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Abstract

Halide perovskite solar cells have gained overall attention because of high power
convention efficiency and low-cost fabrication process. However, the most researchers use
glovebox for the perovskite fabrication as the perovskite materials are easily affected by
water, oxygen and other uncontrolled condition, which increases the fabrication cost and
prevent the commercialization of perovskite solar cells. Therefore, research in preparing
perovskite solar cells in ambient air condition is changeling and meaningful. Herein, the
thesis mainly focuses on the fabrication of high-performance perovskite solar cells in ambient
air condition.

In chapter 1, the background of perovskite solar cells is discussed. The existing
challenge is pointed out for the commercialization of perovskite solar cells. Finally, the
research state of ambient air processed perovskite solar cells are reviewed.

In chapter 2, the research on different acetate based antisolvent was compared for
preparing high-quality CH3NH;3Pbl3 perovskite film in the ambient air condition. The quality
of perovskite film was checked by UV-vis, X-ray, SEM and AFM spectra. The photovoltaic
performance was investigated by planar perovskite solar cells.

In chapter 3, alcohols were used as the additive into diethyl ether antisolvent for the
enhanced crystallization of CH3NH;3Pbl; perovskite layer in humid atmosphere. The results
were proved by the X-ray, SEM, AFM and FTIR spectra. The photovoltaic performance was
investigated by the planar perovskite solar cells.

In chapter 4, magnesium (II) iodide was used as a dopant into CH3NH;3Pbl3 perovskite
for enhanced crystallinity and stability. The magnesium doped perovskite showed a
decreased bandgap and deeper valence band level which was proved by the photoelectron
yield spectroscopy and UV-vis spectra. The perovskite film contained a bigger grain size
when magnesium was incorporated into the perovskite layer. Finally, the photovoltaic
performance was investigated by the mesoporous perovskite solar cells.

In chapter 5, a pyrene core based organic, 1-(ammonium acetyl) pyrene was used for
the 2D materials into CH3NH3Pbls perovskite layer for the 2D/3D heterostructure in humid
atmosphere. The 2D/3D perovskite film was proved by the X-ray spectra and showed obvious

stability in the humid air condition. Furthermore, 2D/3D perovskite showed an increased
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bandgap and deeper valence band level which was proved by the photoelectron yield
spectroscopy and UV-vis spectra. Finally, the photovoltaic performance was investigated by
the planar perovskite solar cells.

In chapter 6, all-inorganic perovskite, CsPbixGex[bBr, was prepared in the humid air
condition. The germanium incorporated CsPbl,Br perovskite showed great phase stability
compared to the pure CsPbl>Br perovskite, which was proved by the UV-vis spectra and X-
ray spectra. At last, the photovoltaic performance was investigated by the planar perovskite
solar cells.

In the final chapter 7, general conclusions were summarized. Researches in preparing
high-quality perovskite solar cells in ambient air condition are still changelings. For the
commercialization of perovskite solar cells, fabricating the high-performance perovskite

devices without using the glovebox is greatly needed.
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Chapter 1. Introduction

1.1 Perovskite solar cells

The organometallic halide perovskite solar cells (PSCs) has attracted overall attention
due to their super charge carrier mobility, high absorption coefficient and band gaps close to
Shockley-Queisser limit.!?> From 2009, Miyasaka et.al first applied the organometallic
halide perovskite in to dye-sensitized solar cell to obtain power convention efficiency (PCE)
of 3.8%.> However, the perovskite materials is easily degraded because of the liquid
electrode. In order to solve this problem, in 2012, Park et al. first introduced solid hole
transport material, Spiro-OMeTAD, into the perovskite solar cell to get a PCE of 9.7% along
with a better PSCs’ stability.* At the same year, Snaith et al. first introduced chloride into the
perovskite layer CH3NH3Pbl3 xClx, which greatly improved the carrier transmission distance
and the PSCs’ stability. Meanwhile, they replaced the mesoporous titanium dioxide with
insulation material aluminum oxide, which proved that the perovskite can not only acted as
light absorbance layer, but also acted as the electron transport layer. The efficiency of the
reformed PSCs has been increased up to 10.9%.%¢ Later in 2012, Etgar et al. directly
evaporated gold on the CH3NH;3Pbl; layer achieving the PCE of 5.5%, which proved that the
perovskite layer could also act as the hole transport layer.’

After 2012, the PSCs came to the repaid developing period. In 2013, Gratzel et al
introduced two-step method to prepare the CH3NH3Pbl; perovskite layer and achieved a high
PCE up to 15%.® Later, Snaith et al. intruded the thermal vapor deposition method to obtain
a dense perovskite film along with the PCE up to 15.4%.! In 2014, Yang et al. used

polyethyleneimine ethoxylated (PEIE) to modify the ITO electrode and doped the TiO; layer
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with yttrium achieving high PCE of 19.3%.” In 2016, Seong Sik Shin et al doped HI by

intramolecular exchanging process achieving a breakthrough PCE of 22.1%.!° And until now,

the PCE of the PSCs is still keeping on increasing, which reaching a much higher level

than other third-generation solar cells.

Figure 1.1 Crystal structure of ABX3 perovskite materials.

1.2 Structure of perovskite solar cells

Perovskite generally means the crystal structure related to the structure of mineral
CaTiOs;. ABX3 is used as the general description of the perovskite structure, where A and B
are cations, and X is anion. The crystal structure is shown in Figure 1.1. The A, B, and X
ions form a simple cubic crystal structure, where A is located in the center, B is located at

the top corner, and X is located at the midpoint of the 12 ribs of the cubic structure. For the



perovskite materials used into the solar cells, A is usually large cation, like CH3NH;3",
NH>CH=NH,", Cs", to balance the electric charge. B is usually the metal cation, such as Pb*",
Sn**, Ge?", and X is usually halide, such as I', Br" and CI.

The stability of perovskite crystal structure is related to the tolerance factor (TF), which

can be defined by the following equation:
V2(Rp + Ryx)

TF

where Ra, Rp and Rx represent the radius of A, B, X ions. For the high-symmetry cubic
structure, the TF is near 1. Therefore, A ion should be larger than B ion. For the stable
perovskite crystal structure, the TF is 0.8~1.0. When TF is between 1 and 0.89, the cubic

crystal structure (o phase) may form. In addition, TF less than 0.89 results in lower-symmetry

orthorhombic (y phase) or tetragonal (P phase) crystal structures. For example, CH3NH3Pbls,
the radius of CH3NH;3", Pb?" and I' is 180 pm, 119 pm and 220 pm, respectively. The
composition of perovskite materials and annealing temperature determine the actual crystal
symmetry. For example, the calculated TF of CH3NH3Pbls is 0.834, which the crystal
structure of CH3NH;3Pbl3 is tetragonal at room temperature and cubic in 330 K. While, if the
TF is more than 1, the three-dimensional (3D) crystal structure will be undermined result in
the two-dimensional (3D) layer structure. However, from density functional theory (DFT)
calculations, as it is quite hard to satisfy the ideal condition TF = 1, the cubic structure is the

most unstable and the orthorhombic structure is the most stable structure.



Figure 1.2 Schematic exhibitions showing the connectivity of BXs octahedra in different

dimensional perovskites

In addition, the composition tunability and remarkable structural also are possessed by
perovskites, which means that the basic building unit of perovskite, [BXs]*, could be
arranged in different path. The units can be connected in three-dimensional (3D), two-
dimensional (2D), one-dimensional (1D), and zero-dimensional (0D) crystal structures,
shown in Figure 1.2. Perovskites with the ABX3 formula are classified as 3D perovskites in
which the [BXe]* octahedra are corner-shared with all three 4-fold octahedral axes. 2D
perovskites with layered structure organized from octahedral that connected with two
octahedral axes. Slicing along specific crystallographic planes of 3D perovskites, the 2D
perovskites could be derived. The 1D perovskites can be derived from 2D perovskites by

slicing perpendicular to the inorganic sheets, leaving octahedra remaining connected only



along one axis. Slicing of 1D perovskites to form no connected octahedra or octahedral based
clusters, the OD perovskites are obtained. Perovskites can also be formed by superposition
of two or more categories, i.e. a superstructure of 3D and 2D is often called quasi-2D
perovskites. It is important to mention that a cationic organic or inorganic sublattice is used
to stabilize the framework in perovskites of all dimensionalities.

The devices of perovskite solar cells usually have a transparent conductive oxide (TCO)
as the cathode, an electron transport layer, a perovskite absorbance layer, a hole transport
layer and a metal anode. Although perovskite solar cells have been fabricated by different
structural configurations, there are mainly three types of structures of perovskite solar cells,
including mesoporous structure, planar p-i-n structure and planar inverted i-n-p structure,
shown in Figure 1.3. The mesoporous structure of perovskite solar cells usually contains a
mesoporous scaffold of TiO2 (200 nm) filled with perovskite absorber and a thin compact
TiO, layer (20-40 nm) on the TCO to avoid shunting losses. In the planar structure of
perovskite solar cells, the two categories of regular (n-i-p) and inverted (p-i-n) are divided
by which selective contact is used on the surface of the TCO. Perovskite solar cells based on
planar structure also can achieve high power conversion efficiency as well as mesoporous

perovskite devices.

Figure 1.3 Three typical device structures of perovskite solar cells: (a) mesoporous, (b)

regular planar structure, and (c) inverted planar structure.



1.3 Working principle
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Figure 1.4 Schematic exhibitions of working principle of perovskite solar cells.

The working principle of the perovskite solar cells is exhibited in Figure 1.4. When sun
light is applied on the perovskite absorbance layer, the photos are absorbed generating
electron-hole pairs. The electrons will move to the conduction band then diffuse into the
compact electron transport layer (ETL) and FTO. At the same time, the holes will move to
valence band then will be absorbed by the hole transport layer (HTL) and Au. The typical
ETL materials can be inorganic oxides, like TiO2, SnO; and ZnO, or organic compound, i. e.
[6,6]-Phenyl C61 butyric acid methyl ester (PC¢1BM), Fullerene-C60. . The typical ETL
materials can be inorganic compound, like CuSCN, Cul, NiO> and MoOs, or organic
compound, i. e. poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT/PSS),

Poly(3-hexylthiophene-2,5-diyl) ~ (P3HT), poly(triaryl  amine) (PTAA) and



N2,N2,N?" N2 N7 N7 N7' N7'-octakis(4-methoxyphenyl)-9,9'-spirobi[9H-fluorene]-2,2",7,7'-

tetramine (Spiro-OMeTAD).
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Figure 1.5 Schematic exhibitions of J-V curve.

The basic performance parameters of perovskite solar cells are open-circuit voltage
(Voc), short-circuit current (Jsc), fill factor (FF), power conversion efficiency (PCE) and
external quantum efficiency (EQE). The Voc, Jsc, FF and PCE can be obtained from current—
voltage (J-V) curve, shown in Figure 1.5. The Voc is the maximum voltage available from a
solar cell, and this occurs at zero current, which corresponding to the amount of forward bias
on the solar cell due to the bias of the solar cell junction with the light-generated current. The
band gap of the perovskite materials and the interface between different layers determine the

Voc of perovskite solar cells. The Jsc is the current through the solar cell when the voltage



across the solar cell is zero. The Jsc is due to the generation and collection of light-generated
carriers. The bandgap of perovskite materials and the thickness of perovskite layer determine
the Jsc of perovskite solar cells. The FF is defined as the ratio of the maximum power from
the solar cell to the product of Voc and Jsc, which determined by the interface connection
and quality of perovskite layers. The EQE is the ratio of extracted free charge carriers to
incident photons. This ratio is obtained by measuring the photocurrent spectrum of the
photovoltaic device under test and comparing it to the photocurrent spectrum of a calibrated

reference photodetector, thereby removing the spectral characteristics of the test system.

1.4 Challenges and opportunities

Organometallic halide perovskite solar cells (PSCs) have attracted considerable
attention around the world owing to the high absorption coefficient, ambipolar charge
transport, long diffusion length, and high mobility of both electrons and holes.?3: > 11"13 The
efficiency of solid-state PSCs has increased from 3.8 % in 2009 to 23.3 % so far, which is
much higher than other third-generation solar cells.!® * Although lots papers have been
published, claiming the improvement of the increase of PSCs performances, the stability of
perovskite devices still is the main issue for the commercializing applications. The stability
of the organic-inorganic perovskite materials is the key point for the perovskite devices as
those lead perovskites can degrade easily in the ambient air. Thus, it is significantly
challenging and important to prepare high-quality perovskite films in humid ambient air.
Another main issue is toxicity of lead, while lead is good in photovoltaic modules. It is

desirable to find alternatives with comparable photovoltaic performance of lead.

1.5 Purpose and innovation of this thesis

In order to prepare high-quality perovskite films in humid ambient air atmosphere. Five
reformations we have tried in the antisolvent assisted one-step spin coating process. Firstly,

the research on different acetate based antisolvent was compared for preparing high-quality



CH3NH3PbIs perovskite film in the ambient air condition. Secondly, we tried using alcohols
as the additive into diethyl ether antisolvent for the enhanced crystallization of CH3;NH3Pbl3
perovskite film in humid atmosphere. Thirdly, we tried using magnesium (II) iodide as a
dopant into CH3NH3PbI; perovskite layer for enhanced crystallinity and stability. Fourthly,
we tried using a pyrene core based organic, 1-(ammonium acetyl) pyrene for the 2D materials
into CH3NH3PblI; perovskite layer for the 2D/3D heterostructure in humid atmosphere. Lastly,

a novel all-inorganic perovskite, CsPb1.xGexI>Br, was prepared in the humid air condition.



Chapter 2. Fabrication of high humidity fabrication of MAPbDI3
perovskite devices in ambient atmosphere by acetate based anti-

solvent

2.1 Introduction

Besides remarkable photovoltaic performance of perovskite solar cells, the easy and
cheap solution-based fabrication process also could lower the fabrication cost and promote
their wide commercialization around the world.!>"!” One of key points for preparing high-
performance PSCs is to control the morphology and crystal structure of perovskite materials.
Numerous techniques for preparing the perovskite films have been reported, such as one-step
spin-coating, sequential deposition, thermal evaporation and vapor processing of
components.'®2! One-step spin-coating method is widely used for fabricating the perovskite
layer, as the method is simple to control. However, the films always have incomplete surface
coverage and poor morphology, which results in charge recombination in solar cells. To
address this issue, anti-solvent washing method has been developed using solvents such as
chlorobenzene, toluene, or diethyl ether during spin-coating process of perovskite films. A
mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) is well known
polar solvents for the preparation of perovskite precursor solution. The function of the anti-
solvent is to remove the high boiling point solvent DMF and form a transparent intermediate
adduct (CH3NH;I-Pblb-DMSO) from its perovskite precursor solution, which leads to a

smooth, pinhole free and homogenous perovskite film with high electronic properties.?

Despite the high efficiency of PSCs, the perovskite layer is very sensitive to moisture
and easily degrades in high humidity either during fabrication process or device

measurement.”>?> To solve this problem, most researchers prepared PSCs inside
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nitrogen/argon filled glovebox to avoid water, which increases the solar cells manufacturing
cost. Therefore, research in the area of fabricating perovskite films in ambient air is desirable.
Yan and co-workers reported use of lead (II) thiocyanate (Pb(SCN);) precursor for
fabricating CH3NH3PbI3.x(SCN)x PSCs in more than 70 % humidity showing efficiency up

to 15 %.26 With the assistance of hydrochloric acid, Zhao and co-workers prepared high-

quality CH3NH;3Pbl; perovskite films in ~60 % humidity.?” Recently, Watson and co-

workers used ethyl acetate as an anti-solvent during one-step deposition; where they
suggested that ethyl acetate acted as a moisture absorber protecting sensitive perovskite
intermediate phases from water molecules during film formation and annealing.?® However,
there are still quite few reports on one-step deposition of perovskite film in the high humidity
ambient air condition.

