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Abstract 

Organic-inorganic halide perovskite materials (e.g., CH3NH3PbI3) have recently 

received significant attention due to their excellent performance in photovoltaic and 

optoelectronic applications along with low cost. Since the first report of long-term, durable 

solid-state perovskite solar cell in 2012, the performance of perovskite solar cells (PSCs) 

experienced an unprecedented rise over the past few years. The highest certified power 

conversion efficiency (PCE) has reached 22.1% which is close to that of single crystal 

silicon solar cells. Other than photovoltaic applications, various kinds of perovskite-based 

optoelectronic devices (e.g., photodetectors, light-emitting diodes) have also been 

demonstrated to show outstanding performance. Nevertheless, there are still many issues 

which hindered its large scale commercial application and the environmental stability of 

perovskite materials is the most critical issue. The degradation of perovskite by water was 

observed in the first perovskite solar cell and the long-term stability of PSCs in the ambient 

environment has been the Achilles' heel of this emerging technology. Despite extensive 

research efforts since then, a clear microscopic understanding of perovskite interaction 

with water molecules is still missing. 

In this thesis, we systematically investigate the interaction between CH3NH3PbI3 

perovskite and water molecules, and its stability in the presence of moisture. We first 

synthesize high-quality CH3NH3PbI3 thin-film and single-crystal samples. Using X-ray 

diffraction, we examine their chemical composition and crystal structure during moisture 

treatment. We identify that CH3NH3PbI3 thin-film does not turn into hydrates or lead iodide 

after a 1-hour moisture exposure. The film morphology change is studied by using a 
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scanning electron microscope at the nanoscale. We monitor the moisture uptake in the 

CH3NH3PbI3 thin-film by using a quartz crystal microbalance and uncover the fact that the 

film absorbs a negligible amount of moisture until nearing a saturated humidity level.  

Using Fourier transform infrared spectroscopy, we investigate the interaction between 

water molecules and CH3NH3PbI3: from physical water absorption to phase transition. 

Ultraviolet-visible absorption, photoluminescence, and photocurrent measurements are 

performed to study the change in optical and electrical properties upon exposure to 

moisture. Finally, we discuss the reasons for high stability of CH3NH3PbI3 in our study and 

provide new insights into alternative degradation mechanisms and highly stable perovskite 

solar cells. 
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Chapter 1 Introduction and Background 

1.1 Introduction 

The global energy consumption has doubled since 1970 and the demand is expected 

to grow by 48% between 2012 and 2040 [1-2]. Although the traditional fossil fuel still 

dominates the world energy consumption [3], it is increasingly unable to meet the growing 

energy demand. The fossil fuel is a non-renewable resource and the effects of fossil fuel 

emission on the environment have also been a major concern. As a result, there is 

unprecedented interest in developing renewable energy technologies. Solar energy is the 

energy from the sun which is the cleanest and most abundant renewable energy source 

available on earth. Solar cell is the device which directly converts solar energy into electric 

energy. The first commercially available solar cell was developed by Bell Labs in 1954 

which was based on single-crystal silicon p-n junction and had a PCE of 6% [4]. Since then, 

there has been an enormous research effort devoted to developing high efficiency and low 

cost solar cells over half a century. The PCE of the conventional single-crystal silicon solar 

cells has reached 25.3% [5] and the energy cost has decreased significantly from $76 per 

watt in 1977 to less than $0.3 per watt now [6, 7]. In order to further improve the 

performance and reduce the cost of solar cells, many new solar cell technologies have 

emerged, such as inorganic thin-film solar cells [8], dye-sensitized solar cells [9], polymer 

solar cells [10], and quantum dot solar cells [11]. Recently, a new generation of solar cell 

based on organic-inorganic halide perovskite (OIHP) materials has received a significant 

amount of attention due to its excellent photovoltaic performance and low cost. Since the 

first report on OIHP solar cell in 2009, the performance of this new type of solar cell has 
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experienced a meteoric rise over the last few years [12-15]. To date, the best-certified 

perovskite solar cell efficiency has reached 22.1% which has surpassed other emerging 

photovoltaic technologies and is close to that of single-crystal silicon solar cells [5].  

 

Figure 1-1: Research solar cell record efficiency chart 

 

1.2 Perovskite Materials 

Perovskite, named after Russian mineralogist Lev Perovski, is a mineral composed 

of calcium titanium oxide (CaTiO3) which was first discovered in the Ural Mountains of 

Russia by Gustav Rose in 1839 [17]. Nowadays perovskite is a term used to describe 

materials having the same crystal structure as CaTiO3. The most studied perovskite 

materials are oxides due to their superconducting and ferroelectric properties [18, 19]. 

Organic-inorganic halide perovskite compounds received very few attention until the 

report on the semiconducting to metallic transition in layered OIHP [20]. In 2009, 



 
 

3 
 

Miyasaka and co-workers used CH3NH3PbX3 (X = Br and I) as light sensitizers in dye-

sensitized liquid junction-type solar cell and achieved a PCE of 3.8% [21]. 

Perovskite materials have the common formula ABX3 in which A and B are cations 

of different sizes (A is larger than B) and X is the anion. The A cation occupies the 

cuboctahedral site shared with twelve X anions while the B cation is in the octahedral site 

shared with six X anions. The crystal structure of perovskites is shown in Figure 1-2 [22]. 

For the organic-inorganic halide perovskites of present interest, the large cation A is 

organic, generally methylammonium (CH3NH3
+) and formamidinium (HC(NH2)2

+). The 

inorganic cation B is most commonly lead (Pb) or tin (Sn); the anion X is a halogen, 

generally iodine (I), although bromine (Br) and chlorine (Cl) are used in mixed halide 

perovskites.  

 

Figure 1-2: Crystal structure of (a) General ABX3 perovskite (cubic phase) and (b) 
CH3NH3PbI3 perovskite (tetragonal phase) 

Poglitsch and Weber first reported the structure and physical properties of 

CH3NH3PbX3 (X = I, Br and Cl) [23]. CH3NH3PbI3 has a cubic phase at temperature Tc > 

327.4 K and tetragonal structure at room temperature (space group I4/mcm) with unit cell 
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parameter a = 8.855 and b = 12.659. The position of CH3NH3
+ cation cannot be fixed in 

both cubic and tetragonal phases due to noncentrosymmetric. The CH3NH3
+ cation is 

orientationally disordered until the transition to orthorhombic phase at Tc = 162.2K where 

its position is fixed. 

To date, the most successful organic-inorganic halide perovskite materials are 

variations on the compound CH3NH3PbX3 (X = I, Br, Cl). CH3NH3PbX3 perovskites are 

direct band gap semiconductors with band gap of ~1.6 eV, ~2.3 eV and ~3.1 eV for X = I, 

Br, and Cl, respectively. Mixed halide perovskites offer a wide range of band gap options. 

As shown in Figure 1-3b, the band gap of CH3NH3Pb(I1-xBrx)3 can be continuously tuned 

from 1.5 eV to 2.3 eV through varying the I:Br ratio [24]. As direct band gap semiconductor, 

OIHPs show surprisingly high photoluminescence quantum efficiencies (PLQE). For 

example, the solution-processed CH3NH3Pb(I1-xClx)3 film shows PLQE up to 70% [25]. 

 

Figure 1-3: Optical images and corresponding absorption spectra of (a) CH3NH3PbCl3, 
CH3NH3PbBr3, CH3NH3PbI3 single crystals and (b) CH3NH3Pb(I1-xBrx)3 
films with different I:Br ratios 
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CH3NH3PbI3 perovskite exhibits high absorption coefficient across almost the 

entire visible wavelength range, which is comparable to or even stronger than that of III-V 

semiconductors currently used in photovoltaics (Figure 1-4) [22]. The strong optical 

absorption reduced the thickness of perovskite material required to absorb all the sunlight 

irradiating on the solar cells, which also efficiently facilitate the collection of photo-

generated carriers [21]. 

 

Figure 1-4: Absorption coefficients of OIHPs and other photovoltaic materials. 

CH3NH3PbI3 perovskite has been reported to have high carrier mobility larger than 

10 cm2V-1s-1 [27, 28]. Meanwhile, CH3NH3PbI3 shows very long carrier lifetime which 

indicates high fractions of radiative recombination. The combination of high charge 

mobility and long carrier recombination lifetime leads to large carrier diffusion lengths 

that >1 m for the solution-processed CH3NH3PbI3 polycrystalline film [28] and >175 m 

for single crystal [29]. The direct band gap, high PLQE, strong optical absorbance, large 

carrier diffusion length, and high carrier mobility make organic-inorganic halide 

perovskites very promising candidate for photovoltaic and optoelectronic applications. 
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1.3 Perovskite Solar Cells 

The CH3NH3PbI3 perovskite was initially used as the light absorber in liquid 

electrolyte dye-sensitized solar cells (DSSCs) (Figure 1-5a) [21]. The performance and 

stability of CH3NH3PbI3 perovskite DSSCs were further improved by replacing the liquid 

electrolyte with (2,2(7,7)-tetrakis-(N,Ndipmethoxyphenylamine) 9,9(-spirobifluorene)) as 

a hole transport media (Figure 1-5b) [30]. The demonstration of high-performance solid-

state perovskite DSSCs evoked the great research interest in perovskite photovoltaics. A 

typical configuration of solid-state perovskite DSSCs is shown in Figure 1-5d, in which 

perovskite quantum dots (QDs) replaced the conventional dyes and mesoporous n-type 

TiO2 scaffold provides sufficient internal surface area and reduces charge recombination 

losses [31]. Meanwhile, better photovoltaic performance was achieved by replacing the n-

type TiO2 with insulating Al2O3 in abovementioned structure which was called “meso-

superstructured” solar cells (MSSCs) [32]. Soon after, a planar heterojunction perovskite 

solar cell was demonstrated to have high PCE over 15% [12], in which a ~300 nm thick 

perovskite layer was sandwiched between the electron and hole transport layers (ETL, HTL) 

and the photo-generated electrons/holes inside perovskite layer traveled through ETL/HTL 

(Figure 1-5c). These investigations have found perovskite not only is a good light absorber 

but also exhibits superior ambipolar transport of both electrons and holes. Thus, perovskite 

materials assume all of the principal roles of photovoltaic operation, i.e., light absorption, 

charge generation, and transport of both electrons and holes. 

The performance of semiconductor solar cells closely correlates to the quality of 

absorber layer. In order to achieve high PCE in perovskite solar cells, it is essential to 
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Figure 1-5: Perovskite solar cell structures. (a-c) Cross-sectional scanning electron 
microscope images and (d) Schematic diagrams of the three most common 
device designs [33] 

obtain high-quality perovskite thin films. Various approaches have been adopted to prepare 

organic-inorganic halide perovskite thin films and can be summarized into three categories 

(as shown in Figure 1-6): solution processing, vacuum deposition, and hybrid. These 

methods typically use methylammonium halides (CH3NH3X, X = Cl, Br, I) and lead halides 

PbX2 (X = Cl, Br, I) as the precursors since the following chemical equation should be 

always taken into consideration: 

CH NH X PbX → CH NH PbX , (1-1)

where X= Cl, Br, I. 

Solution processing was used for the first perovskite solar cell, where CH3NH3I and 

PbI2 were first dissolved in γ-butyrolactone (GBL) and subsequent film formation was 

done by spin-coating [21]. Later, Snaith et al. prepared CH3NH3PbI3-xClx thin film via dual-

source thermal evaporation of CH3NH3I and PbCl2 precursors simultaneously in vacuum 

and the final solar cell device achieved a PCE over 15% [12]. Compared with vacuum 
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deposition, solution processing is more attractive due to its obvious simplicity and 

suitability for mass production. In general single-step solution processing, the perovskite 

precursor solution is prepared by dissolving methylammonium halide and lead halide salts 

in high boiling point aprotic polar solvents (e.g., GBL, N,N-Dimethylformamide, 

Dimethylacetamide, Dimethyl sulfoxide). The perovskite film can be obtained by different 

methods such as spin-coating, blade-coating, spraying, and  inkjet printing, followed by 

thermal annealing [32, 34-36]. In addition to single-step solution processing, sequential 

routes have also been developed to fabricate organic-inorganic perovskite films [37, 38]. 

A hybrid method was later proposed by Yang et al., which is a combination of solution and 

vacuum processing methods [39]. In the process, a PbI2 layer was first fabricated by spin-

coating, followed by CH3NH3I vapor treatment to form the perovskite film. 

