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Abstract

Lead-free bismuth perovskites have been considered as a promising substitute for the lead
halide perovskites aiming at solving the instability and toxicity issues. However, lead-free
perovskites still suffer from low efficiency problems due to their large bandgap and poor-quality
film. In order to achieve high power conversion efficiency while maintaining the advantages of
stability and non-toxicity, it is crucial to develop new lead-free perovskite materials. In this thesis,
two kinds of new lead-free perovskites with small bandgap and excellent stability were synthesized
via simple procedures. With various characteristic methods, the composition of these new
perovskites was determined, and their optoelectronic properties were analyzed. Moreover, these
materials were applied to the perovskite solar cells, and their performances as the light absorbers
were evaluated. Based on these results, the potential routes for improving the performances of the

lead perovskite photovoltaic devices were developed.

In chapter 1, the background of the photovoltaic technology and the current development of
the lead-free perovskites were introduced. Furthermore, the recent challenges for the lead-free

perovskites and the purpose of this thesis were described.

In chapter 2, the reagents and apparatus employed in this thesis were listed. Furthermore,
general descriptions of the preparation methods and the device fabrication techniques were
displayed. In addition, the basic principles of the physical and optoelectronic characterization

methods were introduced.

In chapter 3, a mixed chalcogenide-halide lead-free perovskite MABILS was successfully
synthesized through a simple two-step solid-state process. With multiple testing methods, the
composition of the MABILS perovskite was confirmed. By measuring the UV-Vis absorption
spectra, it is determined that the MABILS perovskite has a bandgap of 1.52 eV, and it possesses a
wide absorption range. The unique properties of the MABILS perovskite meet the criteria of the
light absorber for the perovskite solar cells. Furthermore, by employing an in-situ growth process,
the difficulty that the spin coating technique cannot produce viable MABIl>S films on the TiO:
substrates was solved. The composition of the in-situ growth film was verified with layer-by-layer

XRD pattern analysis. Photovoltaic devices were fabricated with the MABII:S perovskite, and the



device performances were evaluated. Although the PCE of the MABII,S solar cell was low, the
factors that hindered the device performance were proposed and possible enhancement methods

were performed.

In chapter 4, a novel high stability double perovskite CsoNaBils was successfully synthesized
through a simple hydrothermal process. The bandgap of the Cs;NaBils was determined to be 1.66
eV, and a wide absorption range of the CsoNaBils up to 650 nm was revealed. The Cs2NaBils
displayed outstanding stability showing negligible decomposition after a 5-month storage
under >70% humidity. Perovskite solar cells fabricated with CsxNaBils exhibited comparable PCE
to other bismuth perovskite solar cells. The devices stayed in ambient condition displayed a very
small decrease in the photovoltaic performances, suggesting good device stability. The PCE
distribution of the cells is narrow, suggesting that the devices displayed good reproducibility.
Although the average PCE of the Cs2NaBilg solar cells so far is not high due to a low Jsc, we have

revealed the main reason of the low Jsc, and suggested possible enhancement directions.

In chapter 5, 3D shuttle-like Cs;NaBil¢ micro single crystals were prepared by a simple one-
step hydrothermal growth method. By observing the growth process, the growth mechanism of the
micro single crystals were elucidated, and it was confirmed that the Cs2NaBils prepared with the
optimized conditions consists high ratio of well-defined shuttle-like micro single crystals.
Moreover, by investigating multiple reaction parameters including hydroiodic acid concentration,
Na cation ratio and hydrothermal synthesizing temperature, the optimized preparation condition

of the micro single crystal growth was explored.

Finally, general conclusions of this thesis were summarized and future prospects were
proposed. The development of lead-free perovskites and lead-free perovskites photovoltaic devices
still face big challenges. The further studies include the development of new lead-free perovskites
with high performance, enhancement of the film fabricating technique of the lead-free perovskite
solar cell devices, and the exploration towards the single crystal lead-free perovskite photovoltaic

devices.
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Chapter 1. Introduction

1.1 History of the photovoltaic technology

The term photovoltaic refers to any device and system that can convert energy from light to
electricity. Although discovered by A. E. Becquerel in 1839 [1], the photovoltaic effect was not
successfully utilized until silicon solar cells were invented based on the P-N junction in the Bell
Lab in 1954 [2]. The photovoltaic modules capable of producing energy at the magnitude of MW
were developed in 1956, and the photovoltaic technology has been widely employed to generate
clean energy that make less impact to the natural environment ever since. As of the year 2016,
based on the fossil fuel consumption and the carbon dioxide emission, it is calculated that 2.5x10*
GW of low carbon emission energy will be demanded by the year 2050 to counteract the global
climate degradation [2]. To meet such urgent demand, the photovoltaics have experienced fast
growth. For example, expected accumulative photovoltaic capacity planned by the International
Energy Agency (IEA) as of the year 2020 was rapidly outstripped in the year 2014 [3-6]. It is
worth noting that although by definition photovoltaics would enclose any means that convert
energy from light to electricity; it is only meaningful when discussing converting solar energy
rather than other light sources, since the solar energy is the most significant green and free energy

source.

It is a stereotype for people to consider that photovoltaic devices are of high cost compared
to traditional energy sources. While indeed the renewable energy sources all suffer from higher
cost in a long time, photovoltaic technology recently has gain a great success to eventually become
a net energy producer [7]. With the advance in technologies, the reduction of the payback time and
the manufacturing cost has ensured the photovoltaics to be the most promising renewable energy
in the future [8]. The developing trend of the photovoltaics highlighted the viability that the
photovoltaic technology will take up a significant fraction of the global energy supply in the future,
providing a unique contribution to the world's environmental sustainability and energy security

challenge [9-10].
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Fig.1 Classification of solar cell technologies by generations.

In the recent decades, photovoltaic technology has experienced a booming growth. Fig.1
illustrated that depending on the materials and manufacturing techniques, photovoltaic devices can
be categorized into three generations. Their certified photovoltaic performances under the global

AM1.5 spectrum (1000 W/m?) at 25 °C are summarized in Table 1.

The 1% generation photovoltaic devices are silicon solar cells, including polycrystalline
silicon solar cells and monocrystalline silicon solar cells. Until today, the first generation
photovoltaic cells have shown high power conversion efficiency up to 25% [11]. Mature
fabrication and encapsulation techniques ensured the high stability of the 1% generation
photovoltaic devices, and the silicon solar cell modules have long been applied to the real life

scenarios. However, there are several major drawbacks of the first generation solar cells.

Typically, to fabricate a high quality silicon solar cell module, strict operation conditions are
required including steady-state silicon single crystal growth environment, dust-free operating

chamber, involvement of expensive automatic processing devices, high temperature and pressure,



etc. In addition, silicon is an indirect bandgap semiconductor with a low absorption coefficient of
10* cm™ magnitude [12]. As a result, the theoretical thickness of the silicon films should be higher
than 100 um for an effective absorption in silicon solar cells [13]. In combination with the high
price of the high-purity silicon raw material, the silicon solar modules was always at a high price.
Although the price has been reduced dramatically with the efforts of many research entities across
the world [14-16], the cost is still an important factor that hinders the massive development of the
silicon solar cells. As of the amorphous silicon solar cells, this type of silicon solar cell has
significantly lower cost than the polycrystalline or monocrystalline silicon solar cells. Yet their
power conversion efficiency is limited by the optoelectronic maximum. It is estimated that both
the cost-per-watt value and the expected lifetime are poorer than that of other silicon solar cells

[17], thus their performances are not comparable to the 1% generation silicon solar cells.

