson et al. claimed that ALD TiO2 onto PCBM film73 can improve the thermal
stability of CH3NH3PbI3 and even protect the underlying CH3NH3PbI3 from contacting water
droplet. McGehee et al. demonstrate that PCBM/ALD SnO2 not only serves as a good electron
transporting layer, but also extends the lifetime of CH3NH3PbI3 solar cell to 1000-hour in the damp
heat test at 85 °C and 85% relative humidity environment. 169,187 These results are very encouraging
for using PCBM/ALD coatings to address the poor stability of halide hybrid perovskite. However,
none of these studies examined the fundamental nucleation mechanisms about these ALD oxides on
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PCBM. The growth behavior and surface reaction mechanism of ALD oxide film on PCBM is not
yet understood. As ALD relies on heterogeneous surface reactions to grow the film, this missing
information is critical to reliably apply PCBM/ALD coatings to address the poor stability of hybrid
halide perovskites.
In this paper, we investigate the nucleation of ALD ZnO on CH3NH3PbI3 and
CH3NH3PbI3/PCBM. Our results show that diethyl zinc (DEZ, a precursor for ALD ZnO) etches
CH3NH3PbI3 in the temperature range of 25°C-100°C. PCBM overcoating on CH3NH3PbI3/PCBM
slows down the etching reaction by DEZ dramatically because the PCBM layer blocks DEZ
molecules from reaching the underlying CH3NH3PbI3. Moreover, our in-situ measurement shows
that ZnO ALD cannot nucleate onto the PCBM film because PCBM does react with DEZ or H2O.
We further identify that ALD Al2O3 can grow reliably on the PCBM film and generate reactive sites
for ALD ZnO growth. The PCBM/Al2O3-ZnO coating dramatically enhances the stability of
CH3NH3PbI3 in ambient, even in contact with liquid water droplets. This new reliable chemical
route can be further improved and applied onto other hybrid perovskite materials to extend the
lifetime of solar cell in the working environment.

6.2 Results and discussion
ALD ZnO on CH3NH3PbI3
We first examined ZnO ALD on CH3NH3PbI3. As illustrated by the data in Figure 6.1a, the
mass of CH3NH3PbI3 is reduced continuously by repeating ALD ZnO for 100 cycles, suggesting
that direct growth of ZnO on CH3NH3PbI3 can degrade CH3NH3PbI3. The mass reduction is in
sharp contrast to mass gain rate of ∼100 ng/cm2 per cycle during steady state ALD ZnO (Figure
S2). As shown by Figure 6.1b, the reduction of mass results solely from the DEZ step. The water
pulse steps do not affect the mass in a noticeable way because of the low concentration of water
vapor (0.1 Torr, relative humidity of 0.4% at 25 °C). This result is consistent with previous
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reports.188-191 It is interesting to note that the first DEZ half cycle produces a net mass gain on the
fresh CH3NH3PbI3 substrate. It is probably due to the net effect from the mass accumulation
reaction between DEZ with surface −OH species and mass reduction reaction between DEZ and
CH3NH3PbI3.

Figure 6.1. (a) Mass change measured by QCM in 100 cycles ALD ZnO on CH3NH3PbI3 at 25°C
(DEZ and water), (b) the initial 6 cycles of ALD ZnO on CH3NH3PbI3