 

Figure 1-6:  Three general methods to prepare organic-inorganic halide perovskite thin 
films. (a) Solution processing. (b) Vacuum deposition. (c) Vapor-assisted 
solution process. 
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1.4 Perovskite Optoelectronic Devices 

Beyond the photovoltaic applications, the excellent electrical and optical properties 

of organic-inorganic halide perovskites also make them suitable for other optoelectronic 

applications, such as light-emitting diodes (LEDs), photo-detectors, and lasers [40-48]. 

According to the detailed balance in the Shockley–Queisser formulation, an excellent solar 

cell also needs to be an excellent light-emitting diode [49, 50]. Perovskite LEDs were first 

reported in the 1990s which were based on the layered OIHPs and required low operating 

temperature [51, 52]. In 2014, Friend and coworkers demonstrated the perovskite LEDs 

employing three-dimensional OIHPs (CH3NH3PbI3, CH3NH3PbI3-xClx, CH3NH3PbI3-xBrx), 

which operated at room temperature with internal quantum efficiency up to 3.4% (Figure 

1-7a) [43]. Different approaches have been adopted to improve the performance and 

functionality of perovskite LEDs, such as tuning the color of perovskite LEDs by changing 

the halide component [44], improving the quantum efficiency through the reduction of 

exciton diffusion length [45] and the interfacial engineering [53]. Perovskite photodetector 

is a popular research topic as well, and a variety of devices have been reported which 

exhibit high sensitivity, high gain, fast response, and wide-range wavelength coverage [40-

42]. Another important application for OIHPs is laser. The optically pumped room 

temperature amplified spontaneous emission (ASE) and lasing were demonstrated in 

solution-processed OIHP films [46, 47]. The ASE had a low threshold fluence (12 ± 2 μJ 

cm−2) and was highly stable and color tunable (Figure 1-7c) [46]. Lasing was observed in 

a vertical cavity structure under pulsed laser excitation above a threshold of ~0.2 μJ/pulse 

[47]. Riedl et al. recently reported two-dimensional CH3NH3PbI3 photonic-crystal lasers 

fabricated by thermal nanoimprint which showed relative low lasing threshold of 3.8 
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μJ/cm−2 (Figure 1-7d) [53]. Optically pumped lasers have also been demonstrated in 

nanowires [48], spherical resonators [54], and microcrystal networks [55]. Organic-

inorganic halide perovskites have shown their great potential for applications in 

optoelectronic devices beyond solar cells. 

 

Figure 1-7:  Perovskite optoelectronic devices. (a) CH3NH3PbBr2 and CH3NH3PbBr2I  
LEDs. (b) CH3NH3PbCl3-xBrx and CH3NH3PbBr3-xIx photodetectors. (c)  
Solution processed lasers. (d) CH3NH3PbI3 photonic-crystal laser. 

 

1.5 The Challenge of Perovskite Material Stability 

Despite the exciting development in perovskite photovoltaic and optoelectronics, 

there are still several significant challenges hindering their commercialization. The 
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perovskite material stability issues have received the most attention. CH3NH3PbX3 (X = I, 

Br) was found to be dissolved or degraded in the liquid electrolyte in the first perovskite 

solar cell [21]. In solid-state solar cell device, CH3NH3PbI3 was also found to be very 

sensitive to water or moisture: the dark CH3NH3PbI3 film turned yellow because of its 

decomposition to PbI2 [26, 56]. The degradation of perovskite absorber layer led to an 

unwanted decrease in photovoltaic performance. Wang and co-workers monitored the UV-

Vis absorption spectra of the sensitized CH3NH3PbI3 film before and after 18-hour air 

exposure (relative humidity - RH of 60% at 35 °C) under sunlight [57]. The UV-Vis results 

revealed that the absorption features of CH3NH3PbI3 all disappeared and new absorption 

edge appeared which can be related to PbI2 (Figure 1-8a), and it was further confirmed by 

the X-ray diffraction (XRD) results (Figure 1-8b). It was proposed that CH3NH3PbI3 will 

decompose into CH3NH3I and PbI2 in the presence of H2O. The hypothetical degradation 

process was explained as 

and

⇔ .
 

(1-2)

(1-3)

Walsh et al. proposed that even a single water molecule can catalyze the 

degradation of CH3NH3PbI3 to PbI2 [58]. They proposed that when one single water 

molecule combines with CH3NH3PbI3, one proton will be removed from ammonium which 

results in the formation of an intermediate [(CH3NH3
+)n-1(CH3NH2)nPbI3][H3O]. Then, this 

intermediate can decompose into HI, CH3NH3, and eventually into PbI2. A slightly 

different degradation mechanism was later reported by two groups claiming that perovskite 

dihydrate (CH3NH3)4PbI6·2H2O as an intermediate phase before decomposing to PbI2. [56, 

59] Figure 1-8c ad 1-8d show the SEM images of pristine CH3NH3PbI3 film and that after 
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Figure 1-8: The effect of moisture on CH3NH3PbI3 film and its solar cell. (a) UV-Vis 
absorption and (b) XRD after 60% RH moisture exposure. (c, d) 
Microscopic change of perovskite films upon high humidity treatment.  

a 14-days 90% RH moisture exposure in the dark. As can be seen, the moisture treated 

perovskite became smooth and highly ordered at micro-scale. It was proposed that 

dihydrate of CH3NH3PbI3 formed upon exposure to humid air in the dark [56]:  

→ 2 . (1-4)

Later, Barnes and co-workers reported that the CH3NH3PbI3 film and single crystal 

first became monohydrate CH3NH3PbI3·H2O in the present of water vapor and would 

further hydrate into dihydrate (CH3NH3)4PbI6·2H2O upon long exposure time [60]. They 

found that only a small amount of hydrated phase will be present when the RH is lower 
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than 60%. It was also demonstrated that the hydration processes are reversible when the 

film or single crystal is exposed to dry air, while the formation and phase separation of PbI2 

will limit the reversibility. The proposed scheme and in situ XRD patterns of hydration 

process are depicted in Figure 1-9, and the stoichiometric equation is 

4 4 ⇔ 4 ∙ and

4 ∙ ⇔ 2 3PbI 2H O.
 

(1-5)

(1-6)

 

 

Figure 1-9: The schematic and XRD patterns of hydration process. (a) The structures of 
cubic phase CH3NH3PbI3, monohydrate phase, and dihydrate phase. (b) 
Time-resolved XRD patterns of the polycrystalline CH3NH3PbI3 thin film. 
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In the meantime, first-principles calculation and molecular dynamics were 

employed to gain a microscopic understanding of degradation pathways and the atomic 

interaction between perovskite and water molecules [61, 62]. These simulations showed 

that water molecules can spontaneously permeate into perovskite lattice and form hydrogen 

bonds with CH3NH3
+ cations and iodine ions (Figure1-10a). Lovrinčić et al. utilized 

infrared spectroscopy to study the effect of water absorption of the vibrational frequency 

of CH3NH3
+ cation [63]. They observed a uniform red shift by ∼10 cm−1 in the infrared 

spectrum of CH3NH3
+ upon moisture exposure and attributed the shift to the hydrogen 

bonding (Figure 1-10b). They further showed that the CH3NH3PbI3 film became saturated 

by water molecules with 2:1 CH3NH3PbI3/H2O molar ratio even at 10% RH. 

 

Figure 1-10:  (a) Schematic of the interaction between water molecule and CH3NH3PbI3. 
(b) IR spectra of CH3NH3PbI3 film measured in vacuum and under ambient 
conditions. 

CH3NH3PbI3 and its mixed halide perovskites were also found to be sensitive to 

other environmental factors, including heat, light, and oxygen, especially in combination 

with moisture [64-70]. It is clear that long-term stability is the most crucial challenge for 

perovskite solar cell commercialization. In order to improve the perovskite material 



 
 

15 
 

stability in the working devices, various strategies have been adopted, such as composition 

engineering [14, 71], the employment of moisture and UV blocking layers [72-74], and full 

device encapsulation [75, 76]. 

1.6 Motivation and Scope of Dissertation 

With the excellent photovoltaic performance, organic-inorganic halide perovskites 

based solar cells have emerged as a promising next-generation thin-film photovoltaic 

technology. The perovskite material stability is crucial for the commercialization of this 

emerging technology. Although the effect of water on CH3NH3PbI3 perovskite has gained 

a great deal of research attention, there are still some debate and misunderstanding about 

the interaction between water molecule and CH3NH3PbI3. It is of great importance to 

further investigate and systematically study the fundamental questions – how does water 

molecule interact with CH3NH3PbI3, and how does the perovskite material properties 

change upon moisture treatment. Moreover, it is also important to develop effective 

techniques to characterize the CH3NH3PbI3 – H2O interaction. This is not only important 

from the material science perspective but also will also provide guidance for fabricating 

long-term stable CH3NH3PbI3 perovskite solar cells and optoelectronic devices. 

The objective of this dissertation is to investigate the interaction between water 

molecules and CH3NH3PbI3 perovskite, and the stability of CH3NH3PbI3 film and single 

crystal in the presence of moisture. The effect of water molecules on CH3NH3PbI3 

perovskite’s morphology, electrical and optical properties will be studied as well. This 

dissertation will be categorized as following. This chapter has given an introduction and 

background review on the study of organic-inorganic halide perovskite materials and their 
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optoelectronic applications, and the motivation of our research works. Chapter 2 describes 

the techniques and experimental setups which are used in this our study. Chapter 3 and 4 

describe the material synthesis of CH3NH3PbI3 and its monohydrate, and the reversible 

hydration of CH3NH3PbI3. Chapter 5 presents the detailed IR spectroscopic study of 

CH3NH3PbI3 from initial water uptake to hydration. Chapter 6 gives the QCM 

measurement results of the moisture uptake. Chapter 7 shows the systematical investigation 

of the effects of moisture on CH3NH3PbI3 material properties. Chapter 8 presents the 

results and analysis of deuterium-isotope study. Chapter 9 summarizes the major 

observations and conclusions of this dissertation, and provides the recommends for future 

research. 
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Chapter 2 Research Methods 

2.1 X-Ray Crystallography 

2.1.1 Introduction 

X-ray crystallography is a commonly used technique to determine the atomic and 

molecular structure of a crystal. X-ray is a form of electromagnetic radiation which in the 

wavelength range from 0.01 to 10 nanometer [77]. Wilhelm Röntgen discovered X-rays 

when he was investigating cathode rays in 1895 and earned the first Nobel Prize in Physics 

in 1901. In 1912, German physicist Max von Laue and colleagues first reported using x-

ray to study the arrangement of atoms in copper sulfate crystal in [78], and von Laue was 

awarded the Nobel Prize in Physics in 1914 for his work in X-ray crystallography [79]. 

Crystals are composed of periodic array of atoms, which is called crystalline lattice [80]. 

The smallest repeating structure in a crystal is called unit cell and it is like a brick in a wall. 

Figure 2-1 shows that a quartz crystal consists of identical building blocks (i.e., unit cells) 

in three dimensions [81]. Each quartz unit cell contains three complete SiO2 molecules. 

 

Figure 2-1: Quartz unit cell repeats in three dimensions to fill space and produce the 
crystal. 

William Lawrence Bragg and his father William Henry Bragg proposed Bragg 

diffraction to explain their observation of surprising patterns of reflected X-rays from 
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crystalline solids [82]. As shown in Figure 2-2, when two waves are incident on the crystal 

surface, they will be partially reflected by the atoms at the same angle of incidence. The 

wave which reflects from the surface travels less distance than the wave reflected from the 

plane of atoms inside of the crystal. To keep these two waves in phase, the difference in 

travel distance should be an integer number of the wavelength. The travel distance is 

determined by the spacing between the atomic planes and the incident angle of the waves.  

 

Figure 2-2: The diagram of Bragg diffraction. 

W.L. and W.H. Bragg expressed this in an equation now known as Bragg's Law: 

2 sin , (2-1)

where  is the spacing between layers of atoms,  is angle between the incident wave and 

the surface of crystal,  is an integer, and  is the wavelength of the incident wave. 