In this chapter, four different acetate-based solvents (methyl acetate (MA), ethyl acetate
(EA), propyl acetate (PA), butyl acetate (BA)) were used as the anti-solvent for preparing
high-quality CH3NH3Pbls perovskite film in high humidity (60-70 % RH) air condition. It
was explored that MA could give a high-quality perovskite film with more homogeneous
morphology than other three kinds of acetate anti-solvents. Upon optimization, the best solar
cell by MA washing exhibited a stabilized PCE of 16.3% with low hysteresis. Moreover, the
PCE still kept at 15.6 % even though 2 v% deionized water was added in the MA for
preparing the perovskite layer. We believe that this study would give a good direction for
PSCs fabrication in humid climate and uncontrolled laboratories, potentially enabling the

commercialization of devices.
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2.2 Experimental section

2.2.1 Preparation of perovskite solar cells

All reagents were directly used without further purification, if not specified. F-doped
SnO> layered glass (FTO glass, Nippon Sheet Glass Co. Ltd) glass was first patterned and
cleaned by using Zinc powder and 6 N hydrochloric acid solution. Tin (II) chloride (Aldrich,
98%) was dissolved in anhydrous ethanol (Wako, 99.8%) to form a 0.1 M SnCh
concentration solution. Then the SnCl solution was spun on the FTO glass at 2000 rpm for
30 seconds. The substrate was heated at 100 °C for 5 minutes and then annealed at 180 °C
for 60 minutes on a hot plate to get a compact SnO; electron transport layer.”® 1.5 M
CH3NH3Pbl; in anhydrous dimethylformamide (DMF, Aldrich, 99.8%) and anhydrous
dimethyl sulfoxide (DMSO, Aldrich, 99.8) solution (DMF: DMSO, 4:1) were prepared by
mixing equal molar ratio of CH3NH3I (TCI, 98%) and Pbl, (TCI, 99.99%) and stirred at room
temperature for more than 1 hour. The perovskite precursor solution was spun on the
substrate at 4000 rpm for 25 seconds and 10 seconds after starting the spin-coating process,
0.5 mL of the anti-solvent was slowly dropped onto the film. After that, the immediate
perovskite phase was heated at 65 °C for 1 minute and 100 °C for 10 minutes. The spiro-
MeOTAD layer was prepared by spin coating a chlorobenzene solution containing 180 mM
spiro-MeOTAD (Aldrich, 99 %), 60 mM tert-butylpyridine (Aldrich, 96 % ), 30 mM Li-TFSI
(Aldrich, 99.95 %) (520 mg/mL in acetonitrile) and 33 mM FK209 (Aldrich, 99 %) (300
mg/mL in acetonitrile) at 4000 rpm for 30 seconds. Finally, a 80 nm thickness Au counter
electrode was deposited by thermal evaporation. All procedures were performed in 60-70 %

relative humidity ambient air condition, Relative humidity was recorded using a hygrometer
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accurate to £ 5% RH between 25 % and 69.9 % RH, £10 % RH between 70 % and 90.0 %

RH) (A&D Company, AD-5681).

2.2.2 Characterization

Solar cell performances were evaluated using a solar simulator (CEP-2000SRR,
Bunkoukeiki Inc., AM 1.5G 100 mWcm-2) and a black mask on top of the devices with an
exposure area 0.10 cm? was used during the photovoltaic measurements. The current-voltage
(J-V) curves of these solar cells were measured with a 0.01V/s scanning rate in reverse (from
the open-circuit voltage (Voc) to the short-current density (Jsc)) and forward (from Jsc to Vo)
modes under standard global AM 1.5 illumination. X-ray Diffraction (XRD) Study. X-ray
diffraction analyses (RINT-Ultima III, Rigaku, Japan) were performed in the range 3°—80°.
The surface morphology of the samples were observed through a scanning electron
microscope (SEM) (JEOL, Neoscope, JCM-6000) and a Bruker Innova atomic force
microscopy (AFM) (JSPM-5200). Attenuated Total Reflectance Fourier transform IR
spectras (FT-IR) were tested by FT-IR spectrometer (JASCO, FT/IR-4100 Series) via an

attenuated total reflectance (ATR) crystal.

2.3 Result and discussions
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Figure 2.1 Schematic illustration of the one-step process using anti-solvent for fabricating
perovskite films.

In the anti-solvent based one-step preparation process, the perovskite layer is formed by
spin coating of the precursor solution followed by the thermal annealing. This preparation
process usually has two stages, which shown in Figure 2.1. In the first stage, the liquid film
is thinning by the centrifugal forces. After a transition point, evaporation rate of the solvent
dominates the film thinning, which depends on the vapor pressure of the solvent. Then at the
second stage, solution becomes supersaturated, nucleation happens and growths, solid
intermediate (or perovskite) film forms. Thus, in order to prepare high-quality perovskite
film, the important stage is to accelerate the evaporation rate of excess DMF and control the
perovskite crystallization process.*° For two immiscible solvents, the total vapor pressure of
the mixed solution is close to the plus of the two solvents’ vapor pressures, and the boiling

t.3! Follow this rule, introducing the

point of the mixture should be lower than each solven
high vapor pressure anti-solvent for one-step preparing perovskite film will help promote a

uniform and high-quality film.

As perovskite layer is sensitive to moisture within the air during spin coating. Watson

and co-workers proposed that when using EA as the anti-solvent in one-step deposition,
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moisture in the air is preferred in solution with the anti-solvent rather than reacting with the
perovskite intermediate phase.?® So one way to solve this problem is to introduce more water-
soluble anti-solvent to avoid the water absorption of the perovskite intermediate phase during
the spin coating process. In addition, after the perovskite intermediate phase formed, it is
better to reduce contacting time of this intermediate phase with the moisture within the air to
avoid the water affection. Therefore, the second way is to speed up the perovskite forming
procession to reduce the formation time of perovskite intermediate phase to perovskite. So
from the above discussions, we assume that using the solvent which has high vapor pressure
and more water solubility as the anti-solvent in one step spin-coating progression will be

great helpful to fabricate a high-quality perovskite film.

Table 2.1 Physical properties (vapor pressure, boiling point, solubility in water) of
solvents.

Solvent Vapor Boiling Solubility in H,0
pressure at 25 point (°C) (g/100 mL)
°C (Kpa)
MA 28.8 56.9 24 .4
EA 12.4 77.1 8
PA 4.8 101.5 1.6
BA 1.1 126.1 0.68

Physical properties (vapor pressure, boiling point and water solubility) of the four
acetate-based solvents were illustrated in Table 2.1. Among those four acetates, MA had the
relative highest vapor pressure (28.8 Kpa), lowest boiling point (56.9 °C) and best water
solubility. The high vapor pressure and low boiling point would accelerate the evaporation
rate of excess DMF and control the perovskite crystallization process. Moreover, the more
water solubility of the anti-solvent could decrease the moisture affection of the perovskite

intermediate phase during the spin coating process. Hence, it could be noticed that perovskite
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fabrication by MA treatment would give a high-quality perovskite film with more

homogeneously morphology than other three acetates (EA, PA, BA).
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Figure 2.2. (a) Attenuated Total Reflectance Fourier transform IR spectra of CH3NH3Pbl3

films (on Pt/glass substrates) prepared by MA, EA, PA and BA without annealing. (b) Ratio

of intensity of absorbance at 1050 cm™ and 3190 cm™ ( 1050 ecm™ : 3190 cm™). (c) The

perovskite film on FTO/compact SnO> after spinning by different anti-solvents before and
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after annealing. (d) UV-vis absorption spectra of perovskite films prepared with by different

solvents without annealing and (e) with annealing.

Figure 2.2a showed FT-IR spectra of CH3NH;3Pblz film prepared with different anti-
solvents (MA, EA, PA and BA) without annealing. The non-annealing films showed similar
absorbance peak positions. All the films showed N-H vibration peaks at 3200 cm™ and at
approximately 1470 cm™! attributed to CH3NH3I, and S-O stretching at 1020 cm™! attributed
to DMSO.?? By taking the ratio (absorbance at 1020 cm™ to the absorbance at 3200 cm™),
the concentration of DMSO in the intermediate phase can be deduced. From this ratio, it was
found that the DMSO content decreased form MA to BA, as shown in the Figure 2.2b. The
less DMSO ratio mean the few intermediate phase of CH3NH3I-Pbl.-DMSOy, which
indicated the speeding up of perovskite formation process.>* Figure 2.2¢ showed the fresh
perovskite film by different anti-solvents with or without annealing. The color of the
annealing-free film gradually changed from dark brown (MA) to transparent (BA), which
meant increased DMSO content in the intermediate phase films.>* This result was in
agreement with the FT-IR spectra. Furthermore, the annealed films exhibited decreased
glossiness of the perovskite films from MA to BA, which indicated that the CH3NH3Pbl;
perovskite films became more inhomogeneous. Ahn et al. reported that the DMSO
intermediate phase was unfavorable due to the gradual vaporization of DMSO from the
surface of the spin-coated film, which led to an inhomogeneous CH3;NH3Pbl; film.?* Figure
2.2d and 2.2e showed the absorption spectra of perovskite films prepared by different anti-
solvents treatment before and after annealing. The UV-vis absorption spectrum of a freshly
perovskite film prepared by MA treatment was almost close to that of the annealed film,

indicating that the using of MA resulted in nearly complete CH3NH;3Pbl; crystallization at
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room temperature. Therefore, from the above results, we concluded that a large amount of
redundant DMSO in the annealing-free perovskite layers might be harmful for the

performance of PSCs when preparing perovskite in high humidity air condition.

500 nm 500 nm 7500 nm
—_— —_— y J——
f

Figure 2.3. The scanning electron microscopy of annealed CH3NH;Pbl; ﬁlof
FTO/Compact SnO; by different anti-solvents. (a), (¢) MA; (b) (f) EA; (¢) (g) PA; (d) (h)

BA.

Figure 2.3 showed the surface morphology of the annealed CH3NH3PbI; perovskite films
based on different anti-solvents by scanning electron microscopy (SEM). The perovskite film
prepared by MA treatment showed extremely dense, homogeneous and almost no pinholes,
which shown in Figure 2.3a and 2.3e. However, with EA treatment, the perovskite film
became slightly inhomogeneous and the presence of pinholes could be observed in Figure
2.3b and 2.3f. Especially in the case of BA, the presence of pinholes was very prominent
(Figure 2.3d and 2.3h). This result was consistent with the image in Figure 2.2c where the

film appeared the least luminous. Moreover, the grain size of the CH3NH3Pbl3 perovskite
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gradually increased, which maybe owning to the increase of DMSO content in the

intermediate perovskite phase.!”

Figure 2.4. Atomic force microscopy (AFM) height (a, b, ¢, d) and 3D surface plot images
(e, f, g, h) of the perovskites film on FTO/SnO; prepared by MA (a, ) or EA (b, ), PA (c,

g) and BA (d, h) treatment processes. The scanning range of the images is 1 pumx1 um.

Atomic force microscopy (AFM) was employed to study the surface morphology
perovskite films prepared by different anti-solvents, as shown in Figure 2.4. The annealing
time was fixed at 10 min. It was found that the grain sizes of perovskite samples were
graduate increased by the treatment way from MA, EA, PA, to BA, which was in consistence
with Figure 2.3. The Rq roughness values were measured to be 10.2, 13.8, 22.7 and 25.8 nm
for samples prepared by MA, EA, PA and BA, respectively. The roughness value was
smallest for perovskite film prepared by MA treatment, and increased from MA, EA, PA to
BA, which is in accordance with the Figure 2.3a-d. The 3D surface plot images shown in
Figure 2.4e-h could clearly show the increase of the surface roughness for perovskite films.

This surface topography indicated that perovskite films prepared by MA had better coverage
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on the top of perovskite film, resulting in larger parallel resistance and lower serial resistance,

as evidenced by the improved diode characteristics.
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Figure 2.5. X-ray diffraction (XRD) of CH3NH3Pbl; films on FTO/compact SnO>

substrates prepared by different anti-solvents.

Figure 2.5 shows the X-ray diffraction (XRD) patterns of CH3NH3Pbl; layer on
FTO/SnO; substrate with different anti-solvents. Peaks from the substrates were indicated by
triangles. Strong diffraction peaks located at 14.1°, 20.0°, 23.5°, 24.5°, 28.4°, 31.9°, 40.7°,

43.1° and 50.2° for 26 scan were observed corresponding to the planes of (110), (112), (211),
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(202), (220), (222), (224), (314) and (404), which were in good agreement with the previous
reports.?! 336 The result confirmed the films are highly crystallized perovskite phase.?’®
Meanwhile, a weak diffraction pattern of Pbl, appeared at 12.7°, where the intensity of the
peak decreases upon changing the anti-solvent from MA to BA. This decrease of Pbl, content
in perovskite film could be ascribed to the different solubility of Pbl, and CH3;NH3I
compounds in various anti-solvents.>* Although there were many discussions about the

function of residual Pbl, it was hard to tell the exact impact of such little remaining Pbl, on

this anti-solvent process for perovskite formation.

To show the reproducibility of devices efficiency, the PCEs of 20 planar perovskite
solar cells prepared by different anti-solvents were measured. High efficiency PSCs generally
uses titanium oxide (TiO>) as an electron transport layer; however, some drawbacks such as
UV light instability because of the photocatalytic activity hinder reproducibility over the time.
Tin-oxide (SnO:) as an alternative to TiO», has been reported to exhibit better electron
mobility and stability. In addition, a higher band gap with deep valence band maximum is
supposed to effectively block the photo-generated holes from the absorber layer to recombine
with the electrons in conducting oxide layer (TCO). Therefore, a planar PSC structure
employing SnO> was chosen for preparing high-quality CH3NH3Pbls perovskite films in high
humidity (60-70% RH). Figure 2.6a and 2.6b exhibited schematic structure and energy
diagram of the PSCs. The current density-voltage (J-V) performance data were shown in
Figure 2.6¢-f, and Table 2.2 summarized the photovoltaic parameters of the solar cells. There
was a clear decreasing trend of all the parameters of PSCs (Voc, Jsc, FF, PCE) among the four
anti-solvents treatments, because of the inhomogeneous perovskite layer.*>*> We could see

from Figure 2.6¢-f that an average Voo of 1.04+0.02 V, Js of 21.78+0.45 mA/cm?, FF of
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68.9+1.42 %, and PCE of 15.6+0.7 % were obtained for devices fabricated using MA

treatment. The champion device of MA treatment perovskite devices had a V. of 1.05 V, a

Jsc 0f22.21 mA/cm?, a FF of 70.0 % and an efficiency of 16.3 %. Such high efficiency could

be attributed to the reproducible and uniform growth of CH3;NH3Pbls layer obtained by anti-

solvent deposition process.

Table 1.2. Devices performance data of FTO/c-SnO,/CH3NH3Pblz/Spiro-OMeTAD/Au by

different anti-solvents.

Solvent | Classification Voe (V) | Jsc (mA/cm?) FF (%) PCE (%)
Champion ? 1.05 22.21 70.0 16.3
Methyl
acetate Average ° 1.04+0.02 21.78+0.45 68.9+1.42 15.6+0.7
Champion 1.04 21.71 66.9 15.1
Ethyl
acetate Average 1.02+0.03 21.44+0.82 64.6+3.89 14.2+1.1
Champion 0.97 20.67 66.8 13.4
Propyl
acetate Average 0.95+0.05 20.30+0.75 62.9+5.60 12.2+1.0
Champion 0.96 19.97 66.5 12.7
Butyl
acetete Average 0.94+0.04 20.26+0.34 60.4+2.61 11.4+0.7

a, the best performance of PSCs. b, the average performance of 20 PSCs.
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Figure 2.6. Schematic structure (a) and (b) energy diagram of the planar FTO/c-SnO2/
CH3NH;Pbls/Spiro-OMeTAD/Au planar perovskite solar cells. Photovoltaic statistics for the
planar perovskite solar cells processed by anti-solvents. (¢) Short-circuit current, (d) Open

circuit voltage, (e) Fill factor, (f) Efficiency. The boxes represent 80 data from the Voc-to-Jsc

scan direction.
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Figure 2.7 J-V curves of the best-performing perovskite CH3;NH3Pbls-based solar cell
under reverse and forward voltage scans.

The performance of EA treated perovskite film was marginally lower than MA with an
average Voe of 1.02+0.03 V, Ji of 21.44+0.82 mA/cm?, FF of 64.6+3.89 %, and PCE of
14.2+1.1 %. However, the performances with PA and BA treatments decreased significantly,
with an average Voc of 0.95+0.05 V, J of 20.30+0.75 mA/cm?, FF of 62.9+5.60 %, PCE of
12.2+1.0 %, and Vo of 0.9420.04 V, J of 20.26+0.34 mA/cm?, FF of 60.4+2.61 %, PCE of
11.4+0.7 %, respectively. Figure 2.7 demonstrated the J-V curve of reverse direction and
forward direction. Figure 2.8 showed the J-V curves and the corresponding IPCE for the
PSCs. The calculated Jsc from the IPCE agreed well with the measured Js.. Importantly,

intended to quantitatively compare the hysteresis effect across diverse samples, a modified
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hysteresis index (HI) values were calculated from the J-V curves, shown in Figure 2.8a.%
The hysteresis of the solar cell performance indicated an approximate increasing trend, which

was demonstrated by the HI values of MA (HI, 0.10), EA (0.21), PA (0.40) and PA (0.56).
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Figure 2.8. (a) Hysteresis index value calculated from the J-V curve of four acetate based
champion devices. J-V (b) and the correspondent IPCE (c) curves of different anti-solvents
based planar FTO/c-SnO,/CH3NH;3Pbl3/Spiro-OMeTAD/Au champion devices. (d) Stability
test for 360 h of the different anti-solvents based planar FTO/c-SnO2/MAPbI3/Spiro-
OMeTAD/Au devices under ambient atmosphere without sealing, and the average humidity

1s about 60% RH.
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Furthermore, the indoor environment stability of the different anti-solvents processed
devices were investigated as shown in Figure 2.8d. The perovskite devices were stored at
ambient room temperature and under controlled humidity about 60-70% RH without sealing.
After 360 h, the PCE of the perovskite devices prepared by MA treatment still retain over
80% of its original efficiency, while the PCE of perovskite devices prepared by the other
three acetates decreased to less than 60% of the fresh devices. It is interesting to note that all
the PSC devices' fabrication processes were accomplished in the 60-70% RH air condition.
In addition, for comparison, the devices based on commonly used anti-solvents (diethyl ether,
chlorobenzene, and toluene) were also prepared in the 60-70% RH air condition. However,
all those devices showed poor performances compared to acetate-based solvents (Table 2.3).
Hence, it is safe to assume that the MA treated devices are the most stable compared with

other acetate solvents processed devices.