Our results in Figure 6.1 provide direct results that ZnO ALD can degrade CH3NH3PbI3,
which is consistent with several other reports189,191 In contrast, there is one report which showed the
feasibility of depositing ZnO on the bare CH3NH3PbBr3 with atmospheric pressure ALD ZnO.192
This difference of experimental results may be due to the better intrinsic thermal stability of
CH3NH3PbBr3 than CH3NH3PbI3.193 In addition, in atmosphere pressure ALD, it is possible to form
ZnO in vapor phase because it is much harder to remove the gas phase reactants from the reactor at
atmospheric pressure than under vacuum condition as the boundary layer of gas flow increases with
pressure.
The differential FTIR spectrum (Figure 6.2) confirms that CH3NH3+ is removed from the
CH3NH3PbI3 substrate by ZnO ALD. Negative peaks of N–H stretching (3179 and 3132 cm–1), N–
H bending (1469 cm–1), and C–N stretching (960 cm–1) are from the removed CH3NH3+ groups. On
the basis of relative peak intensity of N–H stretching (3179 cm–1) and N–H bending (1496 cm–1)
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before and after the ALD process, ∼20% of CH3NH3+ are removed by the 100 DEZ/water cycles
(shown in Figure S3). However, no −OH group could be observed after 100 ALD ZnO cycles. It
could be due to the limited sensitivity of the IR instrument for the thin film.

Figure 6.2. Differential IR spectrum of CH3NH3PbI3 after 100 cycles of ALD ZnO at 25 °C. The
fresh CH3NH3PbI3 is used as the reference. Negative peaks represent removed species.

Figure 6.3 shows the mass gain behavior by repeating DEZ half cycles onto
CH3NH3PbI3 substrate. Every pulse of DEZ vapor reduces the mass from CH3NH3PbI3. It suggests
that the etching reaction between DEZ and CH3NH3PbI3 is not limited by the surface sites. The
reduction of mass is absent during the purge step, where only N2 flows, suggesting that the products
from the reaction does not cause further mass reduction. The mass reduction during the first DEZ
pulse is different from that at 25 °C (Figure 6.1), which shows mass gain during the first pulse of
DEZ. The different behavior is due to the higher rate of etching by DEZ at 60 °C. After the 50
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pulses of DEZ vapor, the decomposition product is PbI2 as indicated by the yellowish color in the
optical image of QCM crystals (inset image of Figure 6.3 and XRD Figure S4).

Figure 6.3. Mass change on the CH3NH3PbI3 substrate by repeating pulses of DEZ vapor at
60 °C. The inset image (top left) is QCM crystal with a fresh CH3NH3PbI3film. The same sample
after 50 pulses of DEZ vapor is shown in the inset image (bottom right). Bottom red trace
illustrates the DEZ pulses.

Figure 6.4 shows the mass gain behavior during ALD ZnO on CH3NH3PbI3/PCBM, in which
PCBM is over-coated on CH3NH3PbI3. As shown by the top trace in Figure 6.4,
CH3NH3PbI3/PCBM is quite stable in vacuum at 80 °C as the mass change is only ∼10 ng/cm2 for
more than 30 min. As shown by the middle trace, 100 cycles of ALD ZnO reduce the mass of
CH3NH3PbI3/PCBM by ∼60 ng/cm2, which is higher than the mass loss of CH3NH3PbI3/PCBM
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caused by vacuum only. This mass reduction is presumably due to the surface reaction during ALD
ZnO; however, there is no clear mass change during the pulses of DEZ and water. Coupled with the
results in Figure 6.1, these data suggest that PCBM coating can block DEZ from etching
CH3NH3PbI3. However, the absence of mass gain during ALD ZnO suggests that DEZ/H2O ALD
chemistry could not nucleate on PCBM.