 If a fluorescent plate is placed in the path of reflected waves, a bright point can be 

seen if   is an integer (1, 2, 3, etc.) in Equation 2-1. But, in order to observe such bright 

spots, the wavelength  of incident wave should be on the same order of magnitude as the 

spacing  between planes in the crystal which is around a tenth of a nanometer. As 

mentioned above, the X-ray’s wavelength is 0.01 to 10 nanometer, which perfectly covers 
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this range. During their study, W.H. Bragg developed an X-ray spectrometer in which the 

incident angle  can be adjusted (Figure 2-3) [82, 83]. As can be seen, narrow X-ray beam 

produced by slits was directed to the crystal and the reflected beam was measured by an 

ionization chamber. The incident angle can be adjusted by rotating the crystal, and the 

ionization chamber can also be rotated about the axis of the instrument to find and measure 

the reflected beam. Many outstanding improvements have been made to the 

instrumentation as well as data analysis method, X-ray crystallography has been 

fundamental in the development of many scientific fields [84-86]. Even to this day, it is 

still a very powerful tool for chemistry and material science research. 

 

Figure 2-3: (a) W.H Bragg and his X-ray spectrometer. (b) The diagram of his 
spectrometer. 

2.1.2 X-Ray Powder Diffraction 

In 1916, Peter Debye and Paul Scherrer reported their x-ray diffraction study of 

powder samples [87]. They ground the crystals down to powders, instead of aligning the 

faces of a single crystal to the X-rays at the right angles, one X-ray shoot on the powder 

sample would hit all the crystalline facets or planes of atoms of this crystal. By using the 
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powder X-ray diffraction, they were able to determine the lattice parameters of lithium 

fluoride and silicon with a very good resolution.  

The powder X-ray diffraction measurements in this dissertation are performed on a 

PANalytical X’Pert Pro powder X-ray diffractometer (Figure 2-4). Its X-ray source is Cu 

Kα radiation whose wavelength λ = 1.54178 Å. CH3NH3PbI3 crystals are ground down to 

fine powders and then pressed into a pellet on a glass substrate. CH3NH3PbI3 

polycrystalline films are directly used for measurement. In order to perform humidity 

controlled powder XRD measurements, a humidity module is fabricated as shown in Figure 

2-4c. A Kapton film is used as the window and is clamped down by a copper ring and a 

rubber o-ring. The humidity level inside the module can be controlled by passing dry or 

moist nitrogen gas through it. 

 

Figure 2-4:  PANalytical X-ray diffractometer. (a) Schematic diagram. (b) Photo of the 
main part of the diffractometer. (c) Sample humidity control module. 

To obtain the lattice parameters of the perovskite samples, Rietveld refinement is 

performed for the sample powder X-ray diffractograms [88]. Specifically, the unit cell 

refinement is done using whole pattern fitting refined with LeBail Method [89] that is 

inserted in the Jana2006 software package [90]. The same XRD system is used to measure 

the National Institute of Standards and Technology standard silicon reference with lattice 

parameter a = 5.431195(9) Å. By application of the same refinement method, the lattice 
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parameter is obtained as a = 5.43158(3) Å. The ambient temperature in the powder XRD 

lab is maintained at ∼20 °C all the time. 

2.2 Fourier Transform Infrared Spectroscopy 

2.2.1 Introduction 

Infrared (IR) radiation is a portion of the electromagnetic radiation whose spectrum 

wavelength ranges from 750 nm to 1 mm. Based on the blackbody radiation theory, most 

of the thermal radiation of an object near room temperature is infrared [91]. Infrared 

radiation can be emitted or absorbed by the vibrations and rotations of molecules or lattices 

in solids, liquids, and gases. A molecule contains chemically bonded atoms or atom groups, 

and these chemical bonds are continuously vibrating and moving around. For the case of 

the water molecule, two hydrogen atoms are connected to an oxygen atom by covalent 

bonds (Figure 2-5). The movement of hydrogen atoms toward or away from the oxygen 

atom along the bond represents a stretching vibration, which can either be symmetric or 

asymmetric. The hydrogen atoms can also move toward each other resulting in the change 

of bond angle, which is called bending vibration. There are six types of vibrational mode: 

symmetric stretching, asymmetric stretching, wagging, twisting, scissoring, and rocking 

for polyatomic molecules [92].  

 

Figure 2-5: Three vibrational modes in water molecule 
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For a vibrational mode in a sample to show IR absorption it must satisfy a 

prerequisite, i.e., the electric dipole moment of the molecule changes during this vibration 

[93]. Once the prerequisite is fulfilled, the excited vibrational state can be reached when 

the molecule is given a specific energy. In order for a bond vibration to be excited, it must 

be exposed to a radiation which has the identical energy as the energy difference between 

the excited and ground states of this vibrational mode. All the vibrational energies lie 

within the energy range of IR radiation. When an IR beam passes through a material, 

radiation energy of specific wavelengths will be lost due to the absorption of molecule 

vibrations. Therefore, the IR energy absorbed by the material is a measure of the difference 

between internal energy states which are mainly determined by the atomic weight and 

molecular bonding forces. In other words, the information of the internal structure of 

molecules and substances can be interpreted by analyzing the IR spectrum, which is the 

basic of IR spectroscopy. 

Since each material is a unique combination of atoms, it is impossible for two 

different materials to have the same IR spectrum. Thus, IR spectroscopy can be used to 

identify materials. As the absorption peak intensity in the IR spectrum is directly related to 

the amount of the molecule or material, IR spectroscopy can also be used for quantitative 

analysis. Therefore, IR spectroscopy is a very powerful tool for chemical analysis. 

The original IR spectrometers use a dispersive prism or grating to separate the IR 

beam into different wavelengths and each single wavelength is then selected to pass 

through the sample by rotating the prism or grating. The detector collects the energy at 

each wavelength, and this results in an IR spectrum plot of light intensity vs. wavelength. 

However, the dispersive IR spectroscopy suffers from slow scanning. Fourier transform 
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infrared (FTIR) spectrometer was later developed to improve the measurement speed and 

signal quality [94, 95]. Instead of taking measurements at each wavelength, FTIR measures 

all of the infrared wavelengths simultaneously. The heart of FTIR is called interferometer 

which produces unique signals containing different combinations of many IR wavelengths, 

and these signals can be measured by the detector in a very short time. A computer and 

Fourier transform algorithm are needed to process these signals in order to generate the IR 

spectrum. Figure 2-6 illustrates the operating principle of FTIR [96]. 

 

Figure 2-6: Principle of FTIR spectroscopy 

2.2.2 Experimental setups 

In this dissertation, the infrared spectra are recorded with a Nicolet iS50 FTIR 

spectrometer and Figure 2-6 shows the schematic layout [96]. The system consists of a 

broadband IR source, a 633 nm reference laser, an interferometer, a deuterated-triglycine 

sulfate detector, and other optomechanical components. A computer loaded with OMNIC 

FTIR software is connected to the FTIR for data acquisition and processing. This 

spectrometer is designed to cover the IR wavelength range from 2.5 m to 25 m. Another 
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commonly used unit in IR spectroscopy is wavenumber which is reciprocal of wavelength 

in unit of centimeter, with the symbol cm−1. Therefore, the measurement range can also be 

expressed as 400 cm-1 to 4000 cm-1. 

 

Figure 2-7: The schematic layout of Nicolet FTIR spectrometer 

Three different experimental configurations are employed in this dissertation: 1) 

thin film transmission mode; 2) germanium single attenuated total reflection (Ge-sATR); 

3) zinc selenide multiple attenuated total reflection (ZnSe-mATR). As shown in Figure 2-

8, the transmission mode is quite straightforward and it is the most commonly used 

sampling technique in FTIR measurement. The sample could be free-standing crystal, 

pressed pellet, thin film coated on IR transparent substrate, solution in a quartz cuvette, or 
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gas in IR cell. In this study, the transmission mode is used for CH3NH3PbI3 thin film 

samples coated on double-side-polished silicon substrates.  

 

Figure 2-8: Three sampling techniques in FTIR 

ATR technique utilizes the total internal reflection phenomenon which creates an 

evanescent wave at the media interface. The IR beam propagates in the ATR crystal in such 

a way that it will be reflected at the crystal-sample interface once or multiple times and this 

reflection forms an evanescent wave interacting with the sample. The penetration depth of 

the evanescent wave is typically several micrometers which is determined by the 

wavelength of IR beam, incident angle, refractive indexes of crystal and sample [97]. In 

order to fulfill the total internal reflection requirement, the refractive index of the ATR 

crystal should be higher than that of the sample. Germanium and zinc selenide are two 

typical materials for ATR which have refractive indexes of 4 and 2.4 at 1000 cm-1, 

respectively [98, 99].  For all three configurations, the transmittance (T) can be described 

as 

, 
(2-2)

where  is the intensity of light passing through a sample, and  is the intensity of light 

before it passes through the sample (Figure 2-8). 
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In this dissertation, a Ge-sATR is used for CH3NH3PbI3 single crystal samples. The 

single crystals are ground down to microsized powders and then pressed into a pellet on 

the Ge crystal. ZnSe-mATR module is also used for film samples, in which the 

CH3NH3PbI3 films are directly coated on the ZnSe crystal surface. The FTIR measurements 

are performed either in the ambient condition with room temperature of ∼25 °C and RH in 

the range of 40% - 45%, or in moist N2. 

 

Figure 2-9: Pictures of (a) Ge sATR and (b) ZnSe mATR modules 

2.3 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy is the measurement of the attenuation of 

the light beam (ultraviolet-visible spectral range) after passing through a sample or 

reflected from a sample surface. When the UV-Vis radiation interacts with matter, it causes 

the excitation of electrons, in both atoms and molecules, from the ground state to high 

energy state. Therefore, it is a very useful tool to probe the optical properties of 

semiconductor materials, i.e., directly measure the absorption edge and band gap energy of 

the sample. Similar to FTIR, the transmittance in UV-Vis measurement can be defined as 



 
 

27 
 

Equation 2-2. Meanwhile, absorbance A and optical absorption coefficient  are also 

commonly used in UV-Vis spectroscopy which are defined as  

log log and 

ln
, 

(2-3)

(2-4)

where  is the sample thickness. 

In order to derive the optical band gap, the wavelength unit should be converted to 

photon energy	  as  

, (2-5)

where  is the photon energy, in eV;  is the wavelength, in nm;  is the Plank constant 

and  is the velocity of light in vacuum.  is the frequency of a photon.  

The UV-Vis result can be used to calculate the band gap of semiconductor material 

by plotting the Tauc plot, i.e., extrapolating the linear region of the /  vs.  plot 

[101]. The value of the exponent  represents the nature of the electronic transition and 

2 for direct band gap materials [102]. 

The UV-Vis measurements are performed with a Hitachi U-2001 UV-Vis 

spectrometer and Figure 2-10 shows the schematic layout [103]. Shown in the schematic, 

a grating is used to split the broadband light beam (190 nm to 1100 nm) into individual 

wavelength. The light beam is divided into two before sample: one for sample 

measurement and the other for reference. The CH3NH3PbI3 thin film is prepared on glass 

or quartz substrate, and vertically placed in a lab-built RH chamber with two quartz 
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windows. The RH chamber is then fixed on a three dimensional stage in the sample 

compartment.  

 

Figure 2-10: The schematic layout of the UV-Vis spectrometer 

2.4 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is a non-contact method of probing the electronic 

structure of materials. A light beam with photon energy higher than the band gap energy 

of the material is used to excite the electrons in low energy state to high energy state. When 

the excited electron relaxes and returns to the low energy level, a certain percentage of the 
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released energy will be in the form of light emission which is called photoluminescence. 

Figure 2-11 shows the processes of light absorption, non-radiative energy relaxation, and 

photoluminescence (both fluorescence and phosphorescence) in a material [104]. 

 

Figure 2-11: Energy diagram showing the light absorption and emission processes 

The PL spectra are measured using an HORIBA iHR320 spectrometer equipped 

with a Synapse charge-coupled device (CCD). The spectrometer is connected to a lab-built 

confocal micro-PL setup as shown in Figure 2-12. A 532 nm continuous wave laser (green 

arrow line in Figure 2-12) is used as the excitation source. The laser beam is focused on to 

the sample by the objective lens and the PL signal is collected by the same objective lens 

(red arrow line in Figure 2-12). The signal is then focused onto the entrance of the iHR 

spectrometer and long-pass filters are applied to block the 532 nm component.  
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Figure 2-12: Picture of the confocal micro-photoluminescence spectroscopy setup 

2.5 Quartz Crystal Microbalance 

Quartz crystal microbalance (QCM) is a technique for real-time monitoring surface 

phenomena, such as adsorption, desorption, interactions, and reactions. A QCM sensor 

consists of a thin quartz disc sandwiched between a pair of electrodes (Figure 2-13a). Since 

quartz is one kind of piezoelectric materials, an electric field will form between the surfaces 

if it is compressed and vice versa (Figure 2-13b) [105, 106]. Therefore, an alternating 

electric field can cause the crystal to oscillate.  