Table 2.3. Photovoltaic parameters derived from J-V measurements of FTO/c-
SnO2/CH3NH3Pbl3/Spiro-OMeTAD/Au by different anti-solvents.

Materials Voc Jsc FF PCE
V) (mA cm™) (%) (%)
Diethyl ether 0.60+0.03 16.02+1.98 53.0+6.5 5.1+1.8
Chlorobenzene 0.45+0.02 0.89+0.22 52.2+7.8 0.2+0.1
Toluene 0.39+0.02 0.81+0.32 57.6+£7.2 0.24+0.1

Watson and co-workers claimed that when using EA as the anti-solvent in one-step
deposition perovskite film, the moisture in air tend to mix with the anti-solvent rather than
with the perovskite intermediate phase.?® Therefore, we assumed high water solubility of the
anti-solvent would be beneficial during the fabrication of PSCs. In order to prove this

hypothesis, 2 v % deionized water was deliberately added to the anhydrous MA, EA, PA and
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BA were used during the fabrication of PSCs. The current density-voltage (J-V) performance
data were shown in Figure 2.9, and the resulting photovoltaic parameters of the solar cells
were summarized in Table 2.4. In the case of MA, the addition of 2 v % deionized water had
nearly no influence on devices performance with high efficiency of 15.6 % (average PCE,
14.8+0.5 %, kept at 94%). However, for the other three acetates, there was a significant
decrease in the device performance from EA (average PCE, 9.9+1.7 %, kept at 69.5 %), PA
(average PCE, 5.1£1.2 %, kept at 42.5 %) to BA (average PCE, 2.9+1.1 %, kept at 25.4 %).
This could be attributed to the high solubility of water in MA which screens the perovskite

film from getting dissipated by water molecules.
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Figure 2.9. Photovoltaic statistics for FTO/c-SnO,/CH3NH3Pblz/Spiro-OMeTAD/Au planar
perovskite solar cells processed by 2 v% deionized water added into anti-solvents. (a) Short-
circuit current, (b) Open circuit voltage, (c) Fill factor, (d) Efficiency. The boxes represent

40 data from the Vc-to-Js scan direction.

Table 2.4. Photovoltaic parameters derived from J-V measurements of FTO/c-
SnO2/MAPbBI3/Spiro-OMeTAD/Au by different contaminated with 2 v% deionized water
anti-solvents.

Materials Voc (V) Jsc (mA FF (%) PCE
cm™) (%)
Methyl 1.03+0.02 20.97+1.02 65.37+4.07 14.8+0.4
acetate
Ethyl 0.99+0.03 18.93+1.24 55.254+2.46 9.9+1.7
acetate
Propyl 0.84+0.07 14.43+1.26 46.23+4.15 5.1+1.2
acetate
Butyl 0.74+0.10 8.81+£2.95 38.40+50.34 2.9+1.1
acetate

2.4 Conclusion

In conclusion, four different acetate-based solvents (MA, EA, PA, BA) were used as
anti-solvent for preparing the CH3NH3Pbl; PSCs in high humidity ambient atmosphere
(60%-70% RH). The highest solar cell efficiency was obtained with CH3;NH3Pbl; perovskite
layer prepared by employing MA, showing the best PCE of 16.3% along with the improved
photovoltaic parameters such as Voc of 1.05 V, Jsc 0f 22.21 mA/cm?, FF of 70.0%. Moreover,
the performance decreases from using MA to BA. In addition, the stability test was performed
which showed the superior performance of the MA based perovskite solar cell, reserving
more than 80% of its original performance. The notable performance of the solar cell was
attributed to the better film morphology of the perovskite film with condensed grains and no

pinholes. The high water solubility of MA also meant that the perovskite layer was protected
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from contact with water due to the water molecules tend to remain in MA as the PCE still
kept at 15.6 % when 2 v% deionized water added in MA for preparing PSCs. All the
experiments were accomplished without the requirement for stringent atmospheric control.
This study would give a direction for PSC production at commercial level in robust
environment, which could lower the cost and reduce the time for fabricating the high

efficiency PSCs.
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Chapter 3. Alcohols additive into anti-solvent for achieving high-

quality MAPDbI; perovskite film in humid atmosphere

3.1 Introduction

The superior characteristics of perovskite solar cells is attributed to the high crystallinity
of the perovskite material which can be prepared using one-step method with anti-solvent
process. Perovskite intermediate phase is formed when the anti-solvent is dropped during the
spin-coating process where the evaporation rate of the solvent determines the film thickness
after which the solution becomes supersaturated, leading to nucleation and finally crystal
growth. The anti-solvent is responsible for controlling the morphology of the perovskite
material by inducing fast precipitation of perovskite resulting in highly dense and smooth
perovskite film. Typically used anti-solvents are diethyl ether,?? toluene,*? chlorobenzene**

4 and ethyl acetate®® 3% 46

which have low boiling point, a weak electron donating capability
and a poor coordination ability with perovskite precursors. The week coordination of the anti-
solvents can modify the balance between the reduction of grain boundaries and the
adjustment of the perovskite films.?* Therefore, it is important to study the effect of the anti-
solvent in coordinating perovskite crystal growth and film formation as the choice of the anti-
solvent affects the overall morphology and hence the optoelectronic performance of the
perovskite layer. In addition, the fabrication process of PSCs is usually performed inside
nitrogen/argon filled glovebox to avoid moisture, as perovskite layer can degrade easily in
the ambient humidity condition.*’**® Moreover, it was reported that it was difficult to get a
high-quality perovskite film by using diethyl ether, chlorobenzene or toluene as the anti-

solvent in the humid ambient air.?® Thus, it is significant chanlengeful and meaningful to

prepare high-quality perovskite films in the humid ambient air. Yan group used lead (II)
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thiocyanate (Pb(SCN).) to increase the humidity resistance for preparation of MAPbI3.xSCNy
perovskite film in more than 70 % relative humidity (RH) showing efficiency up to 15 %.%
By employing the assistance of hydrochloric acid to accelerate MAPbI3 perovskite film
formation, Zhao et al prepared high quality MAPbI3 perovskite films which showing
efficiency of 14.76 % in about 60 % RH air condition.?” Watson and his group reported ethyl
acetate as an anti-solvent to prepare pinhole-free MAPbI3 perovskite films with efficiency
of 14.5 % in 75 % RH air atmosphere, where ethyl acetate acts as a moisture absorber
protecting sensitive perovskite intermediate phases from water molecules during film
formation and annealing.”® However, there are still quite few reports on deposition of
perovskite films in the high humidity ambient air condition. Generally, the morphology of
perovskite film could be enhanced by controlling growth and crystallization of the
perovskite.** There are many reports about the perovskite crystallinity enhancement by
adding some additives into perovskite precursor solution, which lead to an increased
photovoltaic performance of the solar cell devices.’>* Moreover, high performance
perovskite solar cells need to be fabricated inside glovebox to avoid moisture, as
organometallic halide perovskite is easily dissolved and degrade in water. A dry atmosphere
slightly raises the costs of fabrication of PSCs, while the ambient air can significantly
simplify fabrication processes, reduce costs and move forward commercial production of
PSCs. However, as far as we know, there is no report revealing the influence of additive into
anti-solvent on perovskite crystal growth and film formation in the humid ambient air. In this
Chapter, we employed methanol as an additive in diethyl ether to control the morphology
and investigate the growth mechanism of MAPbI; perovskite films using one-step fabrication

process in high humidity atmosphere. Compared to diethyl ether, the methanol additive anti-
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solvent has a stronger solubility of water and dimethyl sulfoxide (DMSO), which plays a
critical role in preparing high density, pinhole-free and uniform MAPbI; perovskite film as
evidenced from scanning electron microscope image and atomic force microscopy. When
increasing the ratio of methanol in diethyl ether, the water resistance of perovskite is
enhanced, which results in a high quality and pinhole-free perovskite film. In addition,
methanol can modify a proper DMSO ratio to form in the intermediate perovskite phase
accelerating perovskite crystal formation. The best solar cells exhibited PCE of 16.4 %
prepared with 3 % additive anti-solvent, which is approximately 160 % higher than the
devices fabricated using diethyl ether without methanol additive. We believe that this
additive anti-solvent method would be useful for understanding the formation mechanism of
perovskite layer and indicate a desirable direction for PSCs fabrication in humid and

uncontrolled condition.

3.2 Experimental section

3.2.1 Preparation of perovskite solar cells

All reagents including diethyl ether (Aldrich, 99.8 %) and methanol (Wako, 99.5 %)
were used without further purification. For preparing the additive ant-solvent, different
volume methanol was added in diethyl ether, 1. € 60 pl methanol was added in 2 mL diethyl
ether for getting 3% methanol additive anti-solvent. F-doped SnO, (FTO glass, Nippon Sheet
Glass Co. Ltd) substrates were first patterned and cleaned using zinc powder and 6 N
hydrochloric acid solution. Tin (II) chloride (Aldrich, 98 %) was dissolved in ethanol (Wako,
99.8 %) to form 0.1 M SnCl2 solution. Then the SnCI2 solution was spin-coated on the
cleaned FTO glass at 2000 rpm for 30 seconds.? The substrate was annealed at 180 °C for

60 minutes on a hot plate to form a dense SnO- electron transport layer. Equal molar ratio of
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MALI (TCI, 98 %) and Pbl, (TCI, 99.99 %) were dissolved in anhydrous dimethylformamide
(DMF, Aldrich, 99.8 %) and anhydrous dimethyl sulfoxide (DMSO, Aldrich, 99.8 %) (DMF:
DMSO, 4:1) to prepare 1.5 M MAPDbI; precursor solution and stirred at room temperature for
1 hour. The perovskite precursor solution was spin-coated on SnO;-coated substrate at 4000
rpm for 25 seconds and the anti-solvent (0.5 ml) was dripped on the substrate 10 seconds
after starting the spin-coating process, followed by heating at 100 °C for 10 minutes. The
Spiro-MeOTAD layer was prepared by spin-coating a chlorobenzene solution containing 180
mM Spiro-MeOTAD (Aldrich, 99 %), 60 mM tert-butylpyridine (Aldrich, 96 %), 30 mM Li-
TFSI (Aldrich, 99.95 %) (520 mg/mL in acetonitrile) and 33 mM FK209 (Aldrich, 99 %)
(300 mg/mL in acetonitrile) at 4000 rpm for 30 seconds. Finally, 80 nm-thick Au counter
electrode was deposited by thermal evaporation. All procedures were performed at around
50 % relative humidity in ambient air condition (Relative humidity was recorded using a
hygrometer accurate to £ 5 % RH between 25 % and 69.9 % RH, £10 % RH between 70 %

and 90 % RH) (A&D Company, AD-5681)).

3.2.2 Characterization

Solar cell performance was measured by a solar simulator (CEP-2000SRR,
Bunkoukeiki Inc., AM 1.5G 100 mWcm™) and a mask with exposure area 0.10 cm? was used
during the photovoltaic measurements with a 0.1 V/s scanning rate in reverse (from the open-
circuit voltage (Voc) to the short-current density (Jsc)) and forward (from Jsc to Voc) modes
under standard global AM 1.5 illumination. The IPCE spectra were recorded using a
monochromatic Xenon lamp (Bunkouki CEP-2000SRR). X-ray Diffraction (XRD) Study.

The surface morphology of the samples was observed through a scanning electron
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microscope (SEM) (JEOL, Neoscope, JCM-6000) and a Bruker Innova atomic force
microscopy (AFM) (JSPM-5200). Attenuated Total Reflectance Fourier transform IR
spectras (FT-IR) were tested by FT-IR spectrometer (JASCO, FT/IR-4100 Series) via an
attenuated total reflectance (ATR) crystal. The XRD patterns were obtained by a Rigaku
Smartlab X-ray diffractometer with monochromatic Cu-Kp irradiation (45 kV/200 mA). The
UV-Vis measurement was performed using a JASCO V-670. Spectrophotometer.
Electrochemical impedance spectroscopic (EIS) measurements were performed in the dark
using an electrochemical workstation with a frequency range from 1 Hzto 1 MHz at 0.7 V

applied bias.

3.3 Results and discussion

Figure 3.1a shows the X-ray diffraction (XRD) patterns of perovskite films prepared on
glass substrates by different ratio methanol in the diethyl ether (0 %, 1 %, 2 %, 3 %, 4 %).
Strong diffraction peaks locate at 14.1°,28.4°,31.9°,40.7° and 43.1° for 20 scan are observed,
corresponding to the planes of (110), (220), (222), (224) and (314) of perovskite which are
in agreement with previous reports.***® Therefore, we can make sure from the XRD results
that the perovskite films are highly crystallized perovskite phase. In addition, a weak
diffraction peak of Pbl, appeared at 12.7°, where the intensity of the peak increased upon
higher methanol ratio. This increment of Pbl> concentration could be ascribed to the high
solubility of methylammonium iodide (MAI) in methanol in which the methylammonium
component is removed from the perovskite structure leaving behind Pbl,.>* It is noticed that
(110) peaks shifted to the left (Figure 3.1b) when compared to the control sample, suggesting
that the crystallites are experiencing homogenous strain as there was only peak shift but not

peak broadening.’> Figure 3.1c shows the UV-vis absorption spectra of the different
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perovskite samples. The absorbance increased upon addition of methanol reaching the
highest absorbance at 3% methanol concentration and then started to decrease when more

methanol is added. This is mainly due to improved surface coverage and reduction of

pinholes of the perovskite thin film. %7
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Figure 3.1. (a) XRD of MAPbI; films on glass substrates prepared by different methanol
additive in diethyl ether (0%, 1%, 2%, 3%, 4%). (b) Normalized XRD plot of (110) peak. (c)
UV-vis absorption spectra of perovskite films prepared by various concentration of additive

anti-solvent.
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Figure 3.2. SEM images of annealed MAPDI3 perovskite film on FTO substrates prepared
by different methanol content in diethyl ether. (a) (b) 0 %; (c) (d) 1 %; (e) (f) 2 %; (g) (h)
3 %; (1) (G) 4 %.

Figure 3.2 shows the surface morphology of annealed MAPbI; perovskite films
prepared by different methanol additive ratio anti-solvent by SEM. With diethyl ether, it can

be seen the crystals are badly formed with the presence of pinholes. When 1 % addition of
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methanol, similar morphology was observed. However, adding 2 % and more methanol
changed the morphology significantly. The crystallinity of the perovskite sample was
improved in which the size distribution is homogenous throughout the sample in addition to
the reduction of pinholes. The largest crystal size was obtained with the sample prepared
using 4% methanol although there was a big inhomogeneity in size between grains. The
statistical result of grain size of the film has been summarized in Figure 3.3, with an average
grain size of 240 nm for 2 % additive anti-solvent, 340 nm for 3 % additive anti-solvent, and
280 nm for 4 % additive anti-solvent. For the 0 % and 1 % additive anti-solvent sample, the

average size could not be determined due to the poorly formed crystals.

600
500
£ 400 I
10T
w2
Z 300- -
£
S 200-
1
100 . . +
2% 3% 4%

Figure 3.3 The statistics of grain size based on the SEM image of MAPbI3 perovskite

films on FTO glasses prepared by 2%, 3%, and 4% methanol additive anti-solvent.

Figure 3.4 shows the AFM images of perovskite film prepared by different methanol
ratio additive anti-solvent. The Rq roughness values were measured to be 26.9, 23.1, 11.6,
10.4 and 10.1 for samples prepared by different methanol content of 0 %, 1 %, 2 %, 3 % and

4 %, respectively. The decreased roughness from methanol content from 0 % to 4 % supports
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the data obtained from SEM images in which high quality with improved surface morphology
is obtained with methanol addition. The 3D surface images shown in Figure 3.4 b, d, f, h, j
clearly shows the decrease of surface roughness of the perovskite films. It is expected that
these improvements will be reflected at the perovskite/Spiro-OMeTAD interface which could

enhance the performance of the solar cells.

(a)]

Figure 3.4. AFM images (a, c, e, g, 1) and the corresponding 3D surface plot images (b, d,
f, h, j) of MAPDI; films prepared by different methanol additive content anti-solvent. (a) (b)

0 % (¢) (d) 1 %; () () 2 %; (2) (h) 3 %; (i) () 4 %.
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Figure 3.5. (a) Attenuated Total Reflectance FTIR spectra of MAPDI; films (on Pt substrates)
prepared by different methanol concentration additive anti-solvent (0%, 1%, 2%, 3%, 4%).
(b) The N-H stretch peak position of the non-annealed film by different methanol additive
anti-solvent. (c) Ratio of intensity of absorbance at 1020 cm™ to 3190 cm™ (1020 cm™: 3190
cm™).