Figure 6.4. Mass change during ALD ZnO (DEZ/N2/H2O/N2 =1:5:1:15s) on the
CH3NH3PbI3 substrate with PCBM coating (∼65 nm) at 80 °C (black). The reference is the mass
change of a similar sample in the vacuum at 80 °C without ZnO ALD (red). The bottom trace
(blue) shows the transient pressure increase during the pulse of DEZ and H2O.
Figure 6.5 shows the IR spectra of the CH3NH3PbI3/PCBM sample before and after 200 cycles
ALD ZnO. The locations of characteristic peaks of CH3NH3PbI3 in fresh CH3NH3PbI3/PCBM align
well with those from the pure CH3NH3PbI3.194,195 The small positive peak at 1735 cm–1 is due to the
C═O bonding of PCBM.196 The 200 ZnO ALD cycles do not change the locations and intensity of
the peaks from CH3NH3PbI3, confirming that the PCBM layer protects the underlying
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CH3NH3PbI3from being corroded by the DEZ/H2O chemistry at 80 °C for at least 200 cycles. The
200 cycles of ZnO ALD does not affect the intensity of the peak at 1735 cm–1 neither, which is
expected as DEZ is a weak Lewis acid and cannot activate C═O.75 Figure 6.6 shows that the mass
gain is negligible during 100 cycles of DEZ/H2O ALD chemistry on a PCBM film that is directly
coated on QCM, supporting that both DEZ and H2O cannot react with PCBM. Therefore, on the
basis of the IR and QCM data, we conclude that ZnO ALD cannot nucleate on CH3NH3PbI3/PCBM
and PCBM. This result does not agree with the literature report, which shows that 100 cycles ZnO
ALD was able to nucleate onto PCBM-coated CH3NH3PbI3.197 The difference could be due to the
impurities in the PCBM, as impurities can act as nuclei to grow ALD film.198

Figure 6.5. IR spectra of fresh CH3NH3PbI3/PCBM before and after 200 cycles of ZnO ALD
process at 80 °C. Dash-dot lines are peaks from CH3NH3PbI3 and black dash line is the peak from
PCBM. A clean Si substrate was used as the reference.
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To nucleate ZnO ALD onto PCBM, a strategy would be activating the sites on PCBM.
TMA/H2O chemistry can potentially react with C═O on PCBM199,200 to provide nucleation
sites. Figure 6.7a shows that each ALD Al2O3 cycle accumulates mass onto a CH3NH3PbI3/PCBM
substrate, suggesting that TMA/H2O chemistry can grow on PCBM. The reaction during TMA
exposure on CH3NH3PbI3/PCBM produces net mass gain, which is different from the mass loss,
that is, etching reaction, which is induced by TMA on a bare CH3NH3PbI3 film.188 It suggests that
PCBM overcoating can block TMA from etching CH3NH3PbI3. The 40 cycles of Al2O3 ALD
accumulate 430 ng/cm2 mass and the last Al2O3 cycle has a mass gain rate of ∼15 ng/cm2, which is
one-third of the mass gain rate (∼45 ng/cm2) in steady state Al2O3 ALD on an atomically smooth
surface. It means that 40 cycles Al2O3 ALD does not form a continuous Al2O3 coating on PCBM
yet, instead generates AlxOy nanoparticles that are decorated on PCBM. These AlxOy nanoparticles
can help nucleate ALD ZnO as evidenced by the gradually increased mass gain rate with ALD
cycles (Figure 6.7b). The mass gain of the last ZnO cycle is <50 ng/cm2, which is only a half of
mass gain (∼100 ng/cm2) during the steady state ZnO ALD, suggesting that the 40 cycles of ZnO
ALD does not yet cover the surface of PCBM with a continuous ZnO film. We are aware that
Al2O3 is an insulator and understand that the thinner the Al2O3 layer is, the better it is for charge
extraction. Figure S5 shows that less Al2O3 ALD cycles (e.g., 20 cycles) can also nucleate the ZnO
ALD process but with a longer nucleation period.
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Figure 6.6. Mass change during ALD ZnO on PCBM at 100 °C.

Figure 6.7. Mass change on the surface of the CH3NH3PbI3/PCBM substrate: (a) during 40
cycles of ALD Al2O3 and (b) following ALD ZnO cycles.