 
Figure 2-13: (a) Schematic of QCM quartz sensor. (b) Graphical representation of 

piezoelectric effect. 
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For a properly cut quartz crystal, there is a resonant frequency at which a standing 

shear wave will be formed in the crystal under the alternating potential (sine wave in nearly 

all cases). This resonant frequency  is given by the equation [106] 

/2 , (2-6)

where  is the shear modulus,  is the density, and  is the crystal thickness. 

When a thin and rigid film is attached to the sensor, the sensor resonance frequency 

will decrease and the change in frequency is proportional to the mass of the film which is 

described by the Sauerbrey equation [107] 

∆
2 ∆

, (2-7)

where ∆  is the measured frequency shift,  is the fundamental resonant frequency, ∆  

is the mass change,  is the area of electrode surface. 

Therefore, the QCM operates as a very sensitive balance and it can be used to study 

various surface phenomena (water absorption in this study). The QCM measurement is 

performed using Biolin Scientific Q-Sense E1 system which has a maximum mass 

sensitivity of ~0.5 ng/cm2 [108]. The CH3NH3PbI3 films are directly coated onto the quartz 

sensor and a humidity module is used to control the RH of gas passing through the sensor 

surface. Figure 2-14 shows the schematic of humidity module. It contains a GORE™ 

membrane through which water vapor permeates to the sample chamber from flowing 

solution on top of the membrane, and different saturated salt solutions are chosen to provide 

varied humidity levels. The achievable RH ranges from < 10% to 100%. Table 1 lists the 

RH values of several standard salt solutions at 25 ˚C. As the coated CH3NH3PbI3 film is 
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rigid and thin, the QCM technique can be used to monitor the mass change of CH3NH3PbI3 

film upon moisture treatment. 

 

Figure 2-14: Schematic of QCM humidity module 

Table 1 List of relative humidity values for several standard salt solutions at 25 ˚C 

 

2.6 Setup for the Generation of Moist Nitrogen 

Since the humidity level should be well controlled in most experiments in this study, 

a moist nitrogen gas (N2) generation setup is built. Figure 2-15 shows the setup to produce 

moist N2 with controlled RH levels. To maintain a stable RH environment, compressed 

nitrogen cylinder is connected to a mass flow controller with constant flow rate, and moist 

N2 is obtained after passing through a flask bubbler which contained deionized (DI) water 

or saturated salt solutions. The RH is measured in real-time throughout the experiment 
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using a calibrated hygrometer (± 5% margin of error) placed downstream of moist N2 in 

the sample chamber. 

 

Figure 2-15: Setup for the generation of moist nitrogen 
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Chapter 3 Preparation of CH3NH3PbI3 and its Monohydrate 

3.1 Preparation of CH3NH3PbI3 Polycrystalline Thin Films 

Nearly all the high-performance organic-inorganic halide perovskite solar cells 

were fabricated using CH3NH3PbI3/CH3NH3PbIxCl3-x polycrystalline thin films [12, 13, 22, 

27, 32]. It is necessary to obtain high-quality thin-film samples for this study. As mentioned 

in Section 1.3, there are a number of methods for CH3NH3PbI3 thin-film fabrication. Based 

on the results have been reported in the literature and the available experimental conditions 

in the lab, one-step and two-step spin-coating methods are chosen to fabricate CH3NH3PbI3 

thin films. 

3.1.1 One-Step Solution Processing Method 

The one-step deposition method used here is a solvent-assisted process based on 

previous research [108, 109]. PbI2, GBL, DMSO and toluene are purchased from Sigma-

Aldrich and used without further purification. CH3NH3I is first synthesized according to 

the literature [21]. The as-synthesized CH3NH3I powder sample is fully dried in a vacuum 

oven and then transferred into glovebox for further usage. The CH3NH3PbI3 precursor 

solution is prepared by dissolving 1.25 M PbI2:CH3NH3I (1:1) in GBL/DMSO mixed 

solvent (7:3 v/v) and stirring at 70 °C for 3 h. The substrate (e.g., glass, silicon) is cleaned 

by acetone, isopropanol (IPA), DI water in sequence in the ultrasonic bath and then dried 

by blowing with dry nitrogen. Each substrate is treated in the ultraviolet-ozone cleaner for 

15 mins to obtain hydrophilic surface before transferring into the glovebox for film 

deposition. The precursor solution is spun on the substrate at 1000 rpm for 10 s and 4000 
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rpm for 25 s. During the 4000-rpm spin-coating process, 800 μL toluene is dripped to the 

center of the spinning substrate with a delay time of 20 s [108]. After toluene dripping, the 

film is transferred to the hot plate immediately and thermally annealed at 90°C for 5 mins 

to form CH3NH3PbI3 film. The procedure is illustrated in Figure 3-1 [109]. 

 

Figure 3-1: Schematic of solvent-assisted one-step deposition 

3.1.2 Two-Step Solution Processing Method 

Although the one-step deposition provides high-quality CH3NH3PbI3 film, the 

toluene used in the process is harmful to the glovebox circulation system leading to an 

unstable atmosphere inside (e.g., water and oxygen concentration) which causes 

reproducibility issue. CH3NH3PbI3 film is also prepared by the two-step deposition method 

proposed in the literature [110] with modification [111]. PbI2(DMSO) complex is first 

prepared:  5 g of PbI2 is dissolved in 15 mL of DMSO at 60 °C under stirring and then 35 

mL of toluene is dripped into the PbI2 solution slowly to form white precipitate. The white 

precipitate is filtered and dried in vacuum oven at 60 °C for 24 h. The chemical composition 

of the produced powder is confirmed by XRD. Prepared PbI2(DMSO) complex is then 

dissolved in N,N-Dimethylformamide (DMF) at room temperature. For the perovskite film 

deposition, the PbI2(DMSO) complex solution (1.3 M) is first spin-coated on glass 

substrate at 3000 rpm for 30 s. Then, 70 mg/mL CH3NH3I solution in IPA is spin-coated 
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on top of the transparent PbI2(DMSO) film at 5000 rpm for 30 s. After that, the film is 

thermally annealed at 100 °C for 5 mins. The process is shown in Figure 3-2 [38]. 

 

Figure 3-2: Schematic of two-step deposition 

After annealing the film turns dark brown with a highly reflective surface as shown 

in Figure 3-2a. Since different substrates are required for various measurement purposes, 

CH3NH3PbI3 films are deposited glass slides, bare silicon substrates, and QCM sensors. 

The SEM images in Figure 3-3 show that all these CH3NH3PbI3 films have uniform and 

compact morphology at microscale. 

 

Figure 3-3: Optical and SEM images of CH3NH3PbI3 polycrystalline thin film on 
different substrates 
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3.2 Preparation of CH3NH3PbI3 Single Crystal 

To gain more understanding of CH3NH3PbI3, high-quality single-crystal samples 

are also needed. The growth of CH3NH3PbI3 single crystals was first described by Poglitsch 

and Weber in 1987 [23]. Many modified and new methods for CH3NH3PbI3 single crystal 

synthesis have also been reported in recent years [24, 29, 112]. Following the method 

described by Poglitsch and Weber, 2.915 g of lead (II) acetate trihydrate (99%, Alfa Aesar) 

is added to 10 mL of hydriodic acid (HI) (57% w/w aqueous solution, stabilized with 1.5% 

hypophosphorous acid, Alfa Aesar) in a 50 mL flat bottom flask and stirred until fully 

dissolved. The mixed HI acid solution is heated up to 100 °C in a water bath. Two milliliters 

of HI solution (57% w/w aqueous solution, Alfa Aesar) and 1.7 mL of methylamine 

solution (40% w/w aqueous solution, Alfa Aesar) are first mixed and stirred in a 10 mL 

beaker and then slowly added into the hot HI solution. The solution is then put into an oven 

for crystal growth. After 24 hour gradual cooling from 100 °C to 70 °C, black precipitate 

is obtained on the flask bottom which is then filtered, washed, and dried. Figure 3-4 shows 

the images of single crystals grown using the method described above: (a) grown single 

crystals in its mother liquor and (b, c) dried single crystals. 

 

Figure 3-4: Optical images of CH3NH3PbI3 single crystals 
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3.3 Preparation of CH3NH3PbI3 Monohydrate Crystal 

In Poglitsch and Weber’s work, it was also mentioned that the monohydrate form 

of CH3NH3PbI3 can be obtained if the temperature of the solution is lowered below 40 °C. 

The same method as the preparation of CH3NH3PbI3 crystals is used, but the solution is 

slowly cooled from 100 °C to room temperature (i.e., 25 °C) in 24 h. After 2 days’ storage 

in the dark at room temperature, the black precipitate (i.e., CH3NH3PbI3) completely turns 

into pale yellow thin needles as shown in Figure 3-5. The microscopic image in Figure 3-

5c reveals that hydrate consists of microwires with uniform diameter. 

 

Figure 3-5: Optical images of CH3NH3PbI3 hydrate 

3.4 XRD Results of Prepared CH3NH3PbI3 Samples 

The chemical composition and phase of prepared CH3NH3PbI3 samples are 

identified by XRD, and the results are shown in Figure 3-6. The calculated XRD patterns 

of tetragonal phase CH3NH3PbI3 (I4/mcm space group) and monoclinic phase 

CH3NH3PbI3·H2O (P21/m space group) are also displayed in the figure. Both the 

polycrystalline thin-film and single-crystal samples are confirmed to be tetragonal phase, 
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and the pale yellow hydrate sample is identified as the perovskite monohydrate 

CH3NH3PbI3·H2O in monoclinic phase.  

 

Figure 3-6: XRD patterns of CH3NH3PbI3 thin film, single crystal, and hydrate 
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Chapter 4 Reversible Hydration of CH3NH3PbI3 

4.1 Introduction 

Because of the strong affinity of CH3NH3
+ cation to water, it was believed that 

water molecules can permeate into perovskite spontaneously, or perovskite can uptake 

water from the ambient environment and degrade. As mentioned in Section 1.5, there has 

been a debate on whether CH3NH3PbI3 would be directly degraded into PbI2 upon moisture 

exposure or first turn into an intermediate phase – either monohydrate CH3NH3PbI3·H2O 

or dihydrate (CH3NH3)4PbI6·2H2O. The reversible hydration process reported by Barnes 

et al. is convincing [60]. Nevertheless, it is necessary to further confirm and understand the 

hydration process in this investigation. 

4.2 Dehydration of CH3NH3PbI3·H2O 

The synthesized monohydrate is found to be quite stable in its mother liquor. 

However, the filtered sample is metastable and its color will gradually become black in the 

ambient environment (25 °C, 45% RH), as shown in Figure 4-1.  

 

Figure 4-1: Pale yellow CH3NH3PbI3·H2O changes its color in ambient air 
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To identify the chemical composition of the black product, the filtered 

CH3NH3PbI3·H2O is put into a vacuum chamber to ensure fully conversion and is then 

characterized by XRD. Figure 4-2 shows the optical images and XRD patterns of 

CH3NH3PbI3·H2O and its product after 20 mins drying in vacuum. The initial pale yellow 

material of CH3NH3PbI3·H2O can be recognized by characteristic XRD peaks at 8.35° and 

10.31°, and the black product is confirmed as CH3NH3PbI3 by strong XRD diffraction 

peaks at 14.18° and 28.46°. Along with the color change, the microscopic optical images 

also reveal that monohydrate microwire structure collapses after dehydration. This 

indicates that CH3NH3PbI3·H2O is metastable and will turn into black polycrystalline 

CH3NH3PbI3 by losing the crystalline water even in the ambient environment. 

 

Figure 4-2: The dehydration of CH3NH3PbI3·H2O 
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It is confirmed that such-obtained black product (i.e., CH3NH3PbI3) will convert 

back to pale yellow CH3NH3PbI3·H2O after exposing to moist N2 (RH > 95%) which can 

be further dehydrated into CH3NH3PbI3 upon dry N2 treatment. The above process is shown 

in Figure 4-3.  