The 2" generation photovoltaics usually refer to the thin film semiconductor solar cells. One
significant difference between the 1% and 2" generation solar cells is that the semiconductor
materials of the 2% generation solar cells generally show direct bandgaps, which would allow a
much thinner film to realize higher light absorption rate [18]. Common 2™ generation
photovoltaics include copper indium gallium selenide (CIGS) solar cells, copper zinc tin sulfide
(CZTS) solar cells, gallium arsenide (GaAs) solar cells, etc. The GaAs solar cells have the best
performance, achieving PCEs of 29% and 40% in single and tandem devices, respectively [19].
This 1s comparable to the silicon solar cells. However, the resources of raw materials, gallium, is
not abundant, especially when considering large-scale industrial production and deposition. To
make things worse, arsenide compound is toxic. The toxicity further constrained the application
of the GaAs solar cells. The CIGS solar cells can reach 20% PCE [19]. However, they require
more rare earth elements, thus have even higher cost. As the substitute, the CZTS solar cells
assessed the issue of the expensive raw material, and the PCE is quickly catching up with the CIGS

[20].

The 3™ generation solar cells include organic photovoltaics, dye-sensitized solar cells
(DSSC), quantum dot solar cells (QD), and perovskite solar cells (PSC). The DSSC entered the
scene in 1991 [21]. This is a low cost photovoltaic device family, which typically employ cheap
raw materials and are easy to fabricate. One huge advantage is that the DSSC can employ roll-
printing technique, which is significantly easier than other fabrication techniques. The DSSC can

also be flexible and/or transparent, thus has potential for specified situations. However, the PCE

3



of these solar cells are usually low due to the narrow absorption region of the dyes, as well as their
lower stability [22]. Although the DSSC has experienced some progresses, pushing its PCE over
10% [23-24], the device performances were still not fulfilling, and the stability of such devices

still heavily rely on encapsulation.

The polymer solar cells can be of very low cost due to cheap materials. Employing special
bulk heterojunction structure, the fabrication process of the organic photovoltaics is relatively

simple [25]. It is also promising when consider flexible devices. However, their PCE are still quite

low per today.
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Fig.2 PCE development trends of the 3" generation photovoltaics [26].

Among all the 3™ generation photovoltaics, the perovskite solar cell rose sharply. As shown
in Fig.2, it achieved the highest PCE of all the 3™ generation photovoltaics in a mere eight years.
The perovskite solar cells are easy to fabricate as well as employing cheap materials. Considering
their great potential, the perovskite solar cells have been expected to bring great breakthrough for

the next generation solar cells. We will discuss some general concepts about the perovskite solar

cells in next part.



Table.1 Confirmed PCE of the terrestrial cells and submodules

(Measured under the AM1.5 spectrum (1000 W/m?) at 25 °C [19])

Classification efficiency area Voc Jsc fill factor
(%) (cm?) V) (mA/cm?) (%)
Silicon solar cells
Crystalline devices 267+£05 79.0 0.738 42.65 84.9
Multicrystalline  223+04 3.923  0.6742 41.08 80.5
devices
Thin transfer 212404 2397  0.687 38.50 80.3
submodules
Thin film 10503 940  0.492 29.7 72.1
minimodules
III-V cells
GaAsthinfilm  288+09 09927 1.122 29.68 86.5
devices
GaAs
multicrystalline 184+£0.5 4.011 0.994 23.2 79.7
devices
InP crystalline 242+0.5 1.008  0.939 31.15 82.6
devices
Thin film
chalcogenide cells
CIGS 229+0.5 1.041  0.744 38.77 79.5
CdTe 21.0£04 1.0623 08759  30.25 79.4
CZTS 10,0+£0.2 1.113 0.7083 21.77 65.1
Amorphous/
microcristalline Si
solar cells
10.2+0.3 1.001 0.896 16.36 69.8

Amorphous Si



Microcrystalline Si 11.9+0.3 1.044 0.550 29.72 75.0

Perovskite solar

cells
Lab scale devices 20.9+0.7 0.991 1.125 2492 74.5
Mini modules 17.25+0.6 277 1.070 20.66 78.1
Submodules 11.7+£04 703 1.073 14.36 75.8
Dye sensitized
solar cell
Lab scale devices 11.9+04 1.005 0.744 22.47 71.2
Mini modules 10.7+0.4 26.55 0.754 20.19 69.9
Submodules 8.8+0.3 398.8 0.697 18.42 68.7

Organic solar cells
Lab scale devices 11.2£0.3  0.992 0.780 19.30 74.2

Mini modules ~ 97%03 2614  0.806 16.47 73.2

1.2 Halide perovskites for photovoltaic devices

Originally, the term perovskite referred to a mineral, CaTiO3, discovered by Gustav Rose in
1839 and named after Russian mineralogist Lev Perovski [27]. The concept of a perovskite
structure then extended to any material that assume the general formula of ABX3, where A and B
represent cations while X represent an anion. Typically A and B are metallic elements, while X is
either O, C, N or a halogen. [28] It is quite interesting that silicate perovskite is the most abundant
mineral in the lower mantle, but the unique structure of the perovskites was not emphasized until
Goldschmidt published his work on tolerance factors [29]. Many different cations, inorganic or
organic, can be embedded into the perovskite structure, providing enormous amount of viable
analogous perovskite materials [30]. While perovskites with different elemental composition
surely possess different properties, the most intriguing type of the perovskites is the halide
perovskite, or to be more specific, the lead halide perovskite. Showing many excellent physical
and optical properties, the lead halide perovskite was considered the most promising light absorber

for the next generation solar cells as soon as it was employed in 2009, although it only reached



3.8% PCE at that moment [31]. With a surprisingly fast increase to 23.3% in 2018 [32], the lead

halide perovskite has become the most studied perovskite material in the field of photovoltaics.

1.2.1 Crystal structure and properties of the halide perovskites.
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Fig.3 A typical lattice structure of a perovskite

Structure of a typical perovskite is shown in Fig.3. Put a lattice of a perovskite material
assuming formula of ABX3 into a 3D Cartesian coordinate system, we can see that the A site
cations locate at the corner of the cubic lattice described as (0, 0, 0), the B site cations locate at the
center of the lattice described as (1/2, 1/2, 1/2), and the X site anions locate at the face-center of
the lattice described as (1/2, 1/2, 0). We can also inspect the lattice structure of the perovskite from
another point of view. Fig.4 showed the crystal structure of MAPbI3, a lead halide perovskite. We
can clearly see the corner sharing octahedral lattice connecting to one another in three dimensions,
while the A site cation locates in the cavity among 8 cubic units. This special structure causes that
the size of A, B and X site ions would significantly affect the lattice stability of the halide
perovskite. In order to describe the magnitude of stability of a perovskite, Goldschmidt [29]
introduced tolerance factor (t). To be specific, by collecting data of the effective radii of each ions,
the tolerance factor (t) and the octahedral factor (i) can be calculated, and through these factors
we can roughly have a concept about whether a perovskite is stable assuming cubic crystal lattice,

and how is the distorting tendency of it [33]. Besides of the 3D perovskite, many 2D perovskites



were also developed, such as the Ruddleson-Popper phase perovskite [34], the Aurivillius phase
perovskite [35], and the Dion-Jacobson phase perovskite [36]. These 2D perovskites can also have
various applications, but we will not discuss them in details in this thesis, as they are usually not

related to the photovoltaics.