It is interesting to probe the mass gain during a long exposure of TMA as PCBM film
because it is known that Lewis acid, as strong as TMA, reacts with C═O slowly. Figure 6.8a shows
the mass gain behavior during a long exposure of TMA vapor on a PCBM film, which has a mass
gain of 33 μg/cm2, corresponding to ∼0.054 μmol PCBM coating on the QCM crystal surface.
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When the PCBM film is exposed to TMA vapor of a partial pressure of ∼1 Torr, the mass gain
increases quickly and then slows down even when more TMA (a higher partial pressure) is added
into the reactor. The initial mass is due to the diffusion and adsorption of TMA and the following
slow mass uptake is ascribed to the slow reaction between TMA and PCBM. During the following
purge step, the removal of mass is small, indicating that most of the obtained mass is from the
chemical reaction. The net mass gain from the half cycle of TMA vapor is ∼0.35 μg/cm2, which is
much larger than the mass gain (<20 ng/cm2) resulting from the TMA exposure of much shorter
time and smaller partial pressure (Figure 6.7a). This result suggests that the reaction between TMA
and PCBM is limited by the reaction kinetics between TMA and PCBM. The differential IR
spectrum (Figure 6.8b) show that the C═O peak is negative, which is due to the consumption of
C═O groups (∼1735 cm–1) by TMA during the long exposure. It is important to note that C–H
stretching peaks (2964 and 2923 cm–1) increase a little, suggesting that the negative C═O peak is
not due to a thinner PCBM film from misalignment of the sample. In addition, the film of PCBM is
pretty uniform on Si (Figure S1), and therefore, the IR absorbance should be uniform throughout
the sample. The small but positive peak at ∼1625 cm–1 is assigned to the C–O stretches. On the
basis of the IR evidence and the QCM results (Figure 6.8a), the reaction between TMA and C═O
in PCBM probably follows the same mechanism as the reaction between TMA and C═O in
polymers as shown Figure 6.8c.199,201,202 With this reaction mechanism and mass gain from the
TMA exposure, reacted TMA molecules is ∼0.003 μmol, which equals to ∼6% of C═O groups in
the PCBM film.
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Figure 6.8. (a) Mass change during the long exposure of TMA vapor on PCBM at 100 °C; (b)
differential FTIR spectrum of PCBM after TMA vapor treatment with reference to the PCBM
film, and (c) mechanism for the improved nucleation of ALD ZnO on PCBM by TMA.

The treatment of Al2O3 ALD followed by ZnO ALD has dramatically different impacts on
CH3NH3PbI3 and CH3NH3PbI3/PCBM. As shown in the IR spectrum in Figure 6.9a, without the
PCBM overlayer, CH3NH3+ in CH3NH3PbI3 can be totally removed by ALD processes. All the
peaks associated with CH3NH3+ in CH3NH3PbI3 are removed by 40 cycles ALD Al2O3, followed by
200 cycles ALD ZnO. The ALD processes generate a peak at ∼3500 cm–1, which is from the
hydrogen bonded −OH groups. These −OH groups can come from the −OH groups in ALD
oxide203 and Pb–OH groups.204 The broader peak (at <1000 cm–1) is due to the IR stretches of metal
oxides.205 In sharp contrast to the results on CH3NH3PbI3, after these ALD processes, the
CH3NH3PbI3/PCBM substrate maintains the characteristic IR peaks of CH3NH3+, as shown
in Figure 6.9b. This, again, witness the role of PCBM in blocking the ALD metal–organic
precursors from the underlying CH3NH3PbI3. In addition, the peak from C═O is largely preserved,
as ALD Al2O3 consumes only a small amount of C═O bonding. Interestingly, the
CH3NH3PbI3/PCBM sample did not show clear −OH signals after the ALD treatments. This result
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suggests that the ALD processes produce a much smaller amount of −OH groups on the
CH3NH3PbI3/PCBM sample than on CH3NH3PbI3.