 

Figure 4-3: The hydration and dehydration process 

4.3 Hydration of CH3NH3PbI3 

The CH3NH3PbI3 single crystals can also be converted into monohydrate under 

moisture treatment. As shown in Figure 4-4, the black CH3NH3PbI3 powder turns pale 

yellow after 68 mins moist N2 (>95% RH) exposure. The XRD result confirms that the 

converted pale yellow sample is CH3NH3PbI3·H2O. It is worth mentioning that no PbI2 

peaks can be seen in the XRD result. Likewise, such CH3NH3PbI3·H2O can convert back 

into CH3NH3PbI3 under dry N2 blowing or vacuum. Therefore, the CH3NH3PbI3 hydration 

process is reversible. 
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Figure 4-4: The CH3NH3PbI3 hydration process 

4.4 Conclusion 

In this chapter, the reversible transition between CH3NH3PbI3 and 

CH3NH3PbI3·H2O is experimentally demonstrated. CH3NH3PbI3·H2O is metastable in 

ambient conditions and will gradually become CH3NH3PbI3 by losing its crystalline water. 

On the other hand, CH3NH3PbI3·H2O can be obtained by treating the pristine CH3NH3PbI3 

with high RH moisture. CH3NH3PbI3·H2O is confirmed as the immediate hydrate phase of 

CH3NH3PbI3. No sign of PbI2 is observed in the entire reversible hydration process based 

on the XRD results. These findings are crucial for further investigation of perovskite – 

water interaction.
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Chapter 5 In situ FTIR Study of CH3NH3PbI3 Hydration 

5.1 Introduction 

The CH3NH3PbI3 is in tetragonal phase at room temperature and the position of 

CH3NH3
+ cation cannot be fixed. It exhibits orientational disorder as a consequence of the 

noncoincidence of the crystallographic site and the molecular cation symmetries [113, 114]. 

This disorder has been confirmed by NMR [114], FTIR [115], and recently neutron 

diffraction [116]. It was reported that some vibrational frequencies of CH3NH3
+ cation will 

change upon water molecule absorption [63]. CH3NH3
+ cation can be used as a probe to 

monitor the H2O - CH3NH3PbI3 interaction in real time using FTIR spectroscopy.  

5.2 Infrared Spectra of CH3NH3PbI3 and CH3NH3PbI3·H2O 

The establishment of the reversible transition between CH3NH3PbI3 and 

CH3NH3PbI3·H2O enables us to obtain their vibrational spectra and to further study the 

phase transition. Figure 5-1 shows the IR spectra of CH3NH3PbI3, fresh and dehydrated 

CH3NH3PbI3·H2O as in Figure 4-2. The IR spectrum of CH3NH3PbI3 is nearly identical to 

those reported before [115, 117] except the carbon dioxide IR peaks at ~2400 cm-1 

(antisymmetric stretching; large) and 3600-3800 cm-1 range (combination bands; weak) 

[118] since the FTIR measurements are conducted in ambient air. Comparing the spectra 

of CH3NH3PbI3 and dehydrated CH3NH3PbI3·H2O, it is further confirmed that the 

dehydrated monohydrate is CH3NH3PbI3. However, the dehydrated monohydrate (blue 

curve in Figure 4-2) has a broad water absorption band near 3450 cm−1. This broad band is 
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also present in the spectrum of fresh monohydrate and it is due to residue water initially 

adsorbed to fresh monohydrate when it is extracted from the reaction solution. 

 

Figure 5-1: FTIR spectra of perovskite samples 

To unambiguously identify major IR features of CH3NH3PbI3·H2O and its 

dehydrated product, monohydrate sample with much less surface water residue is prepared. 

The sample dehydrates slowly in ambient air and the transition is monitored with FTIR (Ge 

sATR). Figure 5-2 shows the evolution of IR spectrum as the fresh monohydrate 

dehydrates and become perovskite in about 89 mins. The major changes in spectrum can 

be summarized as follows from high to low wavenumber: (1) The disappearance of two 

sharp peaks near 3500 cm−1; (2) asymmetric stretching mode of NH3
+ remaining the same, 

but several peaks in the 3000 cm−1 region disappearing accompanied by the emergence of 

the symmetric stretching mode of NH3
+ at 3133 cm−1; (3) two modes in the 1500 cm−1 
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region disappearing; (4) spectral shifts for three peaks in the region of 1300−900 cm−1. It 

can also be seen that the broad water absorption band near 3500 cm−1 is not so visible in 

both fresh and degraded monohydrate due to the elimination of water residue. 

 

Figure 5-2: Evolution of IR spectrum of CH3NH3PbI3·H2O in ambient air 
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5.3 Signature Vibration Modes by First-Principles Calculations 

Based on the above experimental FTIR results and first-principles calculations done 

by our collaborator Dr. Viktor G. Hadjiev, we are able to identify major IR signatures of 

CH3NH3PbI3·H2O. Table 2 summarizes the assignment and peak positions of vibrational 

modes. Similar to the broad water absorption band, the two narrow peaks at 3527 cm−1 and 

3467 cm−1 belong to the asymmetric and symmetric O−H stretching modes of water. The 

appearance of the band at 1520 cm−1 in Figure 5-1 and 5-2b also correlates with that of the 

two stretching modes of water. The notable water-related IR feature in monohydrate is the 

relatively sharp band at 2954 cm−1. This band is of particular significance because it reflects 

the hydrogen bonding between CH3NH3
+ and H2O that locks otherwise orientationally 

disordered molecules in PbI6 cage.  

Table 2 Measured vibrational modes of perovskite and monohydrate. 

IR band assignment 
CH3NH3PbI3  

(cm-1) 
CH3NH3PbI3·H2O 

(cm-1) 
Exp. Exp. Calc. 

CH3-NH3
+ rock 910 943 952 

CH3-NH3
+ rock 961 955 962 

CH3-NH3
+ stretch  994 1017 

CH3-NH3
+ rock 1248 1260 1277 

CH3 bend 1422 1427 1434 
CH3-NH3

+ bend 1469 1460 1460 
H2O bend  1520 1522* 
NH3

+ bend 1579 1593 1590 
NH3

+ bend  1624 1642 
asym. NH3

+ stretch  2954 2964* 
sym. CH3 stretch 2916 2983 2995 
asym. NH3

+ sym. CH3 stretch  3075 3042 
sym. NH3 stretch 3133   
asym. NH3

+ stretch 3176 3176 3253* 
sym. H2O stretch  3467 3466* 
asym. H2O stretch  3526 3520* 
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Figure 5-3 displays the three characteristic O−H vibrations of water molecules in 

CH3NH3PbI3·H2O, calculated at 1522, 3466, and 3520 cm−1. The O−H vibrations in 

CH3NH3PbI3·H2O have lower frequencies than those in water vapor due to the dielectric 

properties of CH3NH3PbI3 cage. In CH3NH3PbI3·H2O, the distance between one of the 

hydrogen atoms of NH3
+ and O of neighboring H2O molecule is 1.93 Å - typical for 

hydrogen bond lengths [119]. One of the interesting revelations is the pair of vibrational 

modes at 2964 cm−1 (exp. 2954 cm−1) and 3253 cm−1 (exp. 3176 cm−1). It involves the same 

N−H vibrations of the highest frequency doubly degenerate E mode of a free MA molecule 

split off in CH3NH3PbI3·H2O to a lower frequency Au and higher frequency Bu modes. In 

the Au mode at 2964 cm−1, the H vibration is along the O−H−N hydrogen bond, whereas 

in the highest frequency Bu mode it is parallel to the H2O plane. We find this the most 

distinctive signature for the formation of hydrogen bonds between CH3NH3
+ and H2O. On 

the other hand, the CH3NH3
+ vibration at 3253 cm−1 remains unchanged in going from 

perovskite to monohydrate. The rest of the molecular vibrations are shown in Figure 5-4. 

 

Figure 5-3: Lattice structure and signature molecular vibrations of monohydrate 
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Figure 5-4:  Atomic displacements of IR modes in monoclinic CH3NH3PbI3·H2O 

5.4 In Situ FTIR Monitoring of Hydration and Phase Transition 

In order to monitor the perovskite water uptake and phase transition in situ, a lab-

built RH controlled Ge-sATR setup is employed (Figure 5-5). The sample is pressed into 

a pellet on the Ge crystal. The chamber is connected to the moisture generation setup as 

mentioned in Section 2.6 and moist N2 (RH > 95%) is passing through the chamber.  

 

Figure 5-5: Picture of lab-built RH controlled Ge-sATR setup 
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The dehydrated monohydrate perovskite sample as mentioned in Section 5.2 is then 

pressed into a pellet on Ge-sATR and exposed to moist N2 (RH > 95%). Figure 5-6 shows 

the in situ FTIR spectra of its hydration and later phase transition processes. Although the 

transformation between CH3NH3PbI3·H2O and CH3NH3PbI3 is reversible, in situ FTIR 

measurement reveals a big difference in the microscopic process between hydration and 

dehydration processes. 

 

Figure 5-6: Evolution of IR spectrum of dehydrated monohydrate exposed to moisture 
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In contrast to the dehydration process shown in Figure 5-2, CH3NH3PbI3·H2O is 

not formed until about 300 s later despite the rapid appearance of water absorption band at 

3500 cm−1 region. This observation indicates that adsorbed water molecules do not 

transform CH3NH3PbI3 perovskite to its monohydrate phase immediately; while in the 

reverse dehydration process, water molecules do not stay with perovskite when 

monohydrate is decomposed. It is also noted the concomitant appearance of the absorption 

band at 1632 cm−1, which is the signature of bending mode of H2O molecule. The phase 

transition to monohydrate is marked by the emergence of two sharp peaks (3527 cm−1 and 

3467 cm−1) on the top of the broad band at 3500 cm−1; the relatively broad 1632 cm−1 band 

also diminishes, along with the appearance of the stronger 1520 cm−1 band and the 

signature 2954 cm−1 band. Note that the sharper band at 1624 cm−1 involves an NH3
+ bend 

mode in the monohydrate. Based on above observation, we propose that the transformation 

from CH3NH3PbI3 to CH3NH3PbI3·H2O requires two stages: (1) initial physical water 

uptake and (2) subsequent chemical phase transition.  

These two distinct stages are also observed in single crystal CH3NH3PbI3 sample. 

Same experimental conditions are used and the FTIR result is shown in Figure 5-6. In the 

first physical water uptake stage, the amount of water increases until the maximum is 

reached (Figure 5-7a). But once the phase transition starts, the broad band water absorption 

decreases while the narrow sharp water absorption bands grow (Figure 5-7b). Above 

observation implies that the water in CH3NH3PbI3·H2O comes from the water already 

adsorbed to perovskite, rather than the surrounding moist environment. In the water uptake 

stage before phase transition, all the IR bands of perovskite remained in the same positions, 

which is very different from a previous report [63].  
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Figure 5-7: Evolution of IR spectrum of single crystal perovskite exposed to moisture 

We then turn to CH3NH3PbI3 thin film samples. Figure 5-8a shows a ZnSe-mATR 

module in which the ZnSe crystal is partially coated with CH3NH3PbI3 thin film. Since the 

area of the ZnSe crystal is large, it is difficult to cover the whole surface with CH3NH3PbI3 

film. The ZnSe crystal is covered with a lab-built moisture chamber (not shown here) and 

moisture treatment is performed in the same way for Ge-sATR experiments. Figure 5-8b 

shows similar growing broad water absorption band when the CH3NH3PbI3 film is exposed 

to the same moisture environment. The big difference is that water uptake quickly becomes 
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saturated in a few minutes. There is no more water absorption band growth, let alone the 

phase transition over the next several hours with a continuous moisture treatment. 

Considering that the phase transition from CH3NH3PbI3 to CH3NH3PbI3·H2O will induce 

5.8% lattice volume increase and the polycrystalline thin film is quite compact at the 

microscale (Figure 3-3),  it is more difficult for these nanocrystals in the film to expand 

volume (i.e., phase transition) compared with the pellet samples in Figure 5-6 and 5-7. It 

is possible that the CH3NH3PbI3 film will eventually turn into CH3NH3PbI3·H2O with 

enough long moisture exposure duration [120]. 

 

Figure 5-8: Evolution of IR spectrum of perovskite thin film exposed to moisture 

5.5 Conclusion 

In this chapter, the IR spectra of CH3NH3PbI3 and CH3NH3PbI3·H2O are obtained. 