Figure 3.5 shows FTIR spectra of perovskite films prior to annealing prepared by
various methanol concentration in the additive anti-solvent (0 %, 1 %, 2 %, 3 %, 4 %). The
films of perovskite intermediate phase demonstrated similar peak positions. The S—O
stretching vibration and N-H stretching vibration are located at 1020 cm™! and around 3190
cm !, respectively, as shown in Figure 3.5a.°® The N-H peak shifted to long wavenumber
when N-H bond coordinated to DMSO, implying that an intermediate phase of MAI-Pblx-
DMSO has been formed.**-%° The N-H peak of the intermediate phase is at 3190 cm™! for 0 %
methanol concentration in the additive anti-solvent, 2189 cm™! for 1 % methanol additive ,

3184 cm™! for 2 % methanol additive , 3181 cm™! for 3 % methanol additive and 3179 cm™
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for 4 % methanol additive . This means that amount of DMSO is extracted by the additive
anti-solvent method. In addition, the change of DMSO concentration in the intermediate
phase can be deduced by calculating the ratio of S-O intensity peak at 1020 cm™ to N-H
intensity peak at around 3190 cm™ shown in Figure 3.5c¢. The ratio decreased from 1.32, 1.08,
1.05, and 1.04 to 1.02 as the methanol content is increased. Park et al. reported that excessive
amount of DMSO in the perovskite intermediate phase would lead to an inhomogeneous
perovskite film because of the gradual vaporization of DMSO from the perovskite film.?? In
addition, the less DMSO in the intermediate phase also means that the time needed for the
phase change from perovskite intermediate phase to perovskite film is accelerated.®!
Inversely, excessive amount of DMSO in the intermediate phase also lead to inhomogeneous
perovskite film with small grain size. Therefore, by adjusting the methanol ratio in the
additive anti-solvent, a proper amount of DMSO into the perovskite intermediate phase can
be controlled to assist crystallization leading to a pinhole-free homogenous perovskite film.

In the anti-solvent based one-step preparation process, the perovskite layer is formed by
spin coating of the precursor solution followed by the thermal annealing. This preparation
process usually has two stages. In the first stage, the liquid film is thinning by the centrifugal
forces. After a transition point, evaporation rate of the solvent dominates the film thinning,
which depends on the vapor pressure of the solvent. Then at the second stage, solution
becomes supersaturated, nucleation happens and growths, solid intermediate (or perovskite)
film forms. Thus, in order to prepare high-quality perovskite film, the important stage is to
accelerate the evaporation rate of excess DMF and control the perovskite crystallization
process.*? For two immiscible solvents, the total vapor pressure of the mixed solution is close

to the plus of the two solvents’ vapor pressures, and the boiling point of the mixture should
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be lower than each solvent.>! Follow this rule, introducing the high vapor pressure anti-
solvent for one-step preparing perovskite film will help promote a uniform and high-quality
film. In addition, after the perovskite intermediate phase formed in the humid air atmosphere,
it is better to reduce contacting time of this intermediate phase with the moisture within the
air to avoid the water affection. Therefore, the second way is to speed up the perovskite
nucleus growth rate to reduce the formation time of perovskite intermediate phase to
perovskite. Figure 3.6 shows the schematic diagram representing the perovskite crystal
growth mechanism between pure diethyl ether and the additive anti-solvent. It is known that
diethyl ether has high vapor pressure (71.8 Kpa at 25 °C) and is immiscible in both DMSO
and water (1.5 vol% of water). %> While, DMSO, water and methanol are mutual miscible.
During the normal diethyl ether anti-solvent process, diethyl ether quickly extracts DMF
from the perovskite film. As the same time, perovskite and perovskite precursors are
insoluble in diethyl ether. Therefore, after diethyl ether extracting the solvents from the
perovskite film in the washing process, some water from the humid air atmosphere remains
on the wet MAI-Pbl,-DMSO perovskite intermediate film before annealing and can only be
removed upon heating above 100 °C. Hence, an inhomogeneous film with many pinholes and
rough surface is formed, which was proved by the SEM image of Figure 3.2a. When
methanol is added into the diethyl ether, methanol removes the residual water quickly
through its infinite solubility with water, which lead to a pinhole-free homogeneous film with
a smoother surface, shown in SEM image of Figure 3.2g. Meanwhile, methanol could also
remove redundant DMSO from the perovskite intermediate phase to accelerate the perovskite
formation as methanol can slightly dissolve DMSO, which was proved by the FIIR spectra

in Figure 3.5.
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()

Figure 3.6. (a) Schematic diagram of anti-solvent step using diethyl ether and methanol
additive diethyl ether. (b) Gibbs free energy diagrams for nucleation and growth of MAPDI;
perovskite film by diethyl ether anti-solvent. (c) Gibbs free energy diagrams for nucleation
and growth of MAPbI; perovskite film by methanol additive diethyl ether anti-solvent.

It is suggested a proper intermediate phase is a key point for preparing the perovskite
layer with desirable morphology.®* Thus, an optimum methanol concentration can extract
suitable amount of DMSO content from the precursor solutions to accelerate the perovskite

formation and give an appropriate MAI-Pbl.-DMSO intermediate phase. On the other hand,
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in the perovskite film growth process, the crystal grain growth rate is determined by the Gibbs
free energy, which includes chemical energy difference, surface energy and interface energy
of the grains. Acik and co-workers have proved that the overall Gibbs free energy was lower
when using alcohols (include methanol) to catalyze the growth of MAPbI; crystals.®® In the
common homogenous nucleation, the relationship of overall Gibbs free energy change (AG)
and nucleus radius (r) can be given as the equation:®

4mr3

AG(r) = — 3V

M

RT In(S) + 4nr?y

where R, T, S, y and Vu represent gas constant, absolute temperature, supersaturating
ratio, energy of liquid-crystalline nucleus interface and nucleus™ molar volume, respectively.
Figure 3.6b and 3.6¢ schematically depict the Gibbs free energy diagrams as a function of
nuclei radius in case of the anti-solvent treatment without or with methanol additive. When
methanol is used as an additive in the anti-solvent for preparing the perovskite film, the Gibbs
free energy is lower than that of without methanol additive because of the chemical
heterogeneity effect.%” As a result, more nuclei are formed, which lead to the small size grain
growth, shown in Figure 3.2c.

The effect of methanol additive into diethyl ether anti-solvent method on solar cells
performance was investigated via planar FTO/SnO2/MAPbIs/Spiro/Au perovskite solar cells.
Devices were fabricated under around 50 % RH humid air condition. Figure 3.7a, b illustrates
the schematic structure and energy diagram of the PSCs. Figure 3.7c¢ shows the J-V curves
of devices prepared with various methanol concentration in the additive anti-solvent. The
measured photovoltaic parameters of the champion the different devices are listed in Table
3.1. Device prepared using only diethyl ether showed the lowest power conversion efficiency

of 6.3 % mainly due to the low Voc. Upon addition of methanol into the anti-solvent, there
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is an increasing trend of all the parameters of PSCs. The most efficient device was prepared
by 3 % methanol additive anti-solvent, with a champion PCE of 16.4 %, Jsc of 22.48 mA/cm?,
Voc of 1.04 V, and FF of 70.0 %. The efficiency value is approximately 160 % higher than
the cell fabricated using pure diethyl ether as anti-solvent treatment. The obtained JSC
follows the same trend as the UV-Vis absorption spectra in which 3 % sample has the highest
absorption followed by 2 %, 4%, 1 % and finally 0 %. The high absorptance resulted in higher
number of photons being absorbed by the perovskite active layer and be converted into

electrons.

Table 3.1. Photovoltaic parameters of champion planar PSCs devices.

Condition(®! Jse Voc (V) FF PCE (%)
(mA/cm?) (%)

0% 18.93 0.61 53.9 6.3

1% 19.60 0.93 63.4 11.6

2% 21.71 1.03 63.5 14.2

3% 22.48 1.04 70.0 16.4

4% 21.06 0.98 63.4 13.1

[a] The ratio of different methanol concentration in diethyl ether (0%, 1%, 2%, 3%, 4%).
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Figure 3.7. Schematic structure (a) and (b) energy diagram of the planar FTO/SnO»/

MAPDI3/Spiro-OMeTAD/Au planar perovskite solar cells. (¢) J=V curves of the control and

additive anti-solvent as anti-solvent treated devices measured under illumination of an AM

1.5 solar simulator (100 mWem ~2) in air. The scanning direction is from open-circuit voltage

to short-circuit current (reverse). (d) EQE spectra of the control and additive anti-solvent as

anti-solvent treated devices measured in air. (e) Hysteresis index value calculated from the

J-V curves; (f) The Nyquist plots of different condition

additive anti-solvent based planar

champion devices measured in the dark under 0.7 V applied bias and the equivalent circuit

diagram, the fitted curves and the experimental data are shown as solid lines corresponding

45



points, respectively. (a) Attenuated Total Reflectance FTIR spectra of MAPDI3 films (on Pt
substrates) prepared by different methanol concentration additive anti-solvent (0 %, 1 %, 2 %,
3 %, 4 %). (b) The N-H stretch peak position of the non-annealed film by different methanol
additive anti-solvent. (c) Ratio of intensity of absorbance at 1020 cm™ to 3190 cm™ (1020

cm™: 3190 cm™).
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Figure 3.8 J-V curves of the best-performing MAPbI; solar cells prepared by different
methanol additive anti-solvent under reverse and forward voltage scans. (a) 0 %; (b) 1 %; (c)

2 %; (d) 3 %; (1) (e) 4 %.
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The calculated Jsc is obtained by integrating the IPCE curve shown in Figure 3.7d. The
value obtained is in agreement with the measured value from the J-V curve. Figure 3.8
demonstrates the J-V curve of reverse and forward direction for each type of device. Figure
3.9 shows the photovoltaic statistics for the planar PSCs prepared by different additive anti-

solvent condition.
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Figure 3.9 Photovoltaic statistics for the planar perovskite solar cells processed by different
methanol additive mixed anti-solvent. (a) Jsc, (b) Voc, (c) Fill factor, (d) Efficiency. The
boxes represent 40 data from the Voc-to-Jsc scan direction.

In order to compare the quality of the perovskite layers and hence the PSCs, the
hysteresis index (HI) value was calculated shown in Figure 3.7¢.* The HI value was 0.81 for

0 % methanol additive, 0.70 for 1 % methanol additive, 0.18 for 2 % methanol additive, 0.17
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for 3 % methanol additive, and 0.38 for 4 % methanol additive, respectively which means
the hysteresis of PSCs decreased as the methanol content increased. There are many reports
analyzing the origin of hysteresis in perovskite solar cells such as ionic motions within
perovskite, charge trapping and de-trapping due to crystal defects and band bending between
the different interfaces. Such low HI index could be attributed to the uniform growth of the
MAPDI; layer obtained by additive anti-solvent deposition process, effectively reducing the

presence of grain boundaries and thus charge transfer between grains are more efficient.
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Figure 3.10. SEM images of annealed MAPbI3 perovskite film on FTO substrates by water
contaminated additive anti-solvent. (a) (b) 0.5 % water in diethyl ether; (c) (d) 0.5 % water

in 3 % methanol additive anti-solvent; (e) (f) 1 % water in 3 % methanol additive anti-solvent.
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To investigate the charge transfer mechanism at the interfaces, electrochemical
impedance spectroscopy (EIS) measurement was performed. The Nyquist plots of PSC
devices are shown in Figure 3.7f where the illustrated equivalent circuit diagram was used to
fit the plot. Here, one semicircle is seen at high frequency corresponding to the charge
transport at the back electrode and hole transporting material (HTM) as reported previously.®®
From Figure 3.7f, the same trend as the J-V curve is observed with the Nyquist plot where
the sample prepared with 3 % methanol additive anti-solvent has the highest recombination
resistance (Rrec) as determined from the width of the semicircle and decreased when less
methanol content was employed. The large Ry suggests that the electron-hole recombination
is suppressed at the MAPbI3/Spiro interface due to better interfacial contact because of the
pinhole-free perovskite layer. This allows for efficient charge extraction at both the electron
and hole transporting materials.

Upon addition of a small amount of methanol into the anti-solvent, it is assumed that
the water retention of the additive anti-solvent is enhanced compared to pure diethyl ether.
To confirm this hypothesis, deionized water was deliberately added to the anhydrous diethyl
ether and 3 % methanol additive anti-solvent. Figure 3.10 shows the SEM images of
perovskite films fabricated with different water content added to diethyl ether and 3 %
methanol additive anti-solvent. In the case of 0.5 % volume water added to pure diethyl ether,
the formation of more pinholes was observed as shown in Figure 3.10a. This is due to more
water molecules present in the perovskite intermediate phase during crystal growth. However,
the 3 % additive anti-solvent contaminated with even 1 % water exhibited crystalline and a
pinhole-free surface which is due to the miscibility of water in methanol and thus the water

molecules are extracted together with methanol. Furthermore, planar perovskite solar cells

49



were prepared by 3 % additive anti-solvent contaminated with 0.5 % and 1 % water, shown
in Figure 3.11. For 0.5 % water in 3% additive methanol anti-solvent treatment device, we
can got the PCE up to 14.3%. And for 1 % water in 3% additive methanol anti-solvent
treatment device, the champion PCE was 12.3%. However, for the 0.5 % water in only diethyl
ether anti-solvent, the champion PCE is just 4.6 %. Those results mean that disadvantage in
the presence of moisture (water) can be nearly prevented by utilizing the methanol additive

anti-solvent method.
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Figure 3.11. J-V curves of the best-performing MAPbI; solar cells prepared by different
volum ratio water in anti-solvent under reverse scan. (a) 0.5 % water in 3 % methanol

additive diethyl ether anti-solvent. (b) 1 % water in 3 % methanol additive diethyl ether anti-

solvent. (¢) 0.5 % water in diethyl ether anti-solvent.
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Figure 3.12 SEM images of MAPbI3 perovskite film prepared by different kind of alcohol
additive into diethyl ether anti-solvent. (a) 2% ethanol. (b) 3% ethanol. (c) 4% ethanol. (d)
5% ethanol. (e) 2% 2-propanol. (f) 4% 2-propanol. (g) 6% 2-propanol. (h) 8% 2-propanol. (i)

3% 1-butanol. (j) 6% 1-butanol. (k) 9% 1-butanol. (1) 12% 1-butanol.
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Figure 3.13. SEM images of annealed MAPDbI; perovskite film on FTO substrates by
different kind of alcohol additive anti-solvent. (a) (b) 5% ethanol additive in diethyl ether;
(c) (d) 8 % 2-propanol additive in diethyl ether anti-solvent; (e) (f) 12 % 1-butanol additive
in diethyl ether anti-solvent.

To further investigate universality of the additive method, other alcohols including
ethanol, 2-propanol and 1-butanol were used as the additive into diethyl ether anti-solvent
for preparing MAPbI3 perovskite films and solar cells. An interesting sight is that when
increasing the alcohol additive content in diethyl ether, similar results were achieved. With
the raise of alcohol content, the perovskite film showed less pinholes, shown in Figure 3.12.
At last, the pinhole free perovskite films were obtained by 5% ethanol, 8% 2-propanol and

12% 1-butanol, respectively, shown in Figure 3.13. Then planar solar cells were prepared by
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5% ethanol, 8% 2-propanol and 12% 1-butanol additive in diethyl ether anti-solvent. The

champion device for 5% ethanol additive anti-solvent is 15.4%, for 8% 2-propanol additive

anti-solvent is 14.8% and for 12% 1-butanol additive is 15.2 %, shown in Figure 3.14. Those

results demonstrated that the additive method is a universal method for preparing the high

quality perovskite films in the humid air atmosphere. Therefore, from the above discussion,

we can draw the conclusion that alcohols additive in diethyl ether will be a good direction

for the fabrication of high performing perovskite solar cells in humid ambient atmosphere

which is beneficial from the low-cost and mass-production point of view.