Fig.4 Scheme of the structure of a typical MAPbI; perovskite.

One amazing property of the lead halide perovskites is that they have direct bandgap. As we
have discussed above in section 1.1, a direct bandgap means the material can provide high
absorption with a thin film. This is especially important when considering commercial
photovoltaic applications. Another important property of the lead halide perovskites is that their
optoelectronic characters are highly tunable, with both the composition adjustments [37] and the
lattice doping [38]. This property allows the halide perovskite to be applied to many optoelectronic
devices, not only solar cells but also photodetectors, photocatalytic system, etc. The lead halide
perovskite can also provide long carrier transport length and fine defect tolerance comparing to

other crystalline photovoltaic materials [39].

1.2.2 Perovskite solar cell architectures and fabrication techniques.

Different from its oxide analogues, the halide perovskites allow simple solution process,
since they have fine solubility in aprotic polar solutions at low temperature. Depending on the
different fabrication processes to assemble a perovskite solar cell, different solvents such as -

butyrolactoneare (GBL), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or their



mixture are used. Another important property of the halide perovskite is the inversed solubility, or
the “retrograde solubility” in the aprotic polar solvents [40]. The solubility of a halide perovskite
would decrease by about 20% when the solution is heated from 60°C to 90°C, and decrease by
about 50% when heated to 120°C. This will cause the halide perovskite to rapidly precipitate when
the solution is heated, and the retrograde crystallization method is widely used in preparing single

crystals of the halide perovskite [41-42].
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Fig.5 Sketch of (a) device architecture of a typical perovskite solar cell and (b) energy

diagram of the perovskite solar cell showing the carrier cascade.

Fig.5 demonstrated the structure of a typical perovskite solar cell, and its energy diagram.
To fabricate a well-defined perovskite solar cell device, it is necessary to choose an electron
transport material (ETM) and a hole transport material (HTM) so as to extract and collect the
electrons and holes generated by the excitation from the incident photon. Although devices without
ETM and/or HTM are also viable, their performances are typically not as good as those with ETM
and HTM [43-44]. Most widely used ETM are oxide semiconductors with large bandgap and good
transparency, such as TiOz, AlOs, SnO2, etc. [45-47]. Most widely used HTM is an organic
conductive compound Spiro-OMeTAD. By arranging the conductive band minimum (CBM) of
the ETM and the valance band maximum (VBM) of the HTM and let them align with the



perovskite, a cascade of the carriers can be formed and thus consists the core working principle of

the perovskite solar cell.

Despite of the architecture, the fabrication routes of the perovskite solar cells can be divided
into two main types, the spin coating fabrication and the chemical bath deposition fabrication. The
chemical bath deposition is a relative “old” fabrication method, which includes dipping the
substrate in the perovskite solution, let the perovskite crystals sediment, and form a dense film.
This method is simple, and yields fine compact film, but requires a long deposition time, during
which the system is easily disturbed and can be of poor reproducibility [48]. The chemical bath
deposition usually requires a large amount of solution, but utilizing only a small portion of the raw
material to for the film, thus resulting in great waste of reagents [49]. On the other hand, the spin
coating method, where a small amount (typically micro liter magnitude) of precursor is dropped
on a flat substrate and form the film with the centrifuge force by spinning the substrate at a steady
rotating speed, usually take only tens of seconds to cast a film and the process is highly repeatable
[50]. Nowadays the spin coating technique is the fundamental skill for perovskite solar cell
fabrication, but it also has become one of the obstructions that prevents the perovskite solar cell
from industry-scale fabrication, because the large scale spin coating is not viable, and other
fabrication techniques cannot yield solar cells as good as those fabricated with spin coating. Surely
many alternative fabrication techniques were developed, such as the low temperature pressing
fabrication [51], roll-to-roll printing technique [52], etc., the solar cell fabrication techniques are
still far from satisfying. We can anticipate that the improvement of the device fabrication technique

will always be a key research topic in the near future.

1.3 Lead-free perovskites for solar cells

1.3.1 Issues of the lead halide perovskites.

In the previous section, we have discussed the development of the lead-based perovskite
solar cells. Despite the exciting advantages and progress mentioned above, the lead-based solar
cells still have several major problems. One main problem is the toxicity of the Pb>* cation and the
pollution caused by the loss of lead mass from the perovskite solar cell module. Study showed that

Pb?" cation affects the human nervous system as well as the reproductive system [53]. Due to the
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easy decomposition of the perovskite materials in a humid environment or under strong UV
radiation, decomposed lead perovskites would generate high concentration of Pb?" cations. To
make things worse, the decomposition of the lead perovskites can be significantly accelerated
when considering real life scenarios. The mass loss of lead perovskites can result in pollution in

large area of soil, water and atmosphere [54].

While the lead loss can be contained at a mild magnitude with careful encapsulation, another
issue is that the degradation of the lead perovskite is generally irreversible. Moisture and high
temperature are the most hazardous factors to the perovskite photovoltaics. Study showed that
hybrid lead perovskite materials would exhibit rapid degradation under the conditions of either
high moisture or high temperature (over 140°C), and these decomposition processes often
happened at the defect sites located at the interfaces [55]. While in oxygen-rich environment, UV
light can significantly promote the inducement of oxygen molecule diffusion through the
perovskite layer. When the oxygen molecules reach the oxide semiconductor ETM, intrinsic
photocatalytic reaction would take place and form peroxide or superoxide compounds [56]. This
is one of the important degradation mechanisms of the perovskite layer. Another important
mechanism of the perovskite degradation is that UV illumination can promote the generation of
halogen radicals at local defect sites. Possessing high free energy, these halogen radicals would
act as activated decomposing center [6]. The degradation of the perovskite layer can cause severe
efficiency drop or even device failure in a short period, thus is crucial if we want to obtain stable

perovskite solar cell modules.

1.3.2 Non-toxic elements to substitute lead in the perovskites

Many studies have been carried out in order to solve these key issues mentioned above.
Generally, good encapsulation and careful fabricating techniques can mitigate the decomposition.
However, the problems cannot be solved completely. A most plausible solution is to develop viable
lead-free perovskites so that we can completely remove the lead element from the halide
perovskites. Of course in certain circumstance the complete removal of the lead element is not

quite realistic, then partial replacement can also be an option.

Until today, many substitute elements have been studied. If we look at the periodic table, tin
(Sn) is the most similar element to lead. They both can form +2 valence compounds and the crystal

structure of the halide perovskites based on Sn is similar to that of the lead perovskites. Sn-based
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perovskites were predicted to maintain most of the optoelectronic properties of the lead perovskites
due to similar lattice structure and bandgaps [57]. Partial substitution of lead by tin entered the
scene at very early stage of the perovskite solar cell research. Initially the mixed lead-tin perovskite
showed competitive PCE to the pure lead perovskite, and even suggested better potential showing
a wide absorption range up to 1060 nm [58]. Very soon, solar cells based on pure tin perovskites
were developed showing promising photovoltaic performance [59]. With the development of
material modification methods and film fabrication techniques, the PCE of the partial substituted
tin perovskite has reached over 12% [60] and fully substituted tin perovskite has reached over 9%

[61].