Figure 6.9. (a) IR spectra of (a) CH3NH3PbI3 and (b) CH3NH3PbI3/PCBM before (black) and
after (red) 40 cycles of ALD Al2O3 and then 200 cycles of ALD ZnO at 100 °C. A clean Si
substrate was used as the reference.
Stability of Materials
The results in Figure 6.10 show that PCBM/ALD can dramatically improve the ambient
stability of CH3NH3PbI3. As shown in Figure 6.10a, CH3NH3PbI3 degrades in ambience as
evidenced by the color change from dark red to pale transparent. This is consistent with literature
results.206,207 CH3NH3PbI3/ALD is transparent in color because of the degradation caused by ALD
treatment. Although PCBM overcoating help improve the stability of CH3NH3PbI3, but degradation
is still significant as evidenced by the yellow color of the sample (Figure 6.10c). The ambient
stability of CH3NH3PbI3/PCBM is dramatically improved by ALD treatment (40 cycles ALD
Al2O3/200 cycles ALD ZnO), in comparison with the other three samples (Figure 6.10a–c). After 2
weeks in ambience, the CH3NH3PbI3/PCBM/ALD maintains its dark red color. The
CH3NH3PbI3/PCBM/ALD sample is also stable with the water droplet (Figure 6.10e). Bare
CH3NH3PbI3 turns into yellow color as soon as it contacts with liquid water droplets. With the
PCBM/ALD coating, the sample underneath the water droplet maintains its dark red color for more
than 20 min. After that, scattered yellow spots start to show up. This improved stability is due to the
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dense ALD film that has a limited number of pinholes in the film. The liquid water eventually
penetrates through the ALD film through the defects in the film given enough time. The pinholes in
the ALD film can be further reduced or eliminated with further engineering the ALD film (e.g.,
increasing ALD ZnO cycles).

Figure 6.10. (a,b) Optical image of CH3NH3PbI3 with and without the ALD treatment; (c,d)
CH3NH3PbI3/PCBM with and without the ALD treatment. These images were taken after the
samples sit in ambience (20 °C and 40% RH) for 14 days. (e) Stability of CH3NH3PbI3/PCBM
with ALD treatment under the impact of a water droplet. ALD treatment: 40 cycles of ALD
Al2O3 and 200 cycles of ALD ZnO.

6.3 Conclusion
In summary, we find that PCBM is chemically inert to ALD ZnO chemistry. TMA, a strong
Lewis acid, reacts with C=O groups in PCBM to generate nucleation sites for growing ZnO by
ALD. Because PCBM only have C=O and C60 sites and most of ALD precursors are not able to
react with these sites, PCBM may be inert to other ALD oxide chemistries such as TiO2 and SnO2
as well. Therefore, the TMA activation chemistry can be applied to nucleate other ALD oxides onto
PCBM surface. We demonstrate the PCBM/ALD Al2O3-ZnO oxide film can dramatically improve
the ambient stability of CH3NH3PbI3. Our results show that the nucleation of ALD oxides is critical
to apply PCBM/ALD method to address the stability issue of perovskites. We further hypothesize
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that it is possible to enhance the nucleation of ALD oxides on PCBM by engineering its
composition - for instance adding [6,6]-Phenyl C61 butyric acid, C60-Catechol, or C60
derivatives,185 to provide –OH groups.

Support information:

Figure S1. AFM image of clean silicon wafer and PCBM coating on silicon wafer.
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Figure S2. The baseline of the mass gain of (a) ALD ZnO and (b) Al2O3 on clean AT-cut QCM
crystal purge at 100°C. Black lines represents the mass gain during the ALD growth. The blue
traces represent the pressure change during the pulses of reactants. It is clear that ZnO and Al2O3
ALD can grow in a steady state mode on bare QCM crystal.
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Figure S3. 100 cycles of ALD ZnO at 25 °C reduces the peak height of N-H stretching (3179 cm1
) and N-H deformation (1468 cm-1) by ~22%. CH3NH3PbI3 film is coated on Si wafers.