(a)

2

£ 20

gls-

7 124 J.(maem’) V (V) FF(%) PCE(%)
5 21.5 1.06 67.6 154
S 8

g

2 4

=

o

00 02 04 06 08 10

Voltage(V)

(b)

. 24

g 20

§ 161

.‘E“ J (mA/em?) V (V) FF(%) PCE(%)

z 124 %5, o

a

- 8-

£

£ 41

=

o . .
0.0 02 1.0

Voltage(V)

Current Density(mA/cmz) N

~
=

- D9
~ (=) (=]
. 1 N

J (md/em’) V_(V) FF(%) PCE(%)
209 105 689 152

o . . T

.0

02 04 06 08 1.0
Voltage(V)

Figure 3.14. J-V curve of the champion perovskite solar cell prepared by 3% different kind

of alcohol additive into diethyl ether anti-solvent. (a) 5% ethanol. (b) 8% 2-propanol (c) 12%

1-butanol.
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Figure 3.15 (a) (c) SEM images of MAPbI;3 perovskite film prepared by diethyl ether anti-
solvent in around 30% RH air atmosphere. (b) (d) SEM images of MAPbI3 perovskite film
prepared by 3% methanol additive diethyl ether anti-solvent in around 30% RH air
atmosphere. (e) J-V curve of the champion perovskite solar cell prepared by diethyl ether
anti-solvent in 30% RH air atmosphere. (f) J-V curve of the champion perovskite solar cell
prepared by 3% methanol additive diethyl ether anti-solvent in around 30% RH air

atmosphere.
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3.4 Conclusion

In conclusion, high performing planar MAPbI; perovskite solar cells has been fabricated
at high relative humidity (around 50 % RH) using methanol additive into diethyl ether anti-
solvent. The highest solar cell efficiency was obtained with perovskite layer prepared with
3 % methanol in diethyl ether showing a PCE of 16.4 %, Vo of 1.04 V, Jsc 0of 22.48 mA/cm?,
and FF of 70.0 %. The reason for this high performing device can be attributed to the
formation of dense perovskite film with smooth surface due to fast extraction of water
molecules during annealing as methanol has high water solubility. This has been proved
experimentally by deliberately adding water into the perovskite precursor solution and
prepared the perovskite solar cells using 3 % methanol-diethyl ether anti-solvent. Despite the
addition of water in the precursor solution, the film still showed highly crystalline and smooth
surface morphology. Additionally, addition of methanol can provide the optimum DMSO
content in the intermediate perovskite phase to accelerate perovskite formation. Moreover,
due to the improved interfacial contact of the highly crystalline perovskite, the hysteresis
issue has been improved together with the reduction of electron-hole recombination reaction
as seen from the impedance measurement. Furthermore other alcohols including ethanol, 2-
propanol and 1-butanol were tried as the additive into diethyl ether similarly worked as well,
which proving the universal usage of the additive into anti-solvent method. This work
provides a good direction for the fabrication of high performing perovskite solar cells at high
humidity ambient atmosphere which is beneficial from the low-cost and mass-production

point of view.
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Chapter 4. Magnesium iodide additive into MAPbI3 Perovskite
Layer in Humid Air Atmosphere

4.1 Introduction

The prototypical organic-inorganic perovskite, MAPbls (MA, CH3NH3") has a
tetragonal structure and a band gap of around 1.5 eV. Despite these excellent properties, the
material is still far from being used in real application due to low stability in air and prone to
degradation in humid atmosphere.?® ®-79 The organic cation MA is mainly responsible for
the tetragonal structure stability and MAPbIz perovskite layer. And it has been reported that
partial caesium or rubidium substitution of MA can effectively improve the stability because
of the smaller size of inorganic cation could induce an entropic stabilisation.”'”’> The
electronic properties of perovskite material are mainly determined by the Pb-site. Moreover,
the chemical composition of the perovskite also determine the electrical and optical
properties of the perovskite materials.” Therefore, partials substituting lead or doping with
other metals cations can effectively modify the optoelectronic properties of perovskite
materials.”*7® Zhao et al. investigated the effect of alkali metal doing in MAPbI; perovskite.”’
They suggested that potassium passivated the trap states in the perovskite and led to bigger
grain size. Similar effect has also been observed in the case of doping with bivalent and
trivalent metals, Zn>*, Sb>" and Sr*".”*%" Doping of MAPbI; with Ag has also been
investigated where decreased in the electron concentration and thus improved electron
mobility has been cited as the factors leading to the increase in the PSC efficiency.®! The
nontoxic alkaline-earth metals of beryllium (Be, ionic radius 59 pm) magnesium (Mg, ionic

radius 86 pm), calcium (Ca, ionic radius 114pm), strontium (Sr, ionic radius 132 pm), and
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barium (Ba, ionic radius 149 pm) are the earth abundant elements have a stable divalent
oxidation state which are considered of good candidates for the replacement of toxic lead (Pb,
ionic radius 132 pm). Many studies have focused on research in the energy band structure by
doping the perovskite with Ba?*, St** and Ca?*.3*%* However, rarely no experiment research
of Mg?* doping into the perovskite is reported. The band gap of MAMgls is 1.39 eV that is
obvious narrower than the other three metals (3.97 eV, 3.94 ¢V and 3.89 eV for MABals
MASrIz and MACals, respectively), which is approach to the band gap of MAPbI3 (1.55
eV).% In addition, MAMgls exhibits a strong and wide absorption at 4.5-9.5 eV in the
ultraviolet spectrum region, which would be a promising material for solar cells in the region.
Therefore, research in how Mg?" affect into energy band structure and the morphology of the

perovskite will be challenge and meaningful.

In this chapter, for the first time, we explored experimentally the effect of Mg doping in
MAPDI; perovskite. The X-ray diffraction (XRD) analysis shows that there was no change in
the crystal structure of the perovskite upon doping with Mg. Although the doping did not
alter bandgap of the perovskite, from the photoelectron yield spectroscopy measurement, the
valence band value became deeper. The perovskite materials were then evaluated for their
photovoltaic properties and the lifetime stability was also performed at 30-40 % relative
humidity (RH). The efficiency of the solar cell was increased from 14.2 % of the doping-free
solar cell to 17.8 % of 1.0 % Mg doped device. Moreover, 90 % of the original PCE was still

retained after storage in 30~40% relative humidity for 600 h.
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4.2 Experimental section

4.2.1 Preparation of perovskite solar cells

Fluorine-doped tin oxide (FTO glass, Nippon Sheet Glass Co. Ltd) substrates were
etched with r hydrochloric acid solution and zinc powder. The titanium dioxide compact layer
was spin-coated 0.15 M titanium diisopropoxide bis(acetyacetonate) (75 wt% in isopropanol,
Aldrich) in 1-butanol (99.8 %, Aldrich) on an the FTO substrate at 2000 rpm for 30 seconds.
Then the substrate was heated at 125 °C for 5 min. Next, the titanium dioxide paste (Dyesol
30NRD, diluted in ethanol at 1:4 weight ratio) was spin-coated at 500 rpm 5s and 5000 rpm
for 30 s. After drying at 125 °C for 30 min, the substrate was annealed at 500 °C for 30 min.
The perovskite solution was prepared by dissolving 239 mg MAI (TCI, 98 %) and 692mg
Pbl, (TCI, 99.99 %) into 0.2 mL dimethyl sulfoxide (DMSO, Aldrich, 99.8 %) and 0.8 mL
dimethylformamide (DMF, Aldrich, 99.8 %) to achieve 1.5 M MAPDI; perovskite precursor
solution. For preparing the Mg doped perovskite precursor solution, adding the proper ratio
of Mgl> (99.998 %, Aldrich) into the 1.5 M MAPDbI; perovskite precursor solution. The
Spiro-MeOTAD solution was prepared by mixing 72.3 mg Spiro-MeOTAD (Aldrich, 99 %),

28.8 u L tert-butylpyridine (Aldrich, 96 %) , 17.5 w L Li-TFSI (Aldrich, 99.95 %) (520
mg/mL in acetonitrile) and 29 u L FK209 (Aldrich, 99 %) (300 mg/mL in acetonitrile) in 1

mL chlorobenzene solution. The perovskite layer was prepared on the mesoporous TiO»
substrate by adding 0.1 mL perovskite precursor solution and spin-coated at 4000 rpm for 25
s. 0.5 mL ethyl acetate (99.8 %, Aldrich) antisolvent was dripped during the spin-coated
progress.®® The spin-coated perovskite film was annealed at 100 °C for 10 min. The Spiro-
MeOTAD layer spin-coated on the perovskite layer at 4000 rpm for 30 s. Finally, Au
electrode with 80 nm thickness was deposited on the Spiro film by thermal evaporation.
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4.2.2 Characterization

Current-density-voltage curves of the perovskite solar cells with a 0.10 cm? exposure
area were measured under AM 1.5G 100 mWem™ irradiation uing a solar simulator (CEP-
2000SRR, Bunkoukeiki Inc.,). The EQE spectra were recorded using a Xenon lamp, a
potentiostat and a monochromator (Bunkouki CEP-2000SRR). The scanning electron
microscope (JEOL, Neoscope, JSM-6700F) was used to measure morphologies of perovskite
layer. XRD patterns were obtained by the monochromatic Cu-Kp irradiation with a X-ray
diffractometer (Rigaku Smartlab, 45 kV/200 mA). The UV-Vis spectra was obtained with a
UV/Vis spectrophotometer (JASCO V-670). Electrochemical impedance spectroscopic
measurements were tested with a frequency range from 1 Hz to 1 MHz at 0.7 V applied bias
under dark condition. Photoelectron yield spectroscopy (PYS) was used to determine the
valence band using a Bunkoukeiki KV205-HK ionization energy measurement system with

— 5.0 V of applied voltage under 10 Pa vacuum.

4.3 Result and discussion

Figure 4.1a shows XRD patterns of differFent molar ratio Mg doped MAPbI3 perovskite
films (0.0 %, 0.5 %, 1.0 %, and 2.0 %). All the films were prepared on glass substrates using
ethyl acetate as the anti-solvent by one-step spin-coating method at 30%~40% RH air
atmosphere. Strong intensity peaks at 14.09°, 28.42° 31.85° 40.63° and 43.16° were
observed, which are well-oriented in (110), (220), (222), (224) and (314) directions of the

MAPbI; perovskite. This is consistent with previous researches.?% 3% 87
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Figure 4.1. (a) XRD spectra of different molar ratio Mg doped MAPbI3 perovskite layer on
glass substrate. (b) XPS core level spectra of Mg 1s; (¢) XPS core level spectra of Pb 4f; and
(d) XPS core level spectra of I 3d. The XPS sample was prepared by spin-coating Mg doped

MAPDI; perovskite precursor solution on 2>2 cm FTO substrates.

In addition, a weak diffraction peak appeared at 12.7° which is assigned to Pbl>, where
the peak intensity decreased upon increasing Mg doping, and nearly no peak appeared when
the doping ratio was more than 1.0 % which is exhibited in XRD patterns between 12.0° and
13.0° shown in Figure 4.2. Thelakkat et. al. proved that the rate of degradation of
CH;NH3Pbl; could be accelerated because of Pbl, residue present in the perovskite film.®
Moreover, researchers have proved that the surface defects and trap state density originating

from uncoordinated Pb atoms of the residual Pbl, limiting the performance of PSCs.* This
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means Mg doping into MAPbI3 perovskite layer enhanced the conversion from Pbl, to
complete MAPbI; perovskite. Additionally, it also indirectly indicates that Mg doping
enhanced moisture resistance of the perovskite films as it is known that MAPbI3 tend to

degrade into Pbl in the presence of water.*”®

—0.0%
—0.5%

1.0%
—2.0%

12.0 12.2 12.4 12.6 12.8 13.0
26(deg)

Figure 4.2. The Zoomed XRD peak of Pbl> pattern.

Hydrophobicity is another factor to confirm moisture resistance of the perovskite films.
Therefore, the contact angles of the pristine and 1.0% Mg doped MAPDbI3 perovskite were
measured and shown in Figure 4.3. Contact angle of the 1.0 % Mg doped MAPbI3 film is
calculated to be 69.9°, which is evidently larger than that of the pristine film with 50.3°. The
increase of water contact angle suggests the enhancement on water-resistance of the 1.0%
Mg doped perovskite film, which is beneficial for long-term stability of the solar cells. The
wide scan of X-ray photoelectron spectroscopy (XPS) of different molar ratio Mg doped
MAPDI; perovskite are exhibited in Figure 4.4. Figure 4.1b shows a peak position at 1304
eV which is assigned to Mg s peak, and the intensity increased when increasing the Mg

doping suggesting that Mg is successfully doped into the MAPbI; structure.” Figure 4.1c, d
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shows the Pb 4f and I 3d core levels which indicate the I/Pb surface atomic ratio are close to
3 in all the films. Moreover, the Pb 4f and I 3d peaks move to lower binding energy when
increasing the Mg doping content, suggesting a change in the oxidation state of Pb and I with

the addition of Mgl,.”!

Figure 4.3. The contact angle between perovskite film and water droplet. (a) Pristine

MAPDI; and (b) 1.0 % Mgl>-doped

Figure 4.5a shows the UV-vis absorption spectra of different molar ratio Mg doped
MAPDI; perovskite layers. It is obviously that the absorbance of Mg doped perovskite layer
increased compared to pristine MAPbI; film. The increased absorbance can be attributed to
better surface coverage and pinhole-free morphology of the perovskite layer.’” The band gaps
are calculated from Tauc plot are shown in Figure 4.5b. The optical band gap decreased
marginally from 1.571 eV for pure MAPbI; perovskite to 1.547 eV for 2.0% Mg doping.
Photoelectron yield spectroscopy (PYS) was utilized to measure the valence band of the

perovskite materials.”*** The valence band edge of the perovskite films showed a clear
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decreasing trend after incorporation of Mg into MAPbI; perovskite, as determined by
photoelectron spectroscopy in air, shown in Figure 4.5c. The valence band edge shifted from
-5.56 eV of MAPDI; to more negative values of -5.60 eV, -5.62 ¢V and -5.65 eV for 0.5 %,
1.0 % and 2.0 % Mg doping, respectively. Based on the above results, the energy diagram
upon Mg doping is given in Figure 4.5d. The valence electron of lead and magnesium is
5d'%6s%/6p? and 2s%/2p%/3s?, respectively. When Mg was doping into the perovskite, the
carrier transition was changed from Mg 1p—Mg 1s of the pristine Mgl to the Mg 1d—Mg
Is of the doped perovskite, which was shown in Figure S8. For the Mg doping MAPbI;
perovskite, the valence bands are mostly occupied by the p orbitals of iodide atoms, and the
conduction bands contain of a large proportion of the s orbitals of Magnesium atoms and the
p orbitals of the lead atoms.” It is clear shown in Figure 4.5d that the electronic configuration
of MAPDI; suffers only minor changes when incorporation of low content of Mgl>, which is
critical in order to retain the high photovoltaic performance of MAPbI3 perovskite

materials.”®

Figure 4.6 shows the top-view morphology of the different molar ratio Mg doped
MAPDI3 perovskite layers observed by scanning electron microscopy (SEM). It can be
calculated that the average grain size is around 110 nm of pristine MAPDbI; film, 190 nm for
0.5 %, 580 nm for 1.0 % and 600 nm of 2.0 % Mg doped sample. It is clear the grain size
gradually increased when increasing the doping content from 0.0 % to 2.0 %. However, 2.0%
Mg doped film showed cracks and especially significant for the 4.0% Mg doped as shown in
Figure 4.7. The cracks have been reported to be mainly caused by the mechanical stress
because of the fast growth rate of perovskite film during annealing step.”” The grain size is

one of the governing parameters for determining the diffusion length and the charge carrier
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recombination rate.”® Small grain size directly correlates to large number of grain boundaries
in the perovskite layer. Not only these sites act as charge trap sites, but also they are prone to

attack by water molecules and these will accelerate degradation of the perovskite.

0.5%

0.0%

A . A r e ?l=l‘
1200 300 400 0
Binding Energy(eV)

Figure 4.4. The surface-sensitive XPS spectra of different content Mgl,-doped MAPbI3
perovskite film on FTO glass substrates.
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Figure 4.5. (a) UV-vis spectra of different Mg doped MAPbI3 perovskite films on glass
substrates. (b) (ahv)? versus energy. (¢c) PESA measurement of different Mg doped perovskite

films on FTO glass substrates and (d) The corresponding energy diagram.
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Figure 4.6. Top view SEM images of the different Mg doped MAPDI3 perovskite layers on
FTO/compact TiO2/Mesoporous TiO2 substrates. (a) (b) 0.0%; (c) (d) 0.5%; (e) (f) 1.0%; (g)

(h) 2.0%. Scale bar for (a) (c) (e) (g) is Iym and (b) (d) (f) (h) is 100 nm.
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Figure 4.7 SEM images of the annealed 4% Mg-dopedMAPbI; perovskite layers on
FTO/compact TiO2/mesoporous TiO2 substrate. Scan bar: 100 nm.

During the growth process of perovskite layer, the growth rate of crystal grain is
determined by the Gibbs free energy. The relationship between the nucleus radius (r) and

overall Gibbs free energy change (AG) can be derived from the equation®

4mr3

3V,

AG(r) = — RT In(S) + 4nr?y

Where S, v, R, T and Vwm represent supersaturation ratio, energy of liquid-crystalline
nucleus interface, gas constant, absolute temperature and nucleus’ molar volume,
respectively. Figure 4.8 a, b schematically depict the Gibbs free energy diagrams as a
function of nuclei radius in case of Mgl doping. Doping Mg into the perovskite can increse
the Gibbs free energy owning to the effect of chemical heterogeneity.* " As a result, less
nucleis are formed, which lead to the bigger grain size. On the other hand, the coordination
interaction between CH3NH;3" and Mg?* is higher than that of CH3NH3" and Pb**, which
results in the electron cloud become more closer between CH3NH3" and Mg?" metal ion,

which also affects the crystallization of the perovskite film.”!% Therefore, the stronger
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coordination function with organic groups, along with a higher chemical interaction between
Mg?* and anions, which could make the Mg doped perovskite layer prefer to grow bigger

grain sizes.

(a) AG

(b) AG
AG
0
g r

Figure 4.8. (a) Gibbs free energy diagram for nucleation and growth the pristine MAPbI3

layer, (b) Gibbs free energy diagram for nucleation and growth the Mg doped MAPbI; layer.

The effect of different molar ratio Mg doped perovskite on solar cells performance was
investigated with solar cells having the structure of FTO/Compact TiO2/Mesoporous
Ti0,/Perovskite/Spiro/Au. Devices were fabricated at 30~40% RH atmosphere. The pristine
device measured on the reverse direction has PCE of 14.5 %, short-circuit current density
(Jsc) of 21.56 mA/cm?, open-circuit voltage (Vo) of 1.05 V, and fill factor (FF) of 64.5 %.
All the photovoltaic parameters increased upon doping with Mg as shown in Figure 4.9a. The
1.0% Mg doped device measured on the reverse scan has a PCE of 17.8 %, along with Js of
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22.72 mA/cm?, Vo of 1.08 V and FF of 72.3 %. However, 2.0 % Mg doped device showed
low performance with PCE of 12.8 % which could be explained by the obvious cracks on the

perovskite film (Figure 4.6 g, h).
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Figure 4.9. (a) The J-V curves of different molar ratio Mg doped MAPbI3 perovskite solar
cells measured under AM 1.5 solar illumination (100 mWecm ?) in air. The scanning
direction is from open-circuit voltage to short-circuit current (reverse). (b) J—V curves of 1.0%
Mg doped perovskite solar cell under reverse and forward voltage scans. (c) J-V curves of
pristine MAPbI3 perovskite solar cell under reverse and forward voltage scans. (d) EQE

spectra of the pristine and 1.0% Mg doped perovskite solar cells measured in air. (¢) Nyquist
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plots along with the equivalent circuit diagram of pristine and 1.0 % Mg doped perovskite
solar cells measured at 0.7 V applied bias under dark condition. Solid lines are the fitted
curves and the experimental data are shown as points. (f) The stability of pristine and 1.0%
Mg doped perovskite solar cells. Devices were prepared without sealing and were kept under

dark at 30~40% RH atmosphere.