First-principles calculations are performed to identify and assign major IR signatures of 

CH3NH3PbI3·H2O. The interaction between CH3NH3PbI3 and water molecule is studied 

with in situ FTIR. The reversible transition between perovskite and it monohydrate 

observed in FTIR measurements is in consist with our XRD results. FTIR provides more 

microscopic information and two-stage phase transition process is discovered.
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Chapter 6 Moisture Uptake Measurement by QCM 

6.1 Introduction 

Although the water uptake and phase transition are monitored by FTIR, the exact 

amount of water absorbed by the perovskite film is still unknown. An estimation can be 

obtained using the OH peak area and optical model [63], but it is an indirect method and 

the accuracy is questionable. Here we use the quartz crystal microbalance which directly 

measures the mass change of the perovskite film with high accuracy. As mentioned in 

Section 2.5, the sensitivity of the QCM used in this study is ~0.5 ng/cm2. Considering a 

300 nm thick perovskite film coated on the QCM sensor, the film mass is 123540 ng/cm2 

since the density of tetragonal phase CH3NH3PbI3 is 4.118 g/cm3. If the perovskite film 

fully converts into CH3NH3PbI3·H2O, its mass will increase by ~3583 ng/cm2 (~ 2.9 %) 

which is much higher than the equipment sensitivity. Therefore, QCM is an ideal tool to 

measure the water absorption in CH3NH3PbI3 film. 

6.2 Moisture Uptake of CH3NH3PbI3 Thin Film 

It has been shown in the FTIR result (Figure 5-7) that the CH3NH3PbI3 thin film 

absorbs a negligible amount of water in the ambient air (RH ~45%). It is further confirmed 

by the QCM test. The CH3NH3PbI3 coated QCM sensor is exposed to the same ambient air 

for 10 mins and is then mounted onto the QCM flow module. After that, dry N2 is passing 

through the flow module and the mass of the film is monitored in real time. Figure 6-1 

shows the mass change of this film under dry N2 treatment. No obvious mass loss is noticed, 

which indicates that the amount of water absorbed in the film is below the detection limit. 
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Figure 6-1: Mass change of air exposed CH3NH3PbI3 film under dry N2 treatment 

Since the humidity levels can be precisely controlled by the QCM humidity module, 

more insight into the water uptake mechanism then can be gained by monitoring the 

absorbed water molecules at different RH levels. The QCM curve Figure 6-2a shows the 

total amount of water is limited depending on the RH level. It is noted that the mass increase 

from 33% RH to 84% RH is only 0.4%. Recall that 2.9% mass change is expected for the 

perovskite hydration process, the amount of absorbed water at 84% RH is not sufficient to 

convert the CH3NH3PbI3 into CH3NH3PbI3·H2O. Another experiment is performed to 

double check the above observation and the result is shown in Figure 6-2b. The film has a 

similar thickness as the one in Figure 6-2a, which is known from their initial film mass. 

The mass change at 84% RH is ~0.32% which is very close to that in Figure 6-2a. Is there 

a limit to the amount of water uptake? To order to answer this question, the film mass 

should be measured at near saturated humidity condition. In principle, 100% RH can be 

achieved by flowing deionized water through the humidity module. But it is very easy to 
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form liquid water droplets on the perovskite film and destroy the sample. Such problem 

can be avoided by using K2SO4 saturated solution while still having near saturation 

humidity. At the RH level of ∼98%, the mass of the perovskite film increased by ~2.9%, 

corresponding to 1:1 H2O/CH3NH3PbI3 molar ratio. QCM results also reveal a very 

surprising observation: the amount of adsorbed water drops very quickly as RH is reduced 

from the saturation level, by nearly 7 times at the RH of 84%.  

 

Figure 6-2: QCM water uptake curves at increasing RH levels 
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Based on above results, a water vapor sorption isotherm is drawn as shown in 

Figure 6-3, which makes the water uptake process more intuitive. It is very clear that the 

CH3NH3PbI3 film absorbs very few water until the RH is above 84%, and then quickly 

increases as the RH increases. It is worth mentioning that, the film is still in perovskite 

phase after 98% RH moisture treatment in Figure 6-2b. In other words, CH3NH3PbI3·H2O 

is not formed even when the 1:1 H2O/CH3NH3PbI3 molar ratio is reached. These 

observations are in good agreement with FTIR results. We propose a scenario that one 

water molecule penetrates into each CH3NH3PbI3 unit cell and shares the room with 

CH3NH3
+ without forming hydrogen bond with it. It is a fact that the space in the PbI6 

octahedral cage is large enough for the CH3NH3
+ cation and one H2O molecule. The inset 

in Figure 6-3 shows a schematic of water-infiltrated perovskite when H2O/CH3NH3PbI3 

ratio reaches 1:1 at the highest RH level. 

 

Figure 6-3: Water vapor sorption isotherm from Figure 6-2 
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6.3 Conclusion 

In conclusion, it is confirmed by QCM measurements that the CH3NH3PbI3 film 

absorbs a negligible amount of water from the ambient environment. The water absorption 

process is monitored by QCM in situ with increasing the humidity level. The perovskite 

film absorbs very few water molecules until the RH reaches 84%. At the highest achievable 

RH of 98%, the mass of perovskite film increases about 2.9% corresponding to one water 

molecule per CH3NH3PbI3 unit cell. However, the film is still in its perovskite phase. The 

lack of interaction in water-infiltrated perovskite is likely a result of dynamic orientational 

disorder imposed by tetragonal lattice symmetry.
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Chapter 7 Effects of Moisture on Material Properties 

7.1 Introduction 

The effect of water on organic-inorganic halide perovskites has been the focus of 

many studies since the very beginning of this research field. In previous chapters, attention 

has been paid to the understanding of water – perovskite interaction mechanism and 

process. We are now in a position to investigate the effect of water molecules on the 

properties of CH3NH3PbI3 samples. A comprehensive set of techniques is used to probe a 

variety of properties, including the microscale morphology, lattice parameters, band gap, 

photoluminescence, photoconductivity, and material stability. These measurements 

provide an all-around view of how would moisture exposure affect the perovskite material 

and devices. 

7.2 Morphology  

Although water is believed as the major reason for OIHP materials’ decomposition, 

there have been quite a few reports on the benefits of moisture exposure during perovskite 

film formation by improving the film quality, grain size, photophysical properties, and 

eventually the solar cell performance [121-126]. In these studies, water molecules were 

introduced during the perovskite film formation or annealing, and water was found to 

promote the crystal formation. The effects of water molecules on the film morphology and 

grain size of the already-formed CH3NH3PbI3 film are investigated in this dissertation. 

Fresh samples are prepared and sealed in RH chambers in the N2 filled glovebox, different 

moisture treatments are then performed. SEM is used to study the morphology of the 
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CH3NH3PbI3 film. As an initial test, three films prepared in the same batch are treated with 

different humidity conditions (i.e., dry N2, 53% RH N2, 84% RH N2) and Figure 7-1 shows 

the SEM images after 1-hour treatment. Compared with the reference sample in the dry N2 

atmosphere, no obvious change can be seen in the sample exposed to 53% RH N2. It is 

clear that the 84% RH N2 treated film has larger grain size compared with the other two, 

while still maintains a compact film morphology.  

 

Figure 7-1: SEM images of CH3NH3PbI3 films after exposure to different atmospheres 

Since the SEM images of perovskite films before treatment are not recorded, it is 

possible that the grain size difference in Figure 7-1 is because of the variance in samples. 

To obtain more trustable results, the perovskite film morphology of the same area before 

and after moisture treatment is studied. Same moisture treatment condition is used for all 

experiments which is ~87% RH N2 for 1 hour. Figure 7-2 shows three representative 

situations: (1) the effect of moisture treatment is very limited if the initial film morphology 

(e.g., grain size, smoothness) is good (Figure 7-2a and 7-2b); (2) the rough surface can be 

“healed” by moisture exposure (Figure 7-2c and 7-2d); (3) for raw film with small grain 

size and rough surface, larger grain size and smoother surface can be obtained after 

moisture process. Additional experiments are conducted and similar results are observed. 
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Therefore, the benefit of moisture treatment on CH3NH3PbI3 film morphology is confirmed 

and more understanding is gained about this process. 

 

Figure 7-2: SEM images of CH3NH3PbI3 films before and after moisture exposure 

To quantify the grain size growth in Figure 7-2e and 7-2f, the SEM images are 

processed using ImageJ software and the results are shown in Figure 7-3. Figure 7-3a and 
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7-3b show the SEM images overlapped with grain outlines. The statistic results clearly 

show that the average grain size increases along with the decrease of total grain count in 

the same film area.  

 

Figure 7-3: Image processing and statistic results of grain size growth 

7.3 Lattice Expansion Probed by XRD 

As mentioned before, water is also believed to be able to penetrate the crystal lattice 

of perovskite [63, 127, 128]. However, there is no direct experimental evidence to show 

any changes to the perovskite lattice. Our observation of the maximum water absorption at 

1:1 CH3NH3PbI3/H2O ratio indicates that water molecules do permeate into the lattice 

structure of perovskite. In situ XRD measurements are performed to monitor the change in 
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lattice parameters of the CH3NH3PbI3 film under continuous moist N2 treatment. An XRD 

apparatus with a relative humidity control system has been described in Section 2.1. 

CH3NH3PbI3 unit cell parameters are obtained with Rietveld refinement of the 

experimental XRD patterns at three stages: (1) 30 mins dry N2 pre-purging; (2) 60 mins 

moist N2 (~84% RH) treatment; (3) 30 mins dry N2 post-purging. Figure 7-4 shows 

experimental XRD pattern of stage “(3)” and its whole pattern fitting result. The bottom 

curve shows the difference between the experimental and fitting curves. Table 3 lists the 

Rietveld refinement results of CH3NH3PbI3 unit cell parameters. Since CH3NH3PbI3 is in 

tetragonal phase at room temperature, parameter a equals to b. The wRp is the “goodness 

of fit” which should approach 1, and these values in Table 3 indicate a relatively good 

fitting. The result in Table 3 is also visualized in Figure 7-5. As can be seen, the 

CH3NH3PbI3 unit cell expands in all three directions with about 1% volume expansion after 

60 mins moist N2 exposure, and the unit cell expansion recovers after another 30 mins dry 

N2 post-treatment.  

 

Figure 7-4: Experimental XRD pattern of CH3NH3PbI3 film and its fitting result 
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Table 3 Unit cell refinement results for CH3NH3PbI3 film powder XRD patterns 

Scan # Treatment a (Å) b (Å) c (Å) 
Unit Cell 

Volume (Å3) 
wRp

1 30 mins dry N2 8.887(4) 8.887(4) 12.667 (7) 1000.5(8) 5.00 

2 
60 mins moist 
N2 (85%RH) 

8.9099(6) 8.9099(6) 12.721(2) 1009.9(2) 4.70 

3 
another 30 min 

dry N2 
8.8916(9) 8.8916(9) 12.692 (2) 1003.5(2) 3.40 

 

Figure 7-5: Change in perovskite unit cell volume when exposed to dry and moist N2 

7.4 Bang Gap Energy 

It was predicted that the band gap of CH3NH3PbI3 will increase as a result of the 

expanded unit cell [61, 63]. We use UV-Vis spectroscopy to monitor the band gap change 

under moisture treatment. The CH3NH3PbI3 film is spin-coated on a glass substrate and 

then mounted in the lab-built RH chamber. Moist N2 with ~90% RH is used to treat the 

sample. The absorption spectra are collected after different treatment processes in sequence 
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and the results are shown in Figure 7-6. The onset at ~750 nm is the absorption feature of 

CH3NH3PbI3. The observations can be summarized as follows: (1) the dry N2 treatment has 

almost no effect on the absorption curve of the ambient air exposed CH3NH3PbI3; (2) the 

absorption increases after 10 mins moist N2 exposure and saturates after 30 mins treatment; 

(3) the 60 mins post dry N2 processing does not affect the absorption, and the change 

induced by moisture treatment is irreversible. Tauc plots are used to determine the band 

gap energy of the sample at different stages throughout the whole experiment. As shown 

in Figure 7-7, no apparent band gap change can be observed. The high RH moisture 

treatment increases the absorption of CH3NH3PbI3 film while does not affect its band gap. 

A plausible scenario is that the moisture treatment improves the perovskite film quality, 

leading to an increase in the absorption coefficient. 