However, tin-based perovskites were revealed to have certain shortcomings as well. Study
showed that Sn*" cations suffer from instability issue. When exposed to moisture or oxidation
agent of any source, Sn*" will rapidly oxidize into Sn*", thus causing the 3D perovskite to reduce
to 2D or even succumb to decomposition [62]. In addition, study showed that tin perovskite would
release I" or HI during its decomposing process, causing acidification of the water system if
released to the natural environment. This indicated that tin perovskite would also suffer from

toxicity and pollution issues [63].

Another potential substitute is germanium. Located in the same family with lead, germanium
can also form +2 valence compounds. Germanium has been used in thin film transistor and the 2™
generation solar cells for a long time before researches show germanium perovskites could have
similar physical properties and band structures to the Pb and Sn perovskites [64-65]. The properties
and applications of the oxide germanium perovskites were previously studied [66-67]. However,
studies of the germanium halide perovskites as a light absorber in the photovoltaic field are limited.
Computational studies and practical researches indicated that the germanium perovskites are
capable of forming 3D cubit crystal structure, but possess significantly larger bandgap than their
lead counterparts [68-69]. In recent years study on germanium perovskites diminished. Unable to
solve the problem of the high price of the germanium and the large bandgap of the germanium
perovskites, this material has not displayed superior potential for solar cell applications yet. Other
elements that were predicted to form +2 valence perovskite structure include alkaline metal
elements such as Sr and Ba [70-71], and transition metals such as Cu [72]. The alkaline metal

perovskites would have very large bandgaps (>3.0), while the cupric perovskites would only form
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2D structure due to the small effective ionic size. These elements have not shown evidence for

effective solar cell applications either.

Bismuth is another potential substitute element of lead, which located next to lead on
the periodic table. Computational predictions and experimental studies suggested that
bismuth perovskites have less defect states, long carrier lifetime and proper defect tolerance
ability [73-75]. It is also proved that bismuth is much less toxic comparing to the lead
element [76]. Many studies on bismuth perovskites have been carried out in recent years,

pushing the PCE of the bismuth perovskite from < 0.1 to over 3% [77].

On the other hand, many important problems of the pure bismuth perovskites have
been revealed. Pure halide bismuth perovskite would crystalize into a 2D hexagonal layered
phase, causing the perovskite film to have much more intrinsic defects [78]. Another issue
is that bismuth perovskites tend to have large and indirect bandgaps (~2.0 eV), which is

definitely not suitable for perovskite solar cells [79].

In order to counter the problems of the intrinsic defects, employing new fabrication
techniques can be a viable way. It is reported that by employing vapour assisted solution p
(VASP) method, which was used to modify lead perovskites, the crystal size of the bismuth
perovskites can be reduced, and the leakage and Voc loss can be mitigated [77]. Modifying
the composition of the bismuth perovskites can also work. By introducing another metal
cation to the bismuth perovskite and form a double perovskite, it is possible to gain 3D
crystal structure. We will discuss this in details in next section. It is also reported that by
modifying the composition of the bismuth perovskites, their bandgaps and absorption
abilities can be enhanced [80]. Considering the stability and non-toxicity of the bismuth

perovskites, it is of great value to study these modification methods in depth.

1.4 Lead-free double perovskites

1.4.1 Structure and properties of the double perovskites
Another way of utilizing lead-free materials is to introducing one more cation to the B site
and form a double perovskite. Double perovskite (DP) first entered the scene as oxide multiferroics

ABB’Os when researchers explored for new magnetic materials [81]. Most of the B and B’ site
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cations were transition metals, and most A site cations were alkaline or alkaline-earth metals.
Being an all-inorganic compound, oxide DP displayed structural stability at a wide temperature

range and magnetoresistance effect at ambient conditions [82].

Halide DPs drew attention recently as researchers scanning for new lead-free perovskites.
By replacing the lead element in an APbX3 halide perovskite by a pair of other metal cations, the
product can assume the formula of A;BB'Xs. Fig.6 shows the lattice unit of an ideal double
perovskite, where the B and B’ site cations would take up the central position of the lattice
alternatively, and this ordered distribution would maintain throughout the whole structure of a
halide DP. It is to be noticed that although in an ideal situation, B and B” would each take up 50%
of the B sites, it is not a mandatory ratio for the double perovskite to form. In addition, halide DPs
would also have halogen vacancies at A sites, as oxide DPs have oxygen vacancies. In this thesis

when we talk about double perovskites, we refer to the halide double perovskites.
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Fig.6 Typical lattice unit of a double perovskite.

1.4.2 Development of the lead-free halide double perovskites.

To date, the most discussed double perovskite combination is the Ag and Bi elements
for the B sites. Xiao et al. have conducted a complex and detailed computational analysis
on the thermodynamic stability, electronic structure and defect properties of the
Cs2AgBiBrs compound. They pointed out that the CsxAgBiBrs is less stable than the
CH3NH3PbBr3 material owing to the weak coupling between Bi 6s and Br 6p orbitals [83].
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In addition, it is revealed that the Cs2AgBiXe has a corner-shared octahedral framework,
which is similar to that of the Pb-perovskite. This material exhibited excellent long PL
decay time indicating long carrier lifetime. On the other hand, the calculations and
experimental data showed that Cs>AgBiXe has a large indirect bandgap of over 2 eV [84-
88]

Apart from Ag/Bi double perovskites, many other B site cations were also studied.
Volonakis et al. reported Cs2InAgCls double perovskite in 2017 [89]. First-principle
calculations predicted that the Cs2InAgCls has a direct bandgap, which is an advantage for
photovoltaic applications. However, the bandgap of this material is still very large

(approaching 3 eV).

DPs with organic cations at A site were also studied. MA;KBiClg exhibited large
bandgap of 3.04 eV despite its similar crystal structure as the Pb-based perovskites [90].
Cheng et al. also reported that a 2D hexagonal MA2AgBils crystal possesses wide bandgap
of 1.96 eV [91].

DPs listed above and reported elsewhere generally showed high stability that can
reduce environmental impact. Consisting mostly non-toxic elements, the halide DPs

indicated great potential for environment friendly solar devices.

The major disadvantage of the reported double perovskites is that their bandgaps are
all large for use in single-junction solar cells. Hence, designing a low bandgap double
perovskite halide is in great need where the new double perovskite should have a proper
bandgap with wide absorption range across the solar spectra, and it should maintain the

advantages of the double perovskites such as stable and non-toxic.

1.5 Single crystals

Single crystal (SC), also known as monocrystalline solid, can be described as a solid who
has orderly three-dimensional continuous crystal lattice throughout the entire particle. The lack of

defects can provide unique mechanical strength, optical properties and electrical characteristics
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[92]. The most well-known SC material related to the photovoltaic devices is the silicon SC solar

cells. SCs are also applied to other optoelectronic fields such as lasers [93] and photodetectors [94].