The defect states and band bending always affects the hysteresis of the J-V curves which
is a significant problem for conforming the actual PCE. Hence, to compare the quality of the
PSCs, the hysteresis index values are calculated from the measured current-density-voltage
curves.* The hysteresis index value of 1.0 % Mg doped perovskite device is 0.11 which is
lower than that of pristine device (0.27). The lower hysteresis index could be owning to the
big grain size and uniform growth of the perovskite layer, effectively reducing the grain
boundaries and make the charge transfer more efficiently between grains. Figure 4.9d shows
the IPCE curve and the corresponding calculated short-circuit current. 1.0 % Mg doped
perovskite device showed higher EQE curve than the pristine device which is attributed to
higher absorbance intensity of the 1.0 % Mg doped perovskite film. Electrochemical
impedance spectroscopy was performed to investigate the charge transfer mechanism on the
interfaces. Figure 4.9¢ shows the Nyquist plots of the pristine and 1.0% Mg doped PSCs
measured under dark condition with a bias of 0.7 V. Rs, Rrec and CPE are the sheet resistance,
recombination resistance and constant phase element, respectively. As it is known that lower
Rs suggests a better electro transport and larger Rrec implies the lower recombination rate.**
From the fitting, Rrec increased from 5303 Q to 10545 Q after 1.0 % Mgl> has been
incorporated, suggesting the recombination rate is decreased.?* Therefore, it can be

concluded that the larger Rrec of 1.0 % Mg doped perovskite based device indicates that the
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carrier mobility in correspondent device is improved thus leading to enhanced V.. and FF.
Furthermore, air stability of pristine and 1.0 % Mg doped PSCs were evaluated which was
shown in Figure 4.9f. All the devices prepared without encapsulation was stored at room
temperature at 30~40% RH atmosphere. After 600 h, the efficiency of pristine device
decreased to 60 % ofits initial value. However, the 1.0 % Mg doped device showed excellent
stability in high humidity condition where 90 % of the original PCE was still retained. The
more stable Mg doped perovskite device is possible reason for the stability of the Mg doped
perovskite layer as proved by the perovskite film stability test shown in Figure 4.10. It is
clear from Figure 4.10 that the 1.0 % Mg doped perovskite layer was stable as the UV

absorbance showed nearly no decrease after two weeks while the pristine film showed

significant decrease.
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Figure 4.10 The stability of doping free and 1 % Mg doping perovskite film on the glass
substrates. The films were prepared and kept at 30~40% RH atmosphere. The insert is the

photograph of the corresponding perovskite films. (a) Doping free perovskite film. (b) 1.0 %

Mg doping perovskite film.
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4.4 Conclusion

In conclusion, we have successfully doped Mg into MAPbI3 without altering the crystal
structure. The Mgl, doping resulted in lower conduction and valence band, perfectly
matching with the conduction band of TiO; and valence band of spiro-OMeTAD. Higher
quality perovskite films with bigger grain and pin-hole free was obtained upon Mg doping.
For pristine device, the efficiency was 14.2 % compared to 17.8 % for 1 % Mg doped sample.
Moreover, the PCE only dropped 10% after storage in 30~40 % relative humidity for 600 h.
Our results suggest that doping Mg into perovskite layer is a good strategy to enhance

stability and the photovoltaic performance of the perovskite solar cells.
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Chapter 5. Pyreneammonium lodide additive into MAPDbI;

perovskite layer in the humid air

5.1 Introduction

Methyl ammonium lead iodide (MAPbI3) and other perovskite materials still showed
poor performances against humidity, heat and light soaking.'!’! Moreover, other additional
degradation by UV irradiation, molecular oxygen also restrict the performances.!??1%4
Therefore, research in the area for designing more stable PSCs is highly necessary. Recently,
it has been reported that two-dimensional (2D) PSCs exhibited the high stability. These 2D
perovskites are described as (RNH3)2(MA)n-1Pbalzn+1 (where RNH; usually is PEA=
Ce¢Hs(CH2):NH?**, BA=n-butylammonium) as absorbers in PSCs.!%1% Despite the high
stability, the efficiency of 2D PSCs is still lower than 3D PSCs. To solve this problem, 2D/3D
stacking structures, which have both advantage of 2D and 3D perovskite materials were
reported.'®-!1> Stabilities of PSCs was enhanced with notable efficiency by introducing a
thin 2D perovskite layer because these 2D perovskites would wrap the grain boundary and
surface of 3D perovskites. However, most exploited 2D/3D perovskites are based on PEAI
and BA organic compound, which prevent the research progress of the 2D/3D perovskites.
In addition, there are many organic compound with functional group which could be useful
for introducing into the perovskite layer to make the perovskite layer functional. Therefore,

it is challenging and meaningful for researchers to find novel functional organic materials for

the 2D/3D perovskite materials.

Herein, we introduced a new organic compound, 1-(ammonium acetyl)pyrene (PEY) as
the 2D cation for preparing a new 2D/3D hetero structure. The 2D/3D perovskite has the

advantage of both the longtime stability of 2D perovskite and excellent carrier’s transport of
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the 3D perovskite, showed nearly no degradation after more than 6 months kept in ~60% RH
air atmosphere. While the normal 3D MAPDI; perovskite layer quickly degraded within two
weeks. Moreover, the (PEY2Pbls)o.ooMAPbBI3; 2D/3D perovskite film showed nearly no
degradation upon 60 minutes UV-Ozone treatment, which indicated the high resistance of
the UV light and molecular oxygen. Furthermore, the best planar solar cell of
(PEY2Pbl4)0.02MAPDIz 2D/3D perovskite devices showed a high efficiency of 14.7 % with
nearly no hysteresis, and ultra-stable PSCs with no efficiency loss than 3D PSCs after kept

in ~60% RH air atmosphere for more than 400 hours.

5.2 Experimental section

® N
C Br NH;

L =
‘O Methenamine ethanol ‘O

Scheme 5.1. Synthetic route of PYEHI

5.2.1 Synthesis of PYEHI

Scheme 5.1 shows the synthetic route of PYEHI. 4.0 g 1-(Bromoacetyl)pyrene (Aldrich,
97%) , 1.9 g hexamethylenetetramine(Aldrich, 99%) were added into 60 ml chloroform
(Aldrich, 99%) in a round-bottom flask. The solution was stirred at room temperature for 12h.
The precipitate was filtered and washed with chloroform 3 times to get the slight white solid.
The solid was directly added into 100 ml ethanol (TCI, 99.5%). Then 6 ml hydriodic acid
(Aldrich, 57 wt. % in water) was slowly added into the solution. The solution was stirred at

45 °C for 4 h and then cooled at room temperature. The precipitate was filtered. After washing
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with ethanol, acetone, and diethyl ether, compound PYEHI was obtained as a slight white
solid. ESI-MS (m/z): calcd. [M ] for [C1sH1aNO]" 260.11, found 260.11. Elemental analysis:

caled, C, 55.83, H, 3.64, N, 3.62. Found, C 56.87, H, 3.81, N, 3.66.

5.2.2 Preparation of perovskite solar cells

Fluorine-doped tin oxide (FTO glass, Nippon Sheet Glass Co. Ltd) substrates were
etched with r hydrochloric acid solution and zinc powder. Tin (II) chloride (Aldrich, 98 %)
was dissolved in ethanol (Wako, 99.8 %) to form 0.1 M SnCl; solution. Then the SnCl
solution was spin-coated on the cleaned FTO glass at 2000 rpm for 30 seconds. The substrate
was annealed at 180 °C for 60 minutes on a hot plate to form a dense SnO; electron transport
layer. The perovskite solution was prepared by dissolving 239 mg MAI (TCI, 98 %) and 692
mg Pblz (TCI, 99.99 %) into 0.2 mL dimethyl sulfoxide (DMSO, Aldrich, 99.8 %) and 0.8
mL dimethylformamide (DMF, Aldrich, 99.8 %) to achieve 1.5 M MAPDbI3 perovskite
precursor solution. For preparing the 2D/3D perovskite precursor solution, keeping the Pbl>
at 1.5M and adding a proper PYEHI and MAI into 0.2 mL dimethyl sulfoxide (DMSO,
Aldrich, 99.8 %) and 0.8 mL dimethylformamide. The Spiro-MeOTAD solution was
prepared by mixing 72.3 mg Spiro-MeOTAD (Aldrich, 99 %), 28.8uL tert-butylpyridine
(Aldrich, 96 %), 17.5 uL Li-TFSI (Aldrich, 99.95 %) (520 mg/mL in acetonitrile) and 29 pL
FK209 (Aldrich, 99 %) (300 mg/mL in acetonitrile) in 1 mL chlorobenzene solution. The
perovskite layer was prepared on the Compact SnO- substrate by adding 0.1 mL perovskite
precursor solution and spin-coated at 4000 rpm for 25 s. 0.5 mL ethyl acetate (99.8 %, Aldrich)

antisolvent was dripped during the spin-coated progress.®® The spin-coated perovskite film
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was annealed at 100 °C for 10 min. The Spiro-MeOTAD layer spin-coated on the perovskite
layer at 4000 rpm for 30 s. Finally, Au electrode with 80 nm thickness was deposited on the

Spiro film by thermal evaporation.

5.2.3 Characterization

Solar cell performance was measured by a solar simulator (CEP-2000SRR,
Bunkoukeiki Inc., AM 1.5G 100 mWcm ™) and a mask with exposure area 0.10 cm? was used
during the photovoltaic measurements with a 0.1 V/s scanning rate in reverse (from the open-
circuit voltage (Voc) to the short-current density (Jsc)) and forward (from Jsc to Voc) modes
under standard global AM 1.5 illumination. The IPCE spectra were recorded using a
monochromatic Xenon lamp (Bunkouki CEP-2000SRR). X-ray Diffraction (XRD) Study.
The surface morphology of the samples was observed through a scanning electron
microscope (SEM) (JEOL, Neoscope, JCM-6000) and a Bruker Innova atomic force
microscopy (AFM) (JSPM-5200). The XRD patterns were obtained by a Rigaku Smartlab
X-ray diffractometer with monochromatic Cu-Kf irradiation (45 kV/200 mA). The UV-Vis
measurement was performed using a JASCO V-670. Spectrophotometer. Photoelectron yield
spectroscopy (PYS) was used to determine the valence band using a Bunkoukeiki KV205-
HK ionization energy measurement system with — 5.0 V of applied voltage under 10 Pa

vacuum.

5.3 Results and discussion
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In this chapter, the composition of (PEY2Pbl4)xMAPbDIz (x: 0, 0.02, 0.05, and 0.10) is
abbreviated as 2D/3D-X, i. e. (PEY2Pbls)0.0oMAPDI3 is abbreviated as 2D/3D-0.02. Figure
5.1 shows the X-ray diffraction (XRD) patterns 2D/3D-X (x: 0 0.02, 0.05, and 0.10)
perovskite films with different PEY content on glass substrates. All the films were prepared
in an around 60% RH open air condition. In all 2D/3D-X, strong diffraction peaks located on
14.1°, 28.4° and 31.9° for the 20 scan were absorbed and they correspond to the planes of
(110), (220) and (222), which is in coincident to the previous reports.?!* 8- 11® The result
conformed that all the films of 2D/3D-X contain highly crystalized perovskite phase.>*~¢
Furthermore, a weak diffraction pattern of Pbl, appeared at around 12.7 ° in 2D/3D-0 films
and the intensity of the peak decreased with an increase in x from 0 to 0.1. The 2D peaks
appeared at 6.6° and 9.2° were observed in 2D/3D-0.10. These peak intensities decreased as
x decreases from 0.1 to 0 (Figure 5.2). It was noted that the increased concentration of PEY
resulted in the completed Pbl, transformation. This maybe owning to the enhanced humidity

resistance of 2D layer, which prevent MAI and Pbl, from the moisture in the spin-coating

progress.
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Figure 5.1. X-ray diffraction of 2D/3D-X (X: 0, 0.02, 0.05, 0.10) perovskite film on glass

substrate. The samples was stored in ~60% RH humidity at ambient atmosphere in the dark

condition without encapsulation. (a) 2D/3D-0 (b) 2D/3D-0.02 (c) 2D/3D-0.05 (d) 2D/3D-

0.10.
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Figure 5.2. The perovskite films after kept at ambient atmosphere at different time.

The stability the 2D/3D-X films were tested by tracing the variation of the XRD patterns.
Change of XRD patterns after storage in air atmosphere is also summarized in Figure 5.1.
As shown in Figure 5.1a, for 2D/3D-0, peak at (110) of MAPbIz became very weak after the
sample was stored in two weeks. In addition, several peaks appeared, one of which is 12.7°
assigned as Pblx. This indicates the 3D MAPbDI; perovskite started to decompose immediately
after exposed to open air because of loss of MA. In contrast, as shown in Figure 5.1b, c, d,
for 2D/3D-0.02, 2D/3D-0.05, 2D/3D-0.10, peak at (110) of 3D MAPDbI; did not change after
more than 6 months, leading to the conclusion that only 0.02 addition of PEY can greatly
enhance the stability of these perovskite layers. The UV-vis spectra of the 2D/3D-X
perovskite film tested by different time also clearly exhibits the enhanced stability of the

perovskite layer by PEY incorporation. As shown in Figure 5.3, the UV absorption decreased
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totally for MAPbDI; perovskite film within two weeks. However, for keeping at about 60%
RH atmosphere for more than 6 months, almost no difference of the absorption intensity can
be detected for the 2D/3D-x (x=0.02, 0.05, 0.1) perovskite films, which showed the excellent
moisture stability of the materials. The insert optic figures of the perovskite films show
2D/3D-x (x= 0.02, 0.05, 0.1) perovskite films kept as a shining film after even more than 6

months.
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Figure 5.3. UV-vis spectra of 2D/3D-X (X: 0, 0.02, 0.05, 0.10) perovskite film on glass
substrate. The samples was stored in ~60% RH humidity at ambient atmosphere in the dark
condition without encapsulation. (a) 2D/3D-0 (b) 2D/3D-0.02 (c) 2D/3D-0.05 (d) 2D/3D-

0.10.
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Figure 5.4. (a) The UV-vis absorption spectra for 2D/3D-X (b) (ahv)2 versus energy for
2D/3D-X (x, 0, 0.02, 0.05, 0.10) perovskite films on FTO glass substrates. (¢) The PESA for
the for 2D/3D-X (x, 0, 0.02, 0.05, 0.10) perovskite films on FTO glass substrates. (d)
Corresponding electronic structure diagrams of for 2D/3D-X (x, 0, 0.02, 0.05, 0.10)
perovskite.

Figure 5.4a showed the light absorption spectra for 2D/3D-X (x, 0, 0.02, 0.05, 0.10)
perovskite films on FTO glass substrates. It was found that the absorbance intensity
decreased and the absorption edge blue-shifted as x increased from 0 to 0.10. Meanwhile, Eg
shifted from 752 nm (1.57 V) for 2D/3D-0 to 735 nm (1.60 eV) for 2D/3D-0.10 as shown
in Figure 5.4b. These results shows that 2D structure is created in the 3D structure. The
valence band edge was shifted from -5.58 eV for 2D/3D-0 to more negative values of -5.60

eV, -5.63 eV, and -5.68 eV for 2D/3D-0.02, 2D/3D-0.05, and 2D/3D-0.10, respectively, as
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determined by photoelectron spectroscopy (Figure 5.4c). The observation is in agreement of
conventional consideration that predict destabilization of valence band.'!” Figure 5.4d
summarizes shift of conduction band and valence band which were obtained from the valence
band energy level and optical absorption edge. It is clear shown in Figure 5.4d that the
electronic configuration of MAPbI3 suffers only minor changes when 2D structure was
introduced low content 2D, which is critical in terms of keeping high photovoltaic

performance of the MAPDI3 3D perovskite materials.

112.7°

Figure 5.5. Contact-angle test for the (PEY2Pbls)xMAPDI; (0, 0.02, 0.05, 0.10) perovskite
film with water droplets. (a) MAPbI3; (b) (PEY2Pbl4)0.02MAPDI3; (¢) (PEY2Pbl4)o.0sMAPDI;;

(d) (PEY2Pbl4)o.10MAPDI.
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Next, the contact angle tests were used to test the water resist ability of 2D/3D-X films.
The water contact angle of 2D/3D-0 film was 29.6°. This contact angle was increased to 105°,
107.9°, and 112.7° for 2D/3D-0.02, 2D/3D-0.05, 2D/3D-0.10, respectively, as shown in
Figure 5.5. These results would be explained by the water repelling behavior of PEY, which
was introduced in the 3D perovskite. The high moisture resistance could be owing to the high

hydrophobicity of the pyrene group.
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Figure 5.6. The UV-vis spectra of 2D/3D-0, (b) 2D/3D-0.02, (c) Color change of perovskite

film after UV Ozone treatment. Left: 2D/3D-0, Right 2D/3D-0.02.