 

Figure 7-6: The UV-Vis absorption spectra of CH3NH3PbI3 film 
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Figure 7-7: Tauc plots for bang gap energy determination of CH3NH3PbI3 film  

7.5 Photoluminescence 

The photoluminescent properties of CH3NH3PbI3 are investigated with the micro-

PL spectroscopy setup as mentioned in Section 2.4. Similar to the UV-Vis experiment, the 

CH3NH3PbI3 film is mounted in an RH chamber which is connected to the moisture 

generation setup. The ambient exposed perovskite film is first treated with the dry N2 flow, 

and the normalized PL spectra after different treatment durations are shown in Figure 7-8. 

Both the PL spectrum shape and peak position keep the same. To further confirm such 

observation, a new perovskite film is prepared and sealed in the RH chamber inside of the 

N2 filled glovebox which means the film has no initial exposure to the ambient air. The 
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perovskite’s PL spectra are collected firstly under dry N2 environment and then in the 

ambient air. There is no PL peak position change. Above results demonstrate that humidity 

of ambient air (i.e., ~45% RH) has hardly any effect on band edge emission of CH3NH3PbI3 

film, which is in consistent with our FTIR, XRD, and UV-Vis results.  

 

Figure 7-8: Normalized PL spectra of CH3NH3PbI3 film under dry N2 treatment 

It has been reported that the PL intensity of CH3NH3PbI3 film will change under 

continuous laser irradiation even in the inert gas atmosphere (e.g., N2, Ar) and different 

mechanisms have been proposed such as structural transformations [129], trap state de-

activation [130, 131], halide redistribution [132]. Experiments are performed in this 

dissertation to confirm these reported observations and the experimental results are shown 

in Figure 7-9. Fresh CH3NH3PbI3 film is sealed in a small chamber in the glovebox, and 

the PL peak intensity is monitored under laser excitation for 15 mins.  Three randomly 

selected sample positions are used to check the uniformity of photophysical property across 

the whole perovskite film. As can be seen, the PL peak intensity increases very fast upon 



 
 

68 
 

laser irradiation and the rate slows down after ~1 min. Results obtained from three different 

positions are very similar. Ambient air is then pumped into the chamber and the same 

experiment is done on a new sample position. The PL peak intensity shows a similar 

increment trend, however, the enhancement is almost double of that in dry N2. It is worth 

to mention that the PL peak wavelength for each sample keeps the same during the course 

of the measurement. The laser irradiation and environmental factors induced PL 

enhancement phenomenon is therefore demonstrated. The additional PL enhancement in 

the ambient air could be a combined effect of oxygen and moisture. 

 

Figure 7-9: CH3NH3PbI3 film PL peak intensities under continuous laser irradiation 

To isolate the effect of water molecules on the PL enhancement, experiments are 

designed as follows: (1) laser irradiation is only applied when measuring the PL spectrum, 

in order to minimize the laser-induced PL increase; (2) to eliminate the influence of oxygen, 

moist N2 is passed through the chamber instead the ambient air; (3) PL spectra are taken -

from the same sample position throughout the experiment. Figure 7-10 shows the PL 
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spectra after initial 30 mins dry N2 (black curve), 60 mins moist N2 (RH > 95%) treatment 

(red curve), and post 30 mins dry N2 (blue curve) treatment. The PL becomes enhanced by 

several folds upon the water infiltration and the intensity further increases after post dry N2 

process. As mentioned above, no PL spectral shift is observed for the results in Figure 7-8 

and 7-9. However, the PL peak position experiences a red shift after exposing to N2 with 

nearly saturated humidity (RH > 95%), as shown in Figure 7-11. It is known that some 

photons emitted from the laser excitation position will be confined inside the CH3NH3PbI3 

film and re-emits from another location, and the energy will also be absorbed by the 

material during its propagation [133]. Compared with a film with small grain size and 

rough morphology, such confined light in a film with larger grain size and smoother surface 

can travel a longer distance before out-coupling into the free-space via interface leaking or 

scattering. As a result, its spectrum will experience more red-shift due to more self-

absorption. Recall the results in Section 7.2, the spectrum red shift in Figure 7-11 is very 

likely a consequence of improved film morphology. 

 

Figure 7-10: PL spectra of CH3NH3PbI3 film after dry and moist N2 process 
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Figure 7-11: Normalized PL spectra of CH3NH3PbI3 film under moist N2 treatment 

7.6 Photoconductivity 

Photoconductivity is an important parameter to characterize the optoelectronic 

property of CH3NH3PbI3 film. To study the photoconductivity, CH3NH3PbI3 film 

photodetector devices are fabricated. As shown in Figure 7-12, gold contacts (50 nm thick) 

are first deposited on clean glass substrate via electron-beam deposition, and the shadow 

mask is used during deposition to create a 125 m wide channel. CH3NH3PbI3 film is spin-

coated on such substrate and a small part of the gold electrode is exposed for electrical 

wiring. The device is mounted in a sealed chamber and the photocurrent is measured by a 

source-meter.  

 

Figure 7-12: Schematic of CH3NH3PbI3 film photodetector 



 
 

71 
 

Figure 7-13 shows the photoconductivity measurement results of four CH3NH3PbI3 

film photodetector devices. Dark current and photocurrent are first measured in the N2 

atmosphere. After that, 53% RH N2 and 84% RH N2 are passed through the chamber in 

sequence to see the effect of moisture on photocurrent. As shown in the figure, the 

photocurrent under 53% RH N2 is very close to that under dry N2. However, the 

photocurrent is enhanced by several folds under 84% RH N2 condition. Since it has been 

shown in this chapter that the moisture treatment can improve the quality of CH3NH3PbI3 

film, it is reasonable to observe such enhancement in photoconductivity. In a CH3NH3PbI3 

film with smoother surface and larger grains, the photo-generated free electrons can travel 

a longer distance as a result of less electron scattering at surface and grain boundaries.  

 

Figure 7-13: Photoconductivity results of four CH3NH3PbI3 film photodetector devices 
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7.7 Long-Term Stability 

As discussed in Chapter 5, water IR signal is not observed in the ambient air 

exposed CH3NH3PbI3 films. It is necessary to study its long-term stability in ambient 

conditions from a practical point of view. Perovskite films are prepared on double-side-

polished silicon substrates and their IR spectra can be measured using transmission mode 

in FTIR spectrometer. The water absorption in the ambient environment is first studied to 

insure the property of perovskite materials is consistent among all types of samples used 

in this dissertation. Figure 7-14 shows the IR spectra of a film sample stored in a vacuum 

chamber and after 10 mins exposure to ambient air (RH ~45%). Two spectra are almost 

identical and no water IR signal can be seen. 

 

Figure 7-14: IR spectra of perovskite film in vacuum and after ambient air exposure 

To perform the long-term stability test, the IR spectrum of CH3NH3PbI3 film is first 

collected and the sample is then stored in the ambient environment in the dark. Since the 

UV light is found to be harmful to this material [134, 135], light exposure is only allowed 
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during the period of measurements. Figure 7-15 shows the IR spectra of fresh CH3NH3PbI3 

film and after 130 days storage in ambient air: (1) no water signal is found in both spectra 

which again demonstrates that CH3NH3PbI3 film absorbs a negligible amount water in ~45% 

RH ambient air; (2) the positions and intensities of 3133 and 3176 cm-1 IR peaks (NH3
+ 

stretching modes) remain almost the same, which indicates the CH3NH3PbI3 does 

decompose into PbI2 or become hydrates.  

 

Figure 7-15: IR spectra of fresh perovskite film and after 130 days in ambient air 

7.8 Conclusion 

In this chapter, we systematically investigate the influences of water molecules on 

the CH3NH3PbI3 perovskite material properties. High RH N2 treatment induces 

morphology changes in perovskite film, including grain size growth and surface smoothing. 

Based on the XRD results, water molecules are found to penetrate into the CH3NH3PbI3 

lattices and expand the unit cell volume. After the moist N2 treatment, its absorption 

coefficient increases while the band gap energy remains the same. Similar to the UV-Vis 
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results, both the photoluminescence and photoconductivity become enhanced during and 

after moisture process. The PL spectrum experiences a red-shift upon moisture exposure. 

FTIR measurements provide strong evidence of the long-term stability of CH3NH3PbI3 

film in ambient conditions when kept in the dark. All the above discussed experimental 

results are in good agreement with each other. 
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Chapter 8 Deuterium-Isotope Study 

8.1 Introduction 

Since the interaction between CH3NH3PbI3 and H2O molecule has been the main 

subject of this dissertation, it is worthy performing experiments using deuterium oxide (i.e., 

D2O). On one hand, the deuterium-isotope study can further confirm the observations and 

conclusions in the H2O study; on the other hand, more information about the water- 

CH3NH3
+ cation interaction can be revealed by using D2O water molecule as the probe. 

For the deuterium-isotope study, D2O water (99.9% purity, Cambridge Isotope 

Laboratories) is used to produce moist N2. To minimize the contamination of H2O, the 

moisture generation setup is sealed while not in use and all the experimental chambers are 

purged with the dry N2 flow before each measurement. 

8.2 Hydration of CH3NH3PbI3 by Deuterium Oxide 

It is mentioned in Section 5.4 that the CH3NH3PbI3 single crystal powder can be 

converted into CH3NH3PbI3·H2O under near-saturated moisture treatment, and such 

perovskite monohydrate is also expected to be obtained by treating the sample with D2O 

moisture. To check its quality, a drop of D2O water is placed onto the Ge-sATR and the IR 

spectrum is shown in Figure 8-1. The IR spectrum of liquid H2O is also displayed in the 

figure for reference. Due to larger atom weight of D, all the vibrational frequencies move 

to lower wavenumbers for D2O [136]. It is clear that there is no detectable H2O in the D2O. 

After that, the CH3NH3PbI3 powder is treated with near saturated D2O moisture and its 

color gradually turn into pale yellow which indicates the formation of perovskite hydrate. 
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Figure 8-2 shows the XRD pattern of such obtained D2O hydrate and the major peak 

positions match those of CH3NH3PbI3·H2O. Note that monohydrate will dehydrate during 

the XRD measurement, and that is why it contains some CH3NH3PbI3 related features. 

 

Figure 8-1: IR spectra of D2O and H2O droplets 

 

Figure 8-2: XRD patterns of perovskite hydrates (D2O and H2O) 
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The perovskite D2O monohydrate is then placed in an oven for dehydration process, 

and the XRD pattern of the oven-dried sample is shown in Figure 8-3. The oven-dried D2O 

monohydrate has same XRD pattern as that of CH3NH3PbI3, and no PbI2 feature is noticed 

in the XRD pattern. The PL spectra of such sample are also measured. As shown in Figure 

8-4, spectra are taken from three different positions of powder sample which is spread on 

clean silicon substrate. The PL peak shape and position is similar as that of pristine 

CH3NH3PbI3 (Figure 7-8).  

 

Figure 8-3: XRD patterns of dehydrated D2O and H2O monohydrates 
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Figure 8-4: PL spectra of dehydrated perovskite D2O monohydrate 

8.3 FTIR Study of the D2O Hydrate 

Since the vibrational frequencies of H2O and D2O are different, it is expected to see 

new crystalline water related IR peaks in D2O monohydrate. As shown in Figure 8-5, D2O 

monohydrate (red curve) shows many new IR features, but the situation is more complex 

than we expected. First, H2O crystalline water IR peaks (3500 cm-1 region and 1520 cm-1) 

are observed, which are very similar to that in CH3NH3PbI3·H2O. This is quite strange 

because the D2O used in the experiment has a 99.9% purity (Figure 8-1) and the whole gas 

flow system is isolated from ambient air. The new peaks in 2500 – 2600 cm-1 region and 

at ~1170 cm-1 can be assigned to the stretching vibrations and bending mode of D2O in the 

monohydrate, respectively. There are still several peaks at 2200 – 2400 cm-1 region which 

should not be water related features. To confirm this, the IR spectrum of oven-dried D2O 

monohydrate is measured and shown in blue curve. As can be seen, all the water (D2O or 
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H2O) related IR peaks vanish in the dehydrated sample. However, these peaks at 2200 – 

2400 cm-1 region are still there. In the H2O monohydrate (i.e., CH3NH3PbI3·H2O) case, the 

IR spectrum of the oven-dried sample is identical to that of CH3NH3PbI3 (Figure 8-6). 