1.5.1 Single crystals and perovskite solar cells

The majority of the perovskite solar cells reported are based on polycrystalline films.
Polycrystalline films generally suffer from higher trap density and higher grain boundaries [95].
Obviously, these traps and grain boundaries attributed to a great portion of the instability of the

perovskite solar cells that hindered the commercial scale application of the perovskite solar cells.

On the other hand, SC demonstrated many superior advantages compared to the
polycrystalline films. Attributing to their higher crystallinity, fewer defects, absence of grain
boundaries and superior stability [96-99], single crystals are potential for fabricating high
performance solar cells. This is proved with silicon solar cells, where SC silicon solar cell yields
over 26% PCE and polycrystalline silicon solar cell yields 22% [100]. If we can fabricate
perovskite solar cells with single crystal wafer/film, then the breakthrough of the PCE can be

expected.

1.5.2 Development of the perovskite single crystals

In order to obtain well-defined perovskite SCs, a variety of solution-based approaches were
developed, including the hot solution cooling growth [101], the anti-solvent vapor-assisted
crystallization [102], the top-seeded growth [95], the inverse temperature crystallization [103-104],

and the solvent acidolysis crystallization [105].

Although hybrid lead perovskite SCs and inorganic lead perovskite SCs both reached over
10 mm in scale, only a few reported successful device fabrication with these materials. One
important reason is that the mechanical strength of the perovskite SCs are low and it is hard to
obtain wafer or film from bulk macro SC. On the other hand, micro SCs suggested successful
application to the solar cell devices [106-107]. The same methodology can be introduced to the
lead-free perovskite material preparation, and it may be able to solve the problem that the lead-

free perovskites can only yield low quality polycrystalline film.
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1.6 Challenges and Research topics

As discussed above, the halide perovskite solar cells have become the most promising 3™
generation solar cells. However, three major challenges still lie in the way towards commercial
application of the perovskite solar cells. First, the stability of the perovskite material needs to be
improved in order to achieve long-term stable output. Second, the toxic waste and pollution
generated by the degradation of the perovskite material need constrain and management. Third,
the scale-up performance of the perovskite solar cell needs to be enhanced in order to fulfil the

requirement of the industrial scale fabrication and real life scenario utilization.

Inspecting these challenges, we can conclude that the perovskite material itself played the
key part on the performance of the solar cells. In order to promote the further development of
perovskite solar cells, new materials were developed in this thesis to assess the shortcoming of the
lead halide perovskites. First, mixed chalcogenide-halide bismuth perovskite was explored for
lead-free perovskite solar cells. Second, bismuth double perovskite was prepared by hydrothermal
process to assess the large bandgap and poor morphology problems of the bismuth perovskites.
Third, the micro single crystals of the bismuth double perovskite was investigated to further inspect

the optimized growth condition of the bismuth double perovskite.
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Chapter 2. Experimental section of the general methods
and characterization techniques
In this thesis multiple synthesizing methods of the target materials, fabricating routines of

the photovoltaic devices and characterization techniques were involved. As listed below, the

related materials, instruments and methodologies were introduced.

2.1 Raw materials and apparatus

2.1.1 Raw materials
Listed below is a table of the engaged chemical reagents in this thesis. It should be pointed
out that all the chemical reagents were purchased directly from the suppliers without further

purifications.

Table 1. Chemical reagents employed in this thesis

Reagent Purity Company
Tetrabutyl titanate AR Sigma-Aldrich
Meso-TiOz paste 18NRD paste Great Cell Solar (Dyesol) LTD.
FTO glass glass Opvtech
Ethanol Super Dehydrated Wako Pure Chemical Industries
Li-TFSI 99.99% Macklin Co., LTD.
Spiro-MeOTAD 99.7% Macklin Co., LTD.
Chlorobenzene 99.9% Sigma-Aldrich
N, N-
dimethylformamid 99.9% Sigma-Aldrich
e
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Dimethyl

9
sulfoxide

10 Pbl
1 CH3NHsI
12 4-tert-

butylpyridine
13 PEDOT:PSS
14 Ag
15 2-Propanol
16 Bilz
7 Csl
18 Nal
19 acetone
20 Acetonitrile

21 Hydroiodic Acid

Titanium (IV)
25 Tetrabutoxide
monomer
26 2.2
Iminodiethanol

99.9%

98%

99%

AR

99%

99.999%

Super Dehydrated

99.999%

99.999%

99.999%

99%

Super Dehydrated

oM

95.0%

98.0%

Sigma-Aldrich

Tokyo Chemical Industry Co.,
LTD.

Great Cell Solar (Dyesol) LTD.

Sigma-Aldrich

Sigma-Aldrich
Alfa Aesar

Wako Pure Chemical Industries

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Wako Pure Chemical Industries

Wako Pure Chemical Industries

Sigma-Aldrich

Wako Pure Chemical Industries

Wako Pure Chemical Industries

2.1.2 Apparatus
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Listed below is a table of the apparatus and testing instruments employed in this thesis. In

the following sections all the testing devices refers to this table if not specified.

Table 2. Laboratory apparatus employed in this thesis

Apparatus MODEL Company

1 Electronic Balance XFR-205DR Shinko Denshi Co., Ltd.

2 Muffle Furnace FO300 Yamato Scientific Co., Ltd., Japan

3 Oven SDN/W-27 Sansyo Co., Ltd., Japan

4 Spin coater SC-150 Oshigane Co., Ltd., Japan

5 Hot plate C-MAG HS7 IKA Co., Ltd., Germany

6 Vacuum oven SVD-30 Sansyo Co., Ltd., Japan

7 ASU cleaner ASU-6 As one Co., Ltd., Japan

8 Tabletop centrifuge EX0800-A000 Kubota Co., Ltd., Japan

9 Glove box Super(1220/75 MIKROUNA Co., Ltd., China
0/900)

10 Ohmmeter FULL-TECH FULL-TECH Co., Ltd., Japan
FT-101

11 Digital meter Keithley 2400 Teltronix, INC. Co., Ltd., USA

12 Solar simulator CEP-2000 Bunkou Keiki Co., Ltd., Japan

13 Standard solar cell BS-520BK Bunkou Keiki Co., Ltd., Japan

14 Standard solar cell BS-500BK Bunkoukeiki Co., Ltd., Japan

15 Energy dispersive Genesis XM2 EDAX Co., Ltd., Japan

X-ray spectrometry
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16  X-ray diffractometer Rigaku Rigaku Co., Ltd, Japan

Scanning electron

17 JCM-6000 JEOL Co., Ltd, Japan
microscope
UV-visible

18 V-670 JASSCO Co. Ltd., USA
spectrometer

ionization energy o
19 ' . KV205-HK Bunkoukeiki Co., Ltd, Japan
measuring device

X-ray photoelectron
20 AXIS-HS KRATOS Co., Ltd., Japan
spectroscopy

21 Tube Furnace ARF-30KC ASAHI RIKA Co., Ltd., Japan

Field emission-
22 scanning electron S5200 Hitachi Co., Ltd., Japan

microscope

2.1.3 General methods of the hydrothermal synthesis.

Hydrothermal method is an effective way to synthesis materials that requires certain
temperature and vapor pressure threshold [1]. This method can be dated back to 1840s. In most
cases, a hydrothermal process can be defined as a method of synthesizing crystals at higher
temperature and pressure, which has temperature and/or pressure dependent solubility, from an
aqueous solution. The process is usually carried out in a Teflon-lined container, which is placed in
a stainless steel pressure vessel called an autoclave to maintain the pressure. The system would be
kept in an oven to maintain the temperature. Generally, the autoclave system would be heated to a
target temperature and kept in steady state for a designed time, before undergoing a controlled
cooling process. The product would be obtained during either the heating step or the cooling step.
The advantages of the hydrothermal process include enabling the synthesis of the materials that
are not obtainable without certain vapor pressure environment, enabling the synthesis of certain
materials that are not stable near the melting point that is not suitable for solid state co-melting,

and enabling the growth of fine-quality crystals while maintaining control over the composition.
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On the other hand, disadvantages of the method include the need of expensive autoclaves,
especially in industrial scale process, and the synthesis process cannot be observed or adjusted
during the experiments. It is also to point out that synthesizing process with a solvent that is not
aqueous would be referred as a solvo-thermal process, which can be demanded by certain specified

experiments, but the overall concept is the same.