As perovskite can be easy degraded by UV irradiation and molecular oxygen. Therefore,

UV Ozone machine was utilized to test the stability of the 2D/3D-X perovskite film which
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shown in Figure 5.6. The UV-vis absorbance gradually decreased when 2D/3D-0 film was

exposed to UV Ozone treatment as shown in Figure 5.6a. However, there was nearly no

change of the UV-vis absorbance for 2D/3D-0.02 after the films was exposed to UV Ozone

for more than 60 minutes as shown in Figure 5.6b. From the color of the perovskite film we

can clear see that after 60 minutes, the 2D/3D-0 perovskite film change from dark to yellow

slightly. While for the 2D/3D-0.02 perovskite, the film color showed nearly no change. The

corresponding XRD of color changed perovskite films after UV Ozone treatment are shown

in Figure 5.7. These results show the enhanced stability against light irradiation and

oxidations for the film consisting of PEY.
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Figure 5.7. X-ray diffraction of (a) 2D/3D-0 and (b) 2D/3D-0.02 perovskite film under UV

Ozone treatment for different time.
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Figure 5.8 showed the surface morphology of 2D/3D-X (x= 0, 0.02, 0.05, 0.10) film on
FTO/compact SnO; substrate. All the films showed a dense pinhole free morphology.
However, there was a lot Pbl, residue on surface of MAPbI3 perovskite film, which was
shown the white spot in Figure 5.8a.!'® Thelakkat and coworkers proved that the rate of
degradation of CH3NH3Pbl; could be accelerated because of Pbl, residue present in the
perovskite film.*® Moreover, researchers have proved that the surface defects and trap state
density originate from the uncoordinated Pb atoms of the residue Pbl, which would limit the
performances of PSCs.%’ As shown in Figure 5.8b, ¢ and d, these residues were not observed
in 2D/3D-X (x=0.02, 0.05, 0.10). These results were in consistent of the XRD date shown in
Figure 1. The grain size was decreased gradually with the increase in X value of 2D/3D-X,
as shown in Figure 5.8e-h. The statistical grain size for the perovskite films is shown in

Figure 5.9.%7

200 nm

Figure 5.8. 2D/3D-X perovskite film on FTO substrates. (a)(e) 2D/3D-0; (b) (f) 2D/3D-0.02;

(¢) (g) 2D/3D-0.05; (d) (h) 2D/3D-0.10.
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Figure 5.9. The statistical distribution of the particle size for (PEY2Pbls)xMAPDI3 (0, 0.02,
0.05, 0.10) perovskite film.

To investigate the effect of 2D/3D perovskite on the photo voltaic performance, the
planar PSCs using SnO; as the electron transport layer and 2,2°,7,7 -tetrakis (N,N-di-p-
methoxyphenylamino)-9,9-spirobifluorene (spiro-OMeTAD) as the hole transport layer as
shown in Figure 5.10a. These results are summarized in Figure 5.10b, ¢ and d. The champion
PCE of 2D/3D-0 devices was 15.0 % with Js of 21.85 mA/cm?, Ve of 1.01V and FF of
68.2 %. The performance of 2D/3D-0.02 showed equal compared with the 2D/3D-0
perovskite with a champion PCE of 14.7 %, with Jsc 0f 21.15 mA/cm?, Ve of 1.05 V and FF
of 66.1 %. The Jsc and FF of the 2D/3D-0.02 devices were slightly lower than 2D/3D-0
devices which may be owing to the reduced charge mobility of the 2D perovskite.!!*1>! The
Voc 0f 2D/3D-0.02 was higher than that of 2D/3D-0 maybe owing to the increased bandgap.
Hysteresis index (HI) values were calculated from the J-V curves.®® A modified hysteresis
index (HI) values is defined. The HI value of 2D/3D-0.02 was 0.02, which was less than
2D/3D-0 (HI, 0.21). This result shows introduction of PEY was able to eliminate effectively

hysteresis behaviors.
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Figure 5.10. (a) Schematic structure of FTO/SnOx/perovskite/Spiro-OMeTAD/Au planar
perovskite solar cells. (b) J-V curves in reverse direction of 2D/3D-0 and 2D/3D-0.02 planar
perovskite solar cells. (c) J=V curves of the champion 2D/3D-0 perovskite solar cell under
reverse and forward voltage scans. (d) J-V curves of the champion 2D/3D-0.02 perovskite
solar cell under reverse and forward voltage scans. (e) EQE spectra of 2D/3D-0 and2D/3D-
0.02 planar perovskite solar cells. (f) Stability test for 400 h of the champion device under

ambient atmosphere without sealing in dark condition under average humidity of around 60%.
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Figure 5.10b, e show the J-V curves and the corresponding IPCE curves of the champion
devices. The IPCE curve for 2D/3D-0.02 has higher value at short wavelength and lower at
longer wavelength, compared with that for 2D/3D-0.02. This may be explained by the little
lower absorption for 2D/3D-0.02 at 700-800 nm region, as shown in Figure 5.4a. The IPCE
edge was about 800 nm, which is consistent to that of light absorption. Indoor environment

stability for 2D/3D-0.02 and 2D/3D-0 were investigated as shown in Figure 5.10f. The
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unsealed devices were stored in ~60% RH and dark air atmosphere. 2D/3D-0 device
degraded to 51.6% of its initial efficiency after 400 hours. However, for 2D/3D-0.02 device,
the PCE was still kept with no decline after 400 hours. From all the results, it was proved
that 2D/3D-0.02 perovskite devices has enhanced stability with keeping the high efficiency

of 2D/3D-0.

5.4 Conclusion

In conclusion, we have successfully introduced pyreneammonium iodide as the 2D layer
for preparing the 2D/3D perovskite. The 2D/3D perovskite solar cell showed notable stability,
which there is no degradation in ~60% RH humidity after 6 months. Moreover, the 2D/3D
perovskite also showed a high UV stability which kept nearly no degradation after one hour
in the UV Ozone treatment. The contact angel can reached beyond 100° that is more 3.5 times
than 2D/3D-0 perovskite layer (29.6°). The champion efficiency of 2D/3D-0.02 perovskite
solar cells is 14.7% which is almost equal to the performance of 2D/3D-0 devices (15.0%)
with nearly no hysteresis. This work provides a novel concept for incorporating the
functional organic compounds into the perovskite layer to enhance the solar cells’

performance.
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Chapter 6. All-Inorganic CsPb1xGexI2Br Perovskite prepared in

the humid air

6.1 Introduction

All the high performance organic-inorganic hybrid perovskite solar cells typically
include the organic group (i. e. methylammonium (MA"), formamidinium (FA™)), which
restrict the perovskite solar cells development as the poor stability of the organic cation under
the thermal, moisture and oxygen influence.'?>'?* All-inorganic perovskites can solve those
problems on the instability of perovskite solar cells with organic cations.'?"'?” Until now,
all-inorganic perovskite based on cesium cation (CsMX3) is the most exploited material with
high thermal stability and good photovoltaic performance.'?312 CsPbls, CsPbl,Br, CsPbIBr»,
CsPbBr; (have ranged bandgaps from ~1.73 to ~2.3 eV) are the most studied materials for
the photovoltaic application. CsPbBr; which shows a good phase stability but has a wide
bandgap (~2.3eV) which is not appropriate for the solar cell.'*® On the other hand, CsPbl;
and CsPblbBr have narrower bandgap (~1.73eV and ~1.92¢V), but they shows phase
transition from a phase (cubic, black phase and active for photo-electric conversion) to &
phase (orthorhombic, yellow phase, inactive for photo-electric conversion) at room
temperature.'3!"3* Thus, inorganic perovskite with good phase stability and proper bandgap
is desirable. Furthermore, the fabrication process of PSCs is usually performed in a glovebox
filled with nitrogen/argon to avoid moisture, oxidation and other uncontrolled influence
which restrict the commercial application of perovskite solar cells.*”*® Thus, it is requested
hopefully to prepare high-quality inorganic perovskite films in the humid ambient air in order

to lower the cost of fabrication. Inorganic perovskite, CsPbl>Br that has a narrower bandgap
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(~1.90 eV) than CsPbBr3 and a better phase stability than CsPbls is the most promising
candidate material in the all-inorganic perovskite materials after balancing the bandgap and
phase stability. However, the phase transition from cubic phase to orthorhombic phase occurs
rapidly when kept in an uncontrolled air condition. Humidity has been proved to be the major
issue for o phase stability of CsPbl2Br.'*> Despite there are some reports on increasing the

performance of CsPblBr based perovskite solar cells,!36-14°

nearly none of them shows
stability at high humidity condition. Furthermore, in most cases, the major component of the
perovskite is still based on lead. Substitution of lead with less toxic material is significantly
important as the use of lead is restricted in electronic devices according to the European
regulations.'*! As far as we know there is no report regarding the preparation of CsPbl,Br
based perovskite solar cells in ambient air condition at high humidity.

In this chapter, for the first time, we reports photovoltaic performances for CsPb;.
xGex2Br (x, 0, 0.1, 0.2, 0.3) prepared at low temperature (160 °C) in humid air condition.
The cubic phase stability was greatly increased by the incorporation of germanium. When
the inorganic perovskite film without germanium was stored under 50~60% relative humidity,
cubic phase of perovskite was changed to yellow orthorhombic phase rapidly within 10
minutes. However, the cubic phase of the perovskite was still kept nearly no change after 120
h measurement for the CsPbosGeo.2I2Br perovskite film. With the increasing germanium in
the inorganic perovskite, the Voc was greatly increased from 1.02 V of CsPbl:Br, to 1.34 V
of CsPbo.7Geo 312Br, which might be a record Voc for CsPblxBr-based solar cells. In addition,
the champion efficiency of 10.8% was obtained by the planar perovskite solar cell with a

structure of FTO/SnO,/CsPbo sGeo12Br/P3HT/Spiro/Au along with a high Voc of 1.27 V.

The stability of the solar cells was greatly increased with the parameters including short
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circuit current, Voc, fill factor and efficiency of CsPbosGeo2loBr perovskite solar cells
showed nearly no decay after measured for more than 7 hours in 50-60% RH humid air

without encapsulation.

6.2 Experimental Section

6.2.1 Preparation of perovskite solar cells

All reagents including ethyl acetate (Aldrich, 99.8 %) and chlorobenzene (Aldrich,
99.8%) were used without further purification. F-doped SnO, (FTO glass, Nippon Sheet
Glass Co. Ltd) substrates were first patterned and cleaned using zinc powder and 6 N
hydrochloric acid solution. Tin (II) chloride (Aldrich, 98 %) was dissolved in ethanol (Wako,
99.8 %) to form 0.1 M SnCl, solution. Then the SnCl, solution was spin-coated on the
cleaned FTO glass in turn at 2000 rpm for 30 seconds and 6000rpm 30s. The substrate was
annealed at 180 °C for 60 minutes on a hot plate to form a dense SnO> electron transport
layer. Proper molar ratio of CsBr (TCI, 98 %) and Pbl> (TCI, 99.99 %) and Gel> (Aldrich,
99%) were dissolved in anhydrous dimethylformamide (DMF, Aldrich, 99.8 %) and
anhydrous dimethyl sulfoxide (DMSO, Aldrich, 99.8 %) (DMF: DMSO, 3:7) to prepare 1.4
M CsPbi.xGex2Br precursor solution. The perovskite precursor solution was spin-coated on
SnOz-coated substrate at 3000 rpm for 25 seconds and ethyl acetate (0.5 ml) was dripped on
the substrate 15 seconds after starting the spin-coating process, followed by heating at 160 °C
for 10 minutes. Then Smg/mL P3HT(TCI, 99% ) chlorobenzene solution was spin-coating at
4000rpm for 25 seconds and annealed at 160 °C for 10 minutes. The Spiro-MeOTAD layer
was then prepared by spin-coating a chlorobenzene solution containing 180 mM Spiro-
MeOTAD (Aldrich, 99 %), 60 mM tert-butylpyridine (Aldrich, 96 %), 30 mM Li-TFSI

(Aldrich, 99.95 %) (520 mg/mL in acetonitrile) and 33 mM FK209 (Aldrich, 99 %) (300
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mg/mL in acetonitrile) at 4000 rpm for 30 seconds. Finally, 80 nm-thick Au counter electrode
was deposited by thermal evaporation. All procedures were performed at around 50%-60%
relative humidity in ambient air condition (Relative humidity was recorded using a
hygrometer accurate to +£ 5 % RH between 25 % and 69.9 % RH, =10 % RH between 70 %

and 90 % RH) (A&D Company, AD-5681)).

6.2.2 Characterization

Solar cell performance was measured by a solar simulator (CEP-2000SRR,
Bunkoukeiki Inc., AM 1.5G 100 mWcm™) and a mask with exposure area 0.10 cm? was used
during the photovoltaic measurements with a 0.1 V/s scanning rate in reverse (from the open-
circuit voltage (Voc) to the short-current density (Jsc)) and forward (from Jsc to Voc) modes
under standard global AM 1.5 illumination. The IPCE spectra were recorded using a
monochromatic Xenon lamp (Bunkouki CEP-2000SRR). X-ray Diffraction (XRD) Study.
The surface morphology of the samples was observed through a scanning electron
microscope (SEM) (JEOL, Neoscope, JCM-6000). The XRD patterns were obtained by a
Rigaku Smartlab X-ray diffractometer with monochromatic Cu-Kf irradiation (45 kV/200
mA). The UV-Vis measurement was performed using a JASCO V-670. Spectrophotometer.
Electrochemical impedance spectroscopic (EIS) measurements were performed in the dark
using an electrochemical workstation with a frequency range from 1 Hzto 1 MHz at 0.7 V
applied bias. Photoelectron yield spectroscopy (PYS) was used to determine the valence band
using a Bunkoukeiki KV205-HK ionization energy measurement system with — 5.0 V of

applied voltage under 10 Pa vacuum.
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6.3 Result and discussion

Figure 6.1a shows XRD patterns of CsPbi.«GexI>Br with different Ge content (x, 0, 0.1,
0.2, 0.3). All the films were prepared on the glass substrates by one-step anti-solvent spin-
coating method in ambient air condition with high humidity.!'® The film preparation process
is illustrated in Figure 6.2. Strong diffraction peaks located at 14.6°, 20.8° and 29.5° were
observed corresponding to the (100), (110) and (200) planes of cubic phase of CsPbl»Br,
which are in good agreement with previous reports.'*>1** These results indicate that all the
CsPbixGexbBr perovskite films are all highly crystallized perovskite phase. Meanwhile, a
typical orthorhombic phase at 10.0° was found in the CsPbL:Br perovskite film.!* In contrast,
no peak assigned to the orthorhombic phase was observed upon incorporation of germanium
into the perovskite, which is clearly shown in the zoomed image in Figure 6.3a. These results
showed that the germanium addition directly increase the cubic phase stability of CsPbl>Br.
With addition of Ge, crystallite size calculated from XRD is decreased from 69.7 nm for x=0
to 35.3 nm for x=0.1, 32.6 nm for x=0.2, and 23.8 nm for x=0.3. Top view scanning electron
microscopy (SEM) images of the CsPb1xGex[>Br films shown in Figure 6.4 exhibit obvious
decreased crystal grain size which is in agreement with the XRD data. The reduced crystal
size could induce lattice strain to stabilize the a phase of CsPbl,Br.!?% 13¢ Atomic force
microscopy (AFM) images in Figure S13 clearly show the smoother perovskite film for the
CsPbo.sGeo2bBr (Rq=3.0) compared to the pristine CsPbl,Br (Rq=15.2), which could
enhance the performance of perovskite devices by providing better interfacial contact with

the hole transport layer.
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Figure 1. (a) XRD spectra of fresh CsPbi.xGex[>Br perovskite films on glass substrates(x, 0,
0.1, 0.2, 0.3) and the corresponding (b) UV-vis spectra. (c) UV-vis spectra of CsPbl,Br
perovskite film measured in ambient air at 50~60% RH over a period of time. (d) UV-vis
spectra of CsPbo.sGeo2oBr perovskite film measured in ambient air at 50~60% RH over a
period of time. (e) Photoelectron yield spectroscopy (PYS) measurement for CsPbixGex[oBr
perovskite film (x, 0, 0.1, 0.2, 0.3) measured on FTO substrates. (f) Energy band diagram

constructed from Uv-vis and PYS measurement.
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Figure 6.2. Schematic illustration of the one-step process using anti-solvent for fabricating

perovskite films.
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Figure 6.3. (a) Narrow scale for the 6 phase from the XRD of the CsPb;.xGex[>Br perovskite
film (x, 0, 0.1, 0.2, 0.3). (b) Namarized absoebance of CsPbxGex[2Br perovskite film. (c)
UV-vis absorbance of CsPbl:Br perovskite film after kept in 50-60% RH humid air
atmosphere for 10 minutes.