Figure S4. XRD of CH3NH3PbI3 before and after 50 pulses of DEZ at 60 °C
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Figure S5. (a) Mass change occurred on PCBM during 20 cycles of ALD Al2O3 then ALD ZnO
at 100 °C. The detailed mass gains in red window in (a) is shown in (b). (b) the detailed mass
gain occurred during the beginning of the process. It shows that 20 cycles of Al2O3 ALD can seed
the nucleation of ZnO ALD as well.

Table of content
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CHAPTER 7: SUMMARY AND FUTURE DIRECTION
7.1 Summary:
In this dissertation, we have shined a light on the degradation mechanism and surface
reaction mechanism of perovskite and applied ALD to enhance the stability of perovskite. We
briefly review the history of the solar cell and the advantage of perovskite solar cell absorber. The
stability problem is the biggest barrier to push organic-inorganic hybrid perovskite material to the
market. The degradation mechanisms under different environmental factors and the potential
methods to enhance the lifetime of perovskite material were summarized respectively. We
emphasized the crucial role of surface modification in improving the stability and efficiency of
perovskite. We carried out a comprehensive study in understanding surface coating behavior on the
perovskite related subtract including the initial thermal degradation mechanism at different package
gas environment, surface reaction property with amine chemical, ALD metal oxide nucleation and
growth behavior on perovskite and PCBM film. This dissertation will provide fundamental
understudying about ALD process on organic-inorganic hybrid perovskite which will contribute to
the following encapsulation and large-scale fabrication of perovskite solar cell device.
In chapter 3, we are first to discuss the thermal degradation kinetics of hybrid perovskite in
N2 and O2 gas. Our result indicated the fragile chemistry stability of MAPbI3 which will degrade
slowly at 85°C. The degradation rate is very sensitive to the temperature. The IR results also
confirm that low humidity has no effect on the stability of MAPbI3. In the dark environment,
perovskite degrades faster in O2 than N2. The synergistic effect between O2 and solar irradiation
may increase the decomposition rate further. However, this chapter did not have direct evidence to
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show the degradation mechanism, whether MAPbI3 degrade to CH3NH2 gas and PbI2 need further
exploration.
In chapter 4, we are first to probe surface chemistry of perovskite by vapor molecular
Pyridine. Our results indicated the reaction between perovskite with Amine is very sensitive to the
partial pressure of Amine. The IR results indicate when MAPbI3 film is exposed to a low partial
pressure of Py gas, Py molecular just passivates the surface of MAPbI3. However, when exposed to
high pressure (>1.3 torr) Py gas, CH3NH3+ would form H-bond with Py molecular immediately,
after that Py will grab the proton from CH3NH3+ and finally forms PyH+ ion to bond with Pb-I
matrix. The reaction between high partial pressure Py gas with MAPbI3 is not reversible. The extra
Py gas will form a liquid layer with Pb-I matrix and finally turn perovskite into liquid resulting in
the totally change of the film morphology.
In chapter 5 and 6, we aim to enhance the stability of hybrid perovskite by applying ALD
metal oxide film to encapsulate the surface of MAPbI3 perovskite and the PCBM layer which is a
wide-used electron acceptor. We found that temperature dramatically affects the reaction between
TMA/water with MAPbI3 perovskite. At 25°C, TMA could bond on the surface of perovskite
following a self-limit model. How, at 75°C, TMA will etch the perovskite film by forming CH3I.
We also found, contrary to people`s wisdom, DEZ/water chemistry cannot nucleate on the surface
of PCBM. We applied an ultra-thin ALD Al2O3 layer to supply active sites for the following ALD
ZnO on the PCBM layer. With the encapsulation of ALD AL2O3 or ZnO on the perovskite solar
cell surface, the stability of the film in ambient dramatically improved. After 40 cycles of ALD
Al2O3 followed by 200 cycles of ALD ZnO onto PCBM/MAPbI3 subtract, the film could keep
stable upon direct contact with a droplet of water.
To sum up, this dissertation aimed to enhance the stability of organic-inorganic hybrid
perovskite by surface reaction or surface coating. This dissertation takes a deep glance in
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understanding the gas-solid reaction between Lewis amine and acid with perovskite surface. We
carry out systematic research about ALD growth behavior and nucleation mechanism on the surface
of hybrid perovskite. We believe our study will pave the way to discover a better method to the
encapsulation of perovskite device and ultimately realize its commercialization.