In our specified experiments, a hydrothermal process was carried out in a 6M hydroiodic
acid (aq.) solution. The system was processed under a relatively mild temperature of 120°C. The

steps can be illustrated in the flowchart below.

Put stoichimetric ratio of the Csl, Bil, and Nal in the
autoclave

~r

Dilute 9M HI (aq.) to 6M, transfer to the autoclave

L

Heat the autoclave to 120°C and keep for 2hrs

a4 e

Cool the system to room Slowly cool the system to room
temperature naturally temperature during 20hrs

~ =

Double perovskite with well
defined crystal shape

Target double perovskite

Fig. 1 Flowchart showing the hydrothermal process.

2.1.4 The preparation of the compact TiO2 layer and the mesoporous TiO: layer precursor
The compact TiO; layer and the mesoporous TiO: layer are important electron transport

materials for the perovskite solar cells. Solar cell devices discussed in this thesis employed such

bi-layers as the electron transport materials. Below is the general process for preparing the compact

Ti0; and the mesoporous TiO> precursors.

The compact TiO; precursor was prepared via a sol-gel method [2]. With magnetic stirring,

68 mL of the titanium (I'V) tetrabutoxide, and 16.5 mL of the 2.2’- iminodiethanol and 210 mL of
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the super dehydrated ethanol were mixed for 1 hr. This solution was labeled as the Solution A.
Then, 100 mL of the super dehydrate ethanol was diluted by 3.6 mL of the D.I. water and labeled
as the Solution B. Under strong (> 1000 rpm) magnetic stirring, slowly add the Solution B into the
Solution A, obtaining a clear white colloidal solution. The as-prepared solution was then stationed
in a refrigerator (8 °C) for 24 hr. before ready for use. The as-prepared compact TiO> layer

precursor should be stored in the refrigerator in order to preserve its composition.

The mesoporous TiO; layer precursor was prepared from the TiO: paste purchased from the
GreatCell Solar Ltd., without further purification. To be specific, the paste was transferred to a
clean white plastic bottle and super dehydrate ethanol was added to the paste with a mass ratio of
1:3.5. Then ZrO; milling beads were loaded to the bottle. The plastic bottle with the mixture and
the beads was transferred to a plastic ball-milling container, and milled for 4 hr. at 40 Hz. A
homogenous suspension was obtained and ready for use. The as-prepared precursor should be kept
in a sealed bottle and avoid direct sunlight radiation. Though it is not necessary, to store the
precursor in the refrigerator is recommended, so that the precursor can maintain a steady state. The

as-prepared precursor can be valid for at least 3 months before expire.

2.2 Characterization methods

2.2.1 X-ray diffraction crystallography (XRD)

The X-ray diffraction (XRD) crystallography is a non-destructive analytical technique that
can obtain information on the unit cell dimension. During the XRD test, an incident X-ray beam
is diffracted by the crystal lattice thus generating a collection of diffracted beams into different

specific directions. Based on the Bragg’s law, these diffracted beams can be described as followed:

2dsin @ = nA (2-1)

Where d is the spacing between the crystal planes, 0 is the incident angle, n is an integer, and
A 1s the wavelength of the beam. The intensities and angles of these diffracted beams reveal the

electron density map of the target sample, from which the in-depth information of the target
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including the mean atom positions, the chemical bond details and lattice disorder, etc. By
employing the XRD crystallography, researchers can identity the phases and analyze the molecular

structures of crystalline samples.

The XRD patterns for the sample powders were obtained with an X-ray diffractometer
(PANalytical X’Pert spectrometer) with Cu Ka irradiation (A = 1.54056 A). The sample was
prepared by depositing the powder to a clean and dry glass testing substrate before loading to the
X-ray diffractometer. The XRD patterns were recorded by X’Pert highscore. The scan range is

from 5° to 80°, and the scan rate is 5°/min.

2.2.2 Field emission scanning electron microscopy (FE-SEM)

Field emission scanning electron microscopy (FE-SEM) is a type of electron microscopy
technique that produces images of samples by scanning the surfaces with a focused beam of
electrons. The electron beam interacts with atoms of different depth, generating various signals
providing topographical and compositional information. The FE-SEM can reach a magnification
up to 300,000 times, with the virtually unlimited depth of field. Comparing to ordinary scanning
electron microscopy (SEM), FE-SEM vyield images with higher resolution and less distortion.

The FE-SEM images for the samples were taken by JEOL JSM-6701F, with a working
voltage of 5 -10 kV and a working current of 15 pA. The sample powder was deposited to the
conductive adhesive tape attached to the sample holder, carefully dusted with an air-duster, and

then loaded to the vacuum chamber for observation.

2.2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopic technique that
can provide not only qualitative analysis but also quantitative analysis revealing various
information of the target material including the elemental composition, empirical formula,
chemical state, electronic state, etc. XPS equips a beam of X-ray to irradiate the target material,
and record the number and the kinetic energy of the electrons escaping the surface of the target
material. Since the energy of an X-ray with a particular wavelength, the kinetic energy of an
emitted electron can be measured, the electron binding energy of each of the emitted electrons can

be determined with the equation below:
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Ebinding = Ephoton - (Ekinetic + @) (2-2)

Where Epinging stands for the binding energy of a specific emitted electron, Eppq¢onstands

for the energy of the indicating X-ray photon, E;,eticStands for the kinetic energy of the electron
measured, and @ stands for the work function dependent on the spectrometer and the material. It

is to be noted that XPS can provide high detective limit up to the parts per thousand range.

Since XPS would only detect the surface of the target material in a range of around 10 nm,
it usually required the testing specimen to be processed in order to be fully expose. In this thesis,

since the samples were in the form of powder, further grounding treatment was not necessary.

2.2.4 Ultraviolet photoelectron spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) is a characteristic method to detect the energy
level distribution of a certain semiconductor material. By measuring and profiling the kinetic
energy spectra of the photoelectrons emitted from the material, this method can easily illustrate
the work function and the molecular orbital energies in the valence region. The overall principles
of the UPS is quite similar to that of the XPS, difference being that in the UPS test, ionizing
radiation of several tens of eV is employed, comparing to the ~1keV employed by the XPS. In the
laboratory set up of the UPS, a gas discharge lamp is typically used to generate ultraviolet photons.

Common gas used by the discharge lamp and their related properties are listed below.