Putting all these observations together, one possible scenario is that some hydrogen atoms 

have been substituted by deuterium atoms (i.e., H-D exchange). Since water molecules will 

form hydrogen bonds with the hydrogen atoms on NH3
+ in perovskite monohydrate, these 

H atoms are more likely to be replaced via H-D exchange [137]. As a result, ND3
+ and H2O 

can be created. The coexistence of H2O, D2O, NH3
+, ND3

+, as well as their potential 

intermediates such as HDO, NHD2
+ can be observed in the FTIR spectra. Based on 

previous reports [138, 139], the 2386 cm-1 and 2217 cm-1 peaks can be assigned to the 

asymmetric and symmetric N-D stretching in CH3ND3
+, respectively. The other two peaks 

at 2332 cm-1 and 2281 cm-1 should be the N-D vibrations in the partially deuterated 

analogues such as CH3NHDD+, CH3NHHD+, CH3NHDH+.  

 

Figure 8-5: IR spectra of D2O monohydrate and its dehydrated product 
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Figure 8-6: IR spectra of H2O monohydrate and its dehydrated product 

8.4 Conclusion 

In conclusion, D2O perovskite monohydrate is successfully obtained by treating the 

CH3NH3PbI3 powder sample with deuterium oxide moisture. XRD and photoluminescence 

measurements show no difference between H2O perovskite monohydrate and D2O 

perovskite monohydrate, between dehydrated H2O perovskite monohydrate and 

dehydrated D2O perovskite monohydrate. FTIR results confirm the crystalline water 

assignment of 3526 cm-1 and 3467 cm-1 IR  peaks in CH3NH3PbI3·H2O. Furthermore, a 

very interesting H-D exchange process is observed between the D of D2O and the H of 

NH3
+ after D2O penetrating into perovskite lattice.  
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Chapter 9 Discussion and Conclusion 

A complete picture of CH3NH3PbI3 perovskite from initial physical uptake of water 

molecules to final chemical transition to its monohydrate CH3NH3PbI3·H2O is obtained: 

despite strong affinity of CH3NH3
+ to water, CH3NH3PbI3 absorbs almost no water from 

ambient air; water molecules penetrate the perovskite lattice and share the space with 

CH3NH3
+ cation up to one H2O per CH3NH3

+ at high-humidity levels, and such absorbed 

water has no effect on the CH3NH3
+ vibrational frequencies; the interaction between 

CH3NH3
+ and H2O through hydrogen bonding is not established until the phase transition 

to monohydrate CH3NH3PbI3·H2O where H2O and CH3NH3
+ are locked to each other.  

 

Figure 9-1: Schematic illustration of CH3NH3PbI3 from initial physical uptake of water 
molecules to final chemical transition to CH3NH3PbI3·H2O 

In the water-saturated CH3NH3PbI3, the water molecules and CH3NH3
+ cations fill 

up the space enclosed by PbI6 octahedrons as in CH3NH3PbI3·H2O, while water has no 

effect on the IR spectrum of CH3NH3
+ which is different from the situation in 

CH3NH3PbI3·H2O. This lack of hydrogen bonding in perovskite is surprising: on one hand, 

it is in direct contradiction to previous reported simulations and observation; on the other 

hand, this difference is expected because the dynamics of water and CH3NH3
+ molecules 
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in perovskite is different from that in monohydrate. In monohydrate, the position and 

orientation of CH3NH3
+ and water molecules are locked to each other. This is a general 

property of stoichiometric hydrates such as gypsum CaSO4·2H2O [140]. The sharp peaks 

of stretching and bending modes are a strong indication of isolated and locked water 

molecules. But the situation in perovskite is different: in order to satisfy the tetragonal 

lattice symmetry of perovskite, CH3NH3
+ and water molecules cannot be locked. As a 

result, the rigid hydrogen bond between H of NH3 and O of H2O cannot be established. 

Even when water and CH3NH3
+ are locked in perovskite monohydrate, certain vibration 

modes such as the asymmetric stretching mode of NH3
+ at 3253 cm−1 remain the same as 

shown in Figure 5-3 because this mode does not feel an electrostatic force from the 

neighboring water molecule. When a polar molecule such as H2O or CH3NH3
+ has dynamic 

orientational disorder, its net effective or average dipole moment becomes zero. Such weak 

effective interaction is also observed in several ammonia salts - the stretching vibrations of 

NH4
+ are not affected by the surrounding water molecules [141, 142]. 

The weak interaction between water and CH3NH3
+ can also be seen from the vapor 

isotherm curve in Figure 6-3. Such curve is typical for hydrophobic crystals [143]. The 

sharp increase of water uptake and saturation at the phase transition vapor pressure is also 

the characteristic of the anhydrous phase of stoichiometric hydrates [144, 145]. Water 

infiltration into perovskite-like oxides is a common strategy to enhance proton conductivity 

[146], and the diffusion is possible because of available space or channels in perovskite 

[147].In many cases, the infiltration will not change the crystal structure but will expand 

the unit cells as observed in our case [148, 149].  



 
 

83 
 

The effects of moisture on CH3NH3PbI3 perovskite material stability are 

systematically investigated. As a result of weak interaction between H2O and CH3NH3
+, 

the CH3NH3PbI3 film is found to be quite stable in ambient conditions. Surprisingly, high 

humidity moisture treatment can modify the morphology of CH3NH3PbI3 film by 

increasing the grain size and smoothing the surface. It is well-known that larger grains can 

reduce defect states and grain boundaries, thus leading to better device performances. Both 

the optical absorption coefficient and photoluminescence intensity of CH3NH3PbI3 

increases upon high RH moisture exposure, and the PL spectrum experiences a red-shift. 

Photoconductivity is also found to be enhanced under moisture atmosphere. These changes 

in CH3NH3PbI3 optoelectronic property are well correlated with each other.  

For future work, further investigations should be conducted to fully understand the 

mechanism of grain growth after moisture treatment. Although Ostwald ripening is very 

likely to be the reason, it is still unclear why such recrystallization will happen in a non-

liquid environment. It has been demonstrated that both CH3NH3
+ and I- ions can migrate 

in CH3NH3PbI3 under certain conditions. The relationship between morphology change 

and ion migration is also a good research direction. 

Moisture in ambient air has been considered as the reason for the performance drop 

in CH3NH3PbI3 solar cells for quite a long time, while our study demonstrate that the 

CH3NH3PbI3 material is actually very stable under ambient humidity level. There is a 

reason to believe that other factors are playing more dominant role in the CH3NH3PbI3 

solar cell degradation. Since the device stability is now the most critical issue holding back 

the commercialization of perovskite solar cells, the study of further understanding the 

material properties and optimizing the device will undoubtedly continue.
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[131] J. F. Galisteo-LóPez, M. Anaya, M. Calvo, H. Míguez, "Environmental Effects on 

the Photophysics of Organic–Inorganic Halide Perovskites." The Journal of 

Physical Chemistry Letters, vol. 6, pp. 2200-2205, 2015.  

[132] W. Zhang, V. M. Burlakov, D. J. Graham, T. Leijtens, A. Osherov, V. Bulović, H. 

J. Snaith, D. S. Ginger, S. D. Stranks, "Photo-Induced Halide Redistribution in 

Organic-Inorganic Perovskite Films." Nature Communications, vol. 7, pp. 11683, 

2016.  

[133] L. M. Pazos-Outón, M. Szumilo, R. Lamboll, J. M. Richter, M. Crespo-Quesada, 

M. Abdi-Jalebi, H. J. Beeson, M. Vrućinić, M. Alsari, H. J. Snaith, "Photon 

Recycling in Lead Iodide Perovskite Solar Cells." Science, vol. 351, pp. 1430-1433, 

2016.  

[134] T. Leijtens, G. E. Eperon, S. Pathak, A. Abate, M. M. Lee, H. J. Snaith, 

"Overcoming Ultraviolet Light Instability of Sensitized TiO2 with Meso-

Superstructured Organometal Tri-Halide Perovskite Solar Cells." Nature 

Communications, vol. 4, pp. 2885, 2013.  

[135] G. Niu, X. Guo, L. Wang, "Review of Recent Progress in Chemical Stability of 

Perovskite Solar Cells." Journal of Materials Chemistry A, vol. 3, pp. 8970-8980, 

2015.  



 
 

102 
 

[136] S. Y. Venyaminov, F. G. Prendergast, "Water (H2O and D2O) Molar Absorptivity 

in the 1000–4000 cm− 1Range and Quantitative Infrared Spectroscopy of Aqueous 

Solutions." Analytical Biochemistry, vol. 248, pp. 234-245, 1997.  

[137] C. Thornton, M. Khatkale, J. P. Devlin, "Isotopically Decoupled Vibrational 

Spectra and Proton Exchange Rates for Crystalline NH3 and Ammonia Hydrate." 

The Journal of Chemical Physics, vol. 75, pp. 5609-5614, 1981.  

[138] G. Bator, R. Jakubas, J. Baran, "Vibrational Study of the Structural Phase 

Transitions in the (CH3ND3)3Sb2Br9 (d-MABA) Crystals by Infrared 

Spectroscopy." Vibrational Spectroscopy, vol. 25, pp. 101-113, 2001.  

[139] I. A. Oxton, O. Knop, J. Duncan, "The Infrared Spectrum and Force Field of the 

Methyl-Ammonium Ion in (CH3NH3)2PtCl6." Journal of Molecular Structure, vol. 

38, pp. 25-32, 1977.  

[140] P. Prasad, V. Krishna Chaitanya, K. Shiva Prasad, D. Narayana Rao, "Direct 

Formation of the γ-CaSO4 Phase in Dehydration Process of Gypsum: In Situ FTIR 

Study." American Mineralogist, vol. 90, pp. 672-678, 2005.  

[141] J.-J. Max, C. Chapados, "Aqueous Ammonia and Ammonium Chloride Hydrates: 

Principal Infrared Spectra." Journal of Molecular Structure, vol. 1046, pp. 124-135, 

2013.  

[142] D. Cziczo, J. Abbatt, "Infrared Observations of the Response of NaCl, MgCl2, 

NH4HSO4, and NH4NO3 Aerosols to Changes in Relative Humidity from 298 to 

238 K." Journal of Physical Chemistry A, vol. 104, pp. 2038-2047, 2000.  

[143] A. U. Ortiz, A. P. Freitas, A. Boutin, A. H. Fuchs, F.-X. Coudert, "What Makes 

Zeolitic Imidazolate Frameworks Hydrophobic or Hydrophilic? The Impact of 



 
 

103 
 

Geometry and Functionalization on Water Adsorption." Physical Chemistry 

Chemical Physics, vol. 16, pp. 9940-9949, 2014.  

[144] D. E. Braun, L. H. Koztecki, J. A. Mcmahon, S. L. Price, S. M. Reutzel-Edens, 

"Navigating the Waters of Unconventional Crystalline Hydrates." Molecular 

Pharmaceutics, vol. 12, pp. 3069-3088, 2015.  

[145]  Q. Ma, H. He, C. Liu, "Hygroscopic Properties of Oxalic Acid and Atmospherically 

Relevant Oxalates." Atmospheric Environment, vol. 69, pp. 281-288, 2013.  

[146] W. Fischer, G. Reck, T. Schober, "Structural Transformation of the Oxygen and 

Proton Conductor Ba2In2O5 in Humid Air: an In-Situ X-Ray Powder Diffraction 

Study." Solid State Ionics, vol. 116, pp. 211-215, 1999.  

[147] Y. Dang, Y. Liu, Y. Sun, D. Yuan, X. Liu, W. Lu, G. Liu, H. Xia, X. Tao, "Bulk 

Crystal Growth of Hybrid Perovskite Material CH3NH3PbI3." Crystengcomm, vol. 

17, pp. 665-670, 2015.  

[148] Ahmed, S.-G. Eriksson, E. Ahlberg, C. S. Knee, P. Berastegui, L.-G. Johansson, H. 

Rundlöf, M. Karlsson, A. Matic, L. Börjesson, "Synthesis and Structural 

Characterization of Perovskite Type Proton Conducting BaZr1− xInxO3−δ (0.0≤ x≤ 

0.75)." Solid State Ionics, vol. 177, pp. 1395-1403, 2006.  

[149] T. Omata, T. Fuke, S. Otsuka-Yao-Matsuo, "Hydration Behavior of Ba2Sc2O5 with 

an Oxygen-Deficient Perovskite Structure." Solid State Ionics, vol. 177, pp. 2447-

2451, 2006.  