7.2 Future direction:
Currently, the research of organic-inorganic hybrid perovskite focuses on developing new
perovskite chemistry and synthesizing perovskite with different nanocrystal structures. However,
the stability of these materials still blocks their development. ALD metal oxide is a very promising
method to form a dense film or core-shell structure to encapsulate the surface. Thus, we studied the
ALD process onto FAPbI3 film and MAPbI3 quantum dots system.
7.2.1 ALD Al2O3 on formamidinium lead iodide (FAPbI3)
Surface site-limited reaction is critical for ALD process to form a dense and pinhole free
film onto the perovskite surface. However, no surface site-limited reaction on MAPbI3 perovskites
has been demonstrated and confirmed. FAPbI3 was proved to have better thermal stability than
MAPbI3. The NH2CH=NH2+ ion in FAPbI3 not only has more H-band connecting with PbI64- to
stabilize the crystal structure but also supply a conjugation site for the ALD precursor. We
hypothesize that TMA will bind to the surface of FAPbI3 with a self-limited model by forming a
coordinated complex of aluminum compounds with N, N′-disubstituted carbodiimides (Figure 7.1).
The unique coordinated structure not only keeps the perovskite from the etching of TMA but also
supply nucleation sites for the following ALD processing. Our preliminary experimental result
indicated that there was strong coordination between FA+ and TMA. The mass growth behavior
follows the self-limiting model (Figure 7.2). In this work, in situ QCM and in situ FTIR will be
used to explore the surface reaction between TMA and FAPbI3.
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Figure 7.1. The proposed reaction mechanism of FA+ with TMA/water chemistry.

Figure 7.2. In situ QCM measurement of (a) the overall mass gain behavior during 30 pulses of
TMA (1 s, partial pressure 0.1 torr, followed by 30s N2 purge) onto FAPbI3 at 75 °C.
7.2.2 ALD on MAPbI3 quantum dots (QDs)
Because of the wide wavelength tunability (400-800 nm) and narrowband emission (full
width at half-maximum, FWHM ∼20 nm), hybrid perovskites have also been of great interest as
emissive components in emitting diodes (LED), low threshold lasers, and electroluminescence (EL)
devices.208-214 However, the nanometer-size of QDs dramatically accelerate the degradation rate,
resulting in a full degradation in only a couple of seconds in ambient environment. Base on the
previous results, ALD Al2O3 can form an encapsulation layer onto MAPbI3 and FAPbI3 film at 25
ºC without degrading them. Moreover, the surface ligand of QDs additives such as oleic acid and
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butylamine will also supply plenty of active sites for ALD process. Thus, we propose that lowtemperature ALD Al2O3 will form an oxide shell on the surface of QDs to stop the degradation of
QDs from O2 and water molecular. Our preliminary studies showed that without ALD, MAPbI3
QDs will degrade in ambience after 15s. However, after 500 cycles of ALD Al2O3, MAPbI3 QDs
could keep photoluminescence property in ambience for more than 15 min (Figure 7.3). In-situ
QCM and FTIR will be used to measure the growth behavior of ALD Al2O3 and reaction
mechanism of TMA with MAPbI3 QDs surface ligand. Transmission electron microscopy (TEM)
will be used to observe the morphology change of QDs before and after the ALD process.
Photoluminescence spectroscopy and UV-Vis will be used to characterize the PL performance and
band gap of QDs.

Figure 7.3 the PL performance of MAPbI3 before and after ALD Al2O3.
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