Table 3. Properties of the gas used for the discharge lamp

Gas Emission Line Energy (eV) Wavelength (nm)
H Lyman a 10.20 121.57

He la 21.22 58.43

Ne la 16.85 73.62

Ar 1 11.62 106.70

Due to the lower incident photon energy, the emitting electrons would possess much lower
kinetic energy, thus having a much shorter inelastic mean free path. Comparing to the XPS, UPS

would have a much shallower information depth of on 2-2nm, but exhibit greater sensitivity.
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As shown in the Fig.2 below, we can obtain the cutoff and onset energy of the kinetic energy
profile of the emitting electrons, and follow the equations to determine the energy of the maximum
valence band. Combine this piece of data with the bandgap data, one can sketch the band position
chart of a potential light absorbing semiconductor, in order to find its matching electron transport

material (ETM) and hole transport material (HTM).

N Vacuum level
Conduction
Work bands
or CBM
function| Y——m-—------ Bt
------------------ EF PO VN I It M| SESPAIS Y S B Ao MPOLER |
18 16 14 12 10 8 6 4 2 0 -2 -4
Eg Binding Energy (eV)
j VBM
Valence L. @ =hv=Eq
bands
. VBM=-(D-E_,..,)

Fig. 2 Band position sketch and a typical UPS profile of a semiconductor. Equations
show the steps for obtaining the VBM of the semiconductor.

2.2.5 Energy-dispersive X-ray spectroscopy (EDX)

EDX is a widely used analytical method for elemental composition detection of a sample. In
most EDX test cases, a beam of charged particles (electrons, X-ray, etc.) were directed to the
sample to excite its ground state electrons. The emission signals were captured to display as an
emission spectrum, revealing the elemental composition and their relative abundance of the target

sample.

EDX test was also used to examine the distribution of each element in the sample to

determine the chemical state of the target material. With the elemental mapping images, we can
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decide whether the target element or compound locate at the expected position, or to determine

whether the sample is in a homogenous state.

EXD test can help researchers to reveal the relative abundance of each element in a sample.
However, its accuracy is not as decisive as other test methods. The accuracy of the EDX test can
be affected by many factors. The density, amount and the composition difference of the sample
are all able to affect the fraction of the emission that passes through to the detector. In some cases,
even the roughness of the sample surface can significantly hinder the emission signal. It is better

we use caution when employing EDX as the quantitative analysis technique.

2.2.6 Ultraviolet-visible spectroscopy (UV-Vis)

The ultraviolet-vis spectroscopy is a routinely used quantitative measurement while
evaluating the absorbance or transmittance of a certain material. By illuminating the sample in the
form of solution or powder with a light beam whose wavelength sweeps in the ultraviolet and
visible sections of the light spectrum, a profile of the absorbance with respect to the light

wavelength can be obtained. Define absorbance (A) and transmittance (T) as followed:
T =1/l (2-3)
A=-— log10 T (2_4)

Where I, stands for the light transmitted by the sample and the Iy stands for the light
received by the sample. Based on the Beer-Lambert’s Law [4]:

A=Y, ¢ [) ci(2)dz (2-5)

Where A stands for the absorbance of the testing sample, € stands for the absorption
coefficient, ¢ stands for the concentration of the component i, and L stands for the path length of
the incident light. Of course, in most testing cases, there will only be one solute in the solution,

and the testing vessel is of uniform shape, thus the equation can be reduced as:

A = gcL = logq, (I‘/IO) (2-6)

In the case of the photovoltaic material research, typically, we would want to evaluate the light
absorbing ability of the material directly from the absorbance profile, and we would want to
evaluate the bandgap of the material by constructing a Tauc plot [3]. Following the equation below,

one can directly obtain the optical bandgap of a light absorber.
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ehv = A(hv — Eg)n 2-7)
Where € stands for the absorption coefficient, hv stands for the incident photon energy and

E ; stands for the bandgap of the sample. When measuring a material with a direct bandgap, n = 2,

while measuring a material with an indirect bandgap, n = .

2.2.7 Photovoltaic performance measurement

The photovoltaic performance of the solar cells is mainly evaluated by the /-7 curves measured
by the solar simulator. In the /-V curves measurement of solar cells we focus on these parameters:
the open circuit voltage (Voc), the short circuit current (Ji), the fill factor (FF), and the power
conversion efficiency (PCE). Inax and Vyax represent the current and the voltage at maximum

output, respectively. The PCE and the FF can be defined as the followed:
PCE = (]SCXVOCXFF)/P (2-8)

FF = (]max X Vmux)/(]SC X VOC) (2-9)

Where P stands for the power of the incident light. In order to unify the testing results, a 100
mW/cm? incident light emitting from an Xeon light (named AM1.5G) is typically employed as the
testing light source. In a general scenario, a sweeping voltage bias will be applied to the
photovoltaic device in the range of -0.1V — 1V at a speed of 0.01V/s. A typical I-V profile obtained

by this testing process is shown in Fig. 3.

20

15 o “max

10+

Current density (mA/cm?)

T T
0.0 0.2 0.4 0.6
Voltage (V)

Fig.3 Sketch illustration of a typical I-V curve of solar cell
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Chapter 3. Development of a Mixed Halide-
chalcogenide  Bismuth-based  Perovskite
MABII;S with Small Bandgap and Wide
Absorption Range

3.1 Introduction

Recently the lead-based halide perovskites have experienced a rapid development.
The power conversion efficiency (PCE) of the lead halide-based perovskite solar cells has
surprisingly increased to 23.3% [1]. No doubt that the lead-based halide perovskites are
unique light absorbers, presenting amazing wide absorption range [2], long carrier diffusion
length [3], high quantum conversion ratio [4], small direct bandgap, and good defect
tolerance ability [5]. However, the lead-based perovskites also encountered major
disadvantages such as the instability of the light absorber in humid environment and the
toxicity of the Pb*" generated by the irreversible decomposition. [6-7]. These disadvantages
impeded the perovskite solar cell from progressing towards industrial fabrication and

commercial deposition.

In order to overcome the disadvantages of the lead-based perovskites, a valid idea is
to partially or fully replace the lead element with environmental friendly elements, such as
tin, bismuth, germanium, copper, and alkaline-earth metals (Ba, Sr, Ca). However, not all
the attempts were successful: Sn** and Cu?" were proved similarly unstable and toxic
compared to Pb?*, while Ge*" and the alkaline-earth metals form perovskites with large

bandgaps that are not suitable for solar cells [8-12].

Among these substitute elements, bismuth is highly preferable owing to its low trap
state densities, long carrier lifetime and proper defect tolerance ability [13-15] as predicted
from computational scanning and experimental studies. More importantly, bismuth is much
less toxic than lead [16]. Many studies on bismuth perovskites have been carried out,
achieving exiting progression. However, major problems of the bismuth perovskites have
been revealed as well. Bismuth halide perovskite would crystalize into a 2D hexagonal

layered phase, which promotes intrinsic defect sites [17]. Another issue is that bismuth
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perovskites tend to have large and indirect bandgap near 2.0 eV, which is not very suitable

for perovskite solar cells [18].