The optical properties of the CsPb1.xGex.Br perovskite materials were evaluated by the
UV-vis measurement, shown in Figure 6.1b. The absorption edges shifted to a slight longer
wavelength as the germanium content increases which clearly shown in Figure 6.3b. The
absorption intensity was increased as Ge content increased from 0, 0.1, to 0.2 and decreased
at the Ge content of 0.3. The film stability of the perovskite film in 50-60% RH humid air
atmosphere was measured and the results are shown in Figure 6.1c, d. For the CsPbl>Br, the

cubic phase absorption edge at around 630 nm decreased rapidly within 10 minutes. However,
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for the CsPbo.sGeo2[2Br perovskite, the cubic phase absorption edge showed no change even

after 120 hours.

.

R

Fiure 6.4. SEM images of Cstl-xGeszBr erovskite film (x, 0, 0.1, 0.2, 0.3) on FTO/SnO»
substrates. a) CsPbl:Br perovskite, (b) CsPbooGeo.1LBr perovskite, (c) CsPbogGeo.2l2Br
perovskite, (d) CsPbo.7Geos[>Br perovskite.

The XRD pattern change of the CsPbi.xGexI2Br perovskite materials kept in ambient air
for different time is shown Figure 6.6. Similar to the results obtained from UV-Vis
measurement, the cubic phase stability is enhanced upon addition of germanium as evidenced
from the XRD spectra. The band gaps, Eg for the perovskite materials are calculated form
the Tauc plot shown in Figure 6.7, where the E; was 1.901, 1.894, 1.889, and 1.881 eV for x
=0, 0.1, 0.2 and 0.3, respectively. Valence band of the perovskite materials was determined

from photoelectron yield spectroscopy (PYS), shown in Figure 6.1e. Valence band edge
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slightly shifted from -5.82 of x= 0 to negative values of -5.75, -5.72 and -5.70 eV for x=0.1,
0.2 and 0.3, respectively. The energy band diagram was constructed using Eg and valence
band values shown in Figure 6.1f. Upon increasing the Ge content, both the balance band

and conduction band of CsPbl,Br were upshifted which is similar to our previous reports. !'®

80.9nm
(a) (b)
64.7nm
48.6nm
32.4nm
16.2nm

0.0nm

Figure 6.5. AFM images of CsPbl>Br (a) and CsPbosGeo2[>Br perovskite film.

Figure 6.8 shows the wide scan spectra of X-ray photoelectron spectra (XPS) for the
perovskite films. The binding energy peak at 32.7 eV corresponding to the Ge 3d core levels
significantly increased with the increasing content of Ge content, indicating that the Ge has
been successfully incorporated into the perovskite film (Figure 6.9a). Figure 6.9b, c, d and e,
show the Cs 3d, Pb 4f, I 3d and Br 3d core levels. Notably, in the Ge-incorporated CsPbl,Br
films, the peaks of Cs 3d and Pb 4f are slightly shifted to higher binding energy, which is
consistent with the previous reports on metal-substituted CsPbl,Br perovskite.!31%0 It has
been reported that the binding energy of Pb cation and halides are not changed by a little
fluctuating on ratio of I/Br in mixed-halide perovskites, nor simple physical mixing.!4>146
Therefore, the origin of the shifts comes from the changes in the chemical bonding between

Cs and Pb cation, which are associated with the influence of Ge. In addition, the Br 3d peaks

of CsPblLBr decreased slightly when Ge is added. The Ge/Pb and (Pb+Ge)/Cs ratios are
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calculated from the XPS spectra as shown in Figure 6.9f. The ratio of (Pb+Ge)/Cs is

calculated to be close to 1.0, suggesting that Ge is substituting the Pb atoms.
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Figure 6.6. XRD spectra of the CsPbixGexI>Br perovskite film (x, 0, 0.1, 0.2, 0.3) measure
at different time. (a) CsPbDLBr perovskite, (b) CsPbooGeo1lBr perovskite, (c)

CsPbo.sGeo.2[bBr perovskite, (b) CsPbo.7Geo312Br perovskite.
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Figure 6.7 (ahv)’ versus light excitation energy hv. (a) CsPbLBr perovskite, (b)

CsPbo.oGeo.11oBr perovskite, (¢c) CsPbo sGeo2I2Br perovskite, (b) CsPbo.7Geo 312Br perovskite.
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Figure 6.8.Wide scan XPS spectra CsPbixGexI>Br perovskite film (x, 0, 0.1, 0.2, 0.3)
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Figure 6.9. XPS core level spectra for CsPbi.xGex2Br (X, 0, 0.1, 0.2, 0.3). (a) Ge 3d, (b) Cs
3d, (c) Pb 4f, (d) I 3d, (e) Br 3d. (f) The ratio of Gel, added initially (Horizontal line) vs.
Molar ratio of Ge/Pb and (Pb+Ge)/ Cs in the film from the XPS spectra (Vertical line).
Figure 6.10a, b show the steady state photoluminescence (PL) and time-resolved PL
(TRPL) of the CsPbi.xGexI>Br perovskite film on glass substrates. As shown in Figure 6.10a,
the PL peaks centers of CsPbi.xGex[bBr perovskite showed a redshift with the increasing Ge

101



content. The TRPL curves were fitted by the double exponential decay function. The

presence of fast decay component 11 was attributed to indicate the bimolecular recombination,

and the slow decay component 1> was assigned to effective recombination lifetime. The detail

parameters of PL lifetime are summarized in table 6.1. The calculated 1> of the CsPbl>Br,

CsPbo.oGeo.112Br, CsPbo.sGeo 212Br, and CsPbo 7Geo 31:Br films was 2.40, 3.02, 20.62 and 8.56

ns, respectively. The increased 12 suggesting a better effective recombination lifetime, when

incorporating Ge in the CsPbl2Br perovskite, especially for the CsPbo.sGeo2[>Br perovskite.
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Figure 6.10 (a) Steady state PL spectra and (b) time-resolved PL spectra of annealed CsPb;.

xGex2Br perovskite film (x, 0, 0.1, 0.2, 0.3) Solid lines in (b) are the fitting curves using the

double exponential decay model.

X ratio T Al T A2
0 16.66 0.440 2.40 0.649
0.1 23.47 0.487 3.02 0.545
0.2 8.38 0.814 20.62 0.143
0.3 1.47 0.472 8.56 0.577

Table 6.1. Summary of the parameters fitted from the time-resolved PL spectra. The fitting

X
function of the double-exponential equation wasy = y, + A;e =t + A,e
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The effect of Ge substitution on the PSCs performance is investigated with the planar
PSC structure of FTO/SnO»/Perovskite/P3HT/Spiro/Au. All the process of PSCs are
performed in ambient air condition at high humidity. Figure 6.11a, b show the schematic
structure and cross-sectional SEM image of the device. The photovoltaic parameters are
listed in Table 6.2 and the current density-voltage (J-V) curves of the PSCs are shown Figure
6.11c. The solar cell based on CsPbl>Br showed the lowest power conversion efficiency
(PCE) with 5.3% with a low open-circuit potential (Voc) of 1.02 V. Upon Ge incorporation,
the Voc was increased gradually to 1.11V for CsPbo.oGeo.1bBr, 1.27 V for CsPbo.sGeo.2[2Br
and 1.32 V for CsPbo.7Geo312Br. The champion Voc for CsPbo.7Geo312Br was up to 1.34 V
which is the highest ever reported for the CsPblbBr based perovskite devices. Moreover, the
Jsc was increased from 9.06 mA/cm? to 11.39 mA/cm? for CsPbooGeo1l,Br and 12.15
mA/cm? for CsPbosGeooloBr. However, the Jsc decreased to 10.58 mA/cm? for
CsPbo.7Geo312Br, which is consistent with the absorbance spectra. In addition, the fill factor
(FF) also showed a greatly improved when Ge was incorporated as evidenced from Table
6.2. The highest efficiency was achieved by CsPbosGeo212Br with the PCE of 10.8%, which
could be a world record for this type of perovskite prepared in ambient atmosphere at high
humidity. In addition, Ge incorporated perovskite with a broad band gap of ~1.9 V and a
comparable Voc around 1.3 V could be a good candidate applying in perovskite/silicon and
perovskite/perovskite tandem solar cells.!*’"!>! Next, The electrochemical impedance
spectroscopy measurements were performed to study the charge-transfer mechanism at the
interfaces of the PSC devices. The Nyquist plots of CsPblbBr, CsPbo.sGeo2[Br perovskite
based solar cell devices are shown in Figure 6.12. As it is known that lower Rs suggests a

better electro transport and larger Rrec implies the lower recombination rate. According to
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Figure 6.12, the solar cell device based on CsPbo.sGeo2[Br has a much higher Ryec than that
of CsPblbBr which determined from the width of the semicircle, suggesting the
recombination rate is decreased by Ge incorporation.'>* Therefore, it can be concluded that
the larger Rrec of Ge incorporated perovskite device indicates that the carrier mobility in

correspondent device is improved thus leading to enhanced Vo and FF.
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Figure 6.11. (a) Schematic structure and (b) cross sectional SEM image of planar perovskite device.
(c) J-V curve in reverse scan for champion CsPb1.xGexl2Br perovskite solar cell. (d) IPCE spectra and

the corresponding integrated current density of CsPbo.sGeo2l2Br PSC.
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Table 6.2. Photovoltaic parameters of champion planar PSCs devices.

Materials Voc(V) Jse(mA/ecm?) FF(%) PCE(%)
CsPbl,Br 1.02 9.06 57.2 5.3
CsPbo.oGeo. 1 LBr 1.11 11.39 59.3 7.6
CsPbosGeo2bBr  1.27 12.15 70.1 10.8
CsPbo.7GeosbBr 1.32 10.58 64.5 9.0
(a) 4000 (b) 150000
Rs Rrec
o 100000
S 2000} ’ g
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l Ns0000}
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Figure 6.12. The Nyquist plots based planar perovskite devices measured in the dark under 0.7
V applied bias and the equivalent circuit diagram; the fitted curves and the experimental data

are shown as solid lines corresponding points, respectively. (a) CsPbxBr, (b) CsPbo.sGeo.2[>Br.

Stability of CsPbloBr and CsPbosGeo2[oBr PSCs is investigated and the result is shown in Figure
6.13. As shown in Figure 6.13d, the PCE of CsPbl:Br deceased rapidly to nearly O within 2 hours
along with the rapid decreasing of Voc, Jsc and FF. However, the PCE of CsPbo.sGeo2l2Br kept no
decline over 7 hours. In addition, all the parameters including Voc, Jsc and FF kept nearly no dropping

over 7 hours measurement. The above results shows that incorporation of Ge into the CsPblxBr
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perovskite enhanced the photovoltaic performances and gave stability against the phase transition for

all-inorganic perovskite.
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Figure 6.13. Stability test of CsPbloBr and CsPbo sGeo.2[oBr PSCs without sealing in 50-60% RH

ambient atmosphere. (a) Voc. (b) FF. (c¢) Jsc. (d) PCE.
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Figure 6.14 Valence band calculation for CsPb;xGex2Br perovskite film (x, 0, 0.1, 0.2, 0.3)

measured by PYS.
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Figure 6.15 Photovoltaic statistics for the planar PSCs processed by CsPbixGexI2Br (x, 0, 0.1, 0.2,
0.3). (a) Short-circuit current, (b) Open circuit voltage, (c) FF, and (d) Efficiency. The boxes represent

&0 data from the Voc-to-Jsc scan direction.
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Figure 6.16. Optical images of perovskite precusor solution.
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Figure 6.17. J-V curve of CsPbosGeo2[oBr perovskite film with reverse scan and forward scan

direction.
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Figure 6.18. Thermogravimetric analysis (TGA) curve of CsPbosGeo2I2Br perovskite.
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Figure 6.19. Optical images of CsPb1xGexl2Br perovskite films.
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6.4 Conclusion

In conclusion, novel all-inorganic CsPbi.xGexbBr (x, 0, 0.1, 0.2, 0.3) perovskites is successfully
prepared in ambient temperature at high humidity. The cubic phase stability of the all-inorganic
perovskite with germanium was effectively enhanced. The all-inorganic perovskite with Ge shows
a better effective recombination lifetime and low trap densities. Moreover, incorporation of Ge
increased the Voc, leading to the highest Voc of up to 1.34 V for CsPbo.7Geo312Br perovskite solar
cells. The highest power conversion efficiency of 10.8 % with high open-circuit voltage (Voc) of
1.27 V in planar solar cell based on CsPbosGeo2l2Br perovskite was achieved. At last, all the
parameters including short circuit current, Voc, fill factor and efficiency of CsPbosGeo2l2Br
perovskite solar cells was kept after the samples were measured for more than 7 hour in 50-60%
relative humidity humid air without encapsulation. This research gives a good direction for
preparing stable all-inorganic perovskite devices in ambient condition and has the prospect to be

used in tandem solar cells due to the high Voc.
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General Conclusions

High efficiency perovskite solar cells (PSCs) need to be fabricated in the nitrogen-filled
glove box by atmosphere-controlled crystallization process to avoid the moisture, as
organometallic halide perovskite is easily dissolved in water. However, the use of glove box
process is of great concern for mass level production of PSCs. Despite the high efficiency of
perovskite solar cells, the long term stability and degradation in humid atmosphere are issues

that still needed to be addressed.

In chapter 2, notable efficient CH3NH3Pbls solar cells can be obtained in high humidity
ambient atmosphere (60%-70% relative humidity) by using acetate as anti-solvent, in which
dependence of methyl, ethyl, propyl, and butyl acetate on the crystal growth mechanism are
discussed. It is explored that acetate screens the sensitive perovskite intermediate phases
from water molecules during perovskite film formation and annealing. It is revealed that
relatively high vapor pressure and high water solubility of methyl acetate (MA) leads to the
formation of highly dense and pinhole free perovskite films guiding to the best power
conversion efficiency of 16.3% with a reduced hysteresis. The devices prepared using MA
showed remarkable shelf life stability of more than 80% for 360 hours in ambient air
condition, when compared to the devices fabricated using other anti-solvents with low vapor
pressure and low water solubility. Moreover, the PCE still kept at 15.6% even though 2 v%

deionized water was added in the MA for preparing the perovskite layer.

In chapter 3, we propose one-step fabrication of high-quality MAPbIz perovskite films

in around 50 % RH humid ambient air by using diethyl ether as an anti-solvent and methanol
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as an additive into this anti-solvent. Because of the existence of methanol, the water
molecules can be efficiently removed from the gaps of perovskite precursors and the
perovskite film formation can be slightly controlled leading to pinhole-free and low
roughness film. Concurrently, methanol can modify a proper DMSO ratio in the intermediate
perovskite phase to regulate perovskite formation. Planar solar cells fabricated by using this
method exhibited the best efficiency of 16.4 % with a reduced current density-voltage
hysteresis. This efficiency value is approximately 160 % higher than the devices fabrication
by using only diethyl ether treatment. From the impedance measurement, it is also found that
the recombination reaction has been suppressed when the device prepared with additive anti-
solvent way. This method presents a new path for controlling the growth and morphology of

perovskite films in the humid climates and uncontrolled laboratories.

In chapter 4, magnesium iodide (Mgl) was first successfully used as a dopant into
MAPDbI; perovskite prepared in humid air atmosphere. Mg doping decreased the valence band
level which was determined from photoelectron yield spectroscopy. Compared to the pristine
MAPDI; perovskite film, the 1.0 % Mg doped perovskite film showed increased crystal grain
size and formation of pinhole-free perovskite film. Performance of the solar cell was
increased from 14.2 % of the doping-free solar cell to 17.8 % of 1.0 % Mg doped device.
Moreover, 90 % of the original PCE was still retained after storage in 30~40% relative

humidity for 600 h.

In chapter 5, a novel functional organic compound 1-(ammonium acetyl)pyrene (PEYT)
has successfully introduced for preparing the 2D/3D Hetero structured MAPDbI3 perovskite.

Because of the functional organic pyrene group with high humidity resistance and strong
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absorption in the ultraviolet region, the 2D/3D perovskite film showed notable stability with
no degradation in ~60% relative humidity after even 6 months and exhibited a high ultraviolet
irradiation stability which kept nearly no degradation after one hour in the UV Ozone
treatment. Planar PSCs were fabricated in the ~60% relative humidity air outside glovebox.
The champion efficiency of (PEY2Pbls)o.02MAPbDI3 perovskite solar cells was 14.7 % with
nearly no hysteresis which is equal performance of 3D MAPbI3 devices (15.0%). This work
presents a new direction for enhancing the solar cells’ performance and stability by

incorporating a functional organic aromatic compound into the perovskite layer.

In chapter 6, novel inorganic CsPbi.xGex[oBr perovskites were prepared in humid
ambient atmosphere without glovebox. The phase stability of the inorganic perovskite was
effectively enhanced after germanium addition. In addition, highest power conversion
efficiency of 10.8% with high open-circuit voltage (Voc) of 1.27 V in planar solar cell based
on CsPbo.sGeo212Br perovskite was achieved. Furthermore, highest Voc up to 1.34 V was
obtained by CsPbo.7Geo31oBr perovskite which is a remarkable record in the field of inorganic
perovskite solar cells. More importantly, all the photovoltaic parameters of CsPbo.sGeo2l2Br
perovskite solar cells shows nearly no decay after 7 hours measurement in 50-60% relative

humidity humid air without encapsulation.
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