While on the other hand, bismuth chalcogenides, such as Bi»S; and Bi>Ses, were
reported to have smaller bandgap than that of the bismuth halide perovskites, and these
materials are also stable and non-toxic [19-21]. It is reasonable to assume that the
incorporation of the chalcogenide anions to the halide bismuth perovskites could reduce
their bandgaps without affecting its optoelectronic properties. Another potential advantage
of incorporating of the chalcogen anions is that the Bi-chalcogen bond is more covalent
than the Bi-halogen bond, which resulted in higher overall covalence magnitude of the
compound, thus brought forth to higher stability [22]. Evidently, computational predictions
indicated that the mixed chalcogen-halogen perovskite existed in a steady form [23], which

merited the photovoltaic development.

In this section, we successfully synthesized a highly crystallinity MABiL.S (MBIS)
lead-free mixed chalcogen-halogen perovskite via a two-step solid-state reaction process.
We provided an in-depth analysis to elucidate the composition of MBIS powder via various
methods. The MBIS possesses small bandgap with large absorption range. Based on these
fine properties, we further explored the photovoltaic performances of the MBIS solar
devices. We have successfully solved the non-fine quality of MBIS cannot form a film on
TiO> substrates with an in-situ solid-state growth method. Although the devices achieved
low PCE at this stage, several enhancement methods were carried out and further

optimization routes were suggested.

3.2 Experimental section

3.2.1 Synthesis of the MBIS perovskite powder sample

In order to synthesize the target bismuth perovskite, we carried out a simple two-step solid-
state reaction. To be specific, 0.5 mol bismuth sulfide (99%, Sigma-Aldrich) and 0.5 mol bismuth
iodide (99.999% trace metal basis, Sigma-Aldrich) were put in an aluminum oxide mortar and
grounded carefully, until the grounded mixture filtered through a 320-mesh stainless steel sieve.

The as-prepared fine powder was transferred to an aluminum-foil-wrapped glass petri dish, and
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then another stainless steel petri dish was covered on top of it. This system was transferred to the
glovebox and annealed at 180 °C for 1 hr. After cooled to the room temperature, the as-synthesized
intermediate product was collected and put to another aluminum oxide mortar and ground with 1.5
mol of MAI (98%, Wako). This mixture is also carefully grounded until it can filtered through the
320-mesh sieve. The as-prepared fine powder was put to another aluminum-foil-wrapped petri
dish, and transferred to the glovebox. After annealed at 150 °C for 30 min and upon cooled, the
product was collected in a transparent plastic sample vessel for further characterization. The

synthesis procedure is described as shown in Fig.1.

@ Bil [ & |
3 = @- Hot plate - > Bl

200°C, 1 hr

» BiSI ' > |
. MAI - @ - Hot plate

150°C, 30 min

@ Bi,S,

MABIl,S

Fig.1 The solid-state synthesis procedure of the MBIS perovskite

It is notable that a slightly excess amount of Bi2S; was used during the solid-state reaction

to compensate the loss of small amount of sulfur.

3.2.2 Physical and optical characterization of the as-prepared MBIS perovskite

In order to elucidate the physical properties of the as-prepared MBIS perovskite, XRD
(Rigaku XRD-DSC-XII) pattern was recorded; scanning from 5 ° to 80 ° (5 °/min) to determine
the components of these products. The morphology of MBIS perovskite was recorded through
SEM (JSM-6701). While, XPS (KRATOS AXIS-NOVA) and EDX (Hitachi S-3400N) tests were

carried out to further confirm the composition of the product.
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In order to evaluate the optical properties of the as-prepared MBIS perovskite, UV-Vis
spectroscopy (Shimadzu UV-2550) test was carried out in order to obtain the absorption property
of the sample and to calculate the optical bandgap.

3.2.3 Solar cell device fabrication and testing

Since the Bi2S3 is not soluble DMF, DMSO, and GBL) facile spin-coating therefore is not
the best coating technique to fabricate a conventional top-down structured solar cell device. To
address this issue, a thin layer of Bi»S; was first coated on top of the mesoporous TiO; scaffold
layer via a chemical bath deposition (CBD) method , followed by performed an in-situ solid-state
synthesis process to obtain from MBIS perovskite film on the substrate. Detailed fabrication

procedures are described below.

To prepare the TiO> substrate, 70 uL TiO, compact layer precursor, as described in chapter
two was spin coated on a clean FTO glass substrate (ultrasonic cleaned sequentially in detergent,
D.I. water, acetone, IPA, and ethanol, each step for 15 min) at 3000 rpm for 30 s. The film was
then sintered at 550 °C to form the TiO2 compact ETL. 70 uL of the mesoporous TiO2 precursor
(described in chapter two) was then spin coated on the substrate at 5000 rpm for 30 s, and sintered
at 450 °C to ensure the formation of mesoporous TiO scaffold layer. After cooled to room

temperature, the substrates were ready for use.

The experimental detail of synthesizing Bi2S3 through CBD is disclosed as follows: 0.02 mol
of the Bi(NO3); and 0.02 mol of the Na>S>O3 were dissolved in 25 mL D.I. water, respectively.
The Bi(NOs)3 solution was first transferred to a flat-bottomed container, then 25 mL 0.2M EDTA
solution in D.I water was added to the system. After magnetically stirred for 10 min, the Na>S>03
solution was added to the system. The solution turned pale yellow and certain amount of
precipitates appeared at the bottom of the container. The PH of the solution was adjusted with
NaOH solution until achieved PH=2. The substrates were dipped into the solution vertically,
ensuring that the FTO electrode section was protected from the CBD solution. The CBD process
lasted over 8 hrs at room temperature, and fine Bi>S3 films were obtained after the surface of the

substrate was rinsed multiple times with acetone to remove any residue.

For solar cell fabrication, 80 pLL. 0.2 M Bil3z solution was spin coated on the Bi>S; coated
substrates at 2000 rpm for 60 s. The obtained film was annealed at 180 °C for 5 min and then

cooled to the room temperature. This deposition cycle was repeated for 15 times until a smooth
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black film was formed. Then the substrate was annealed at 180 °C for 1 hr to allow the formation
of BiIS intermediate film. Then the film was washed with DMF to remove the excessive amount
of the Bils. After washed by acetone and dried in Ar gas environment, MAI powder was spread on
the hotplate and the substrates were laid surrounding the MAI powder, and covered by a large petri
dish to conduct vapor assistance annealing at 150 °C for 30 min. After cooled to room temperature,
Spiro-OMeTAD or PCPDTBT was spin coated on the substrate as the hole transport material
(HTM) at 2000 rpm for 1min. PEDOT:PSS (1 wt% D.I. water solution, diluted with methanol,
V/V = 1/3) was applied on top of the HMT before 80 nm gold electrode was thermally deposited.

The whole preparation and fabrication process is illustrated in Fig.2.

c-TiO, m-TiO,

,,,,,,,,,,,,,,,,,,,,

0 o
? 2 % ~vAsp
- I % Bil, (15 layers) | MAI

Anneal at 180°C § Anneal at 150°C é Spiro

)
Na,$S,0, @
Bi(NO,),
EDTA : CBD
D.l. Water

Sonication (DMF)

Fig.2 Sketch for the device fabrication process

The XRD pattern was taken for each fabrication step to ensure the composition of the film.
The I-V curve of the solar cell devices was recorded via (Keithley 2450 SourceMeter) under 1 Sun

AM 1.5G reference spectrum.
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3.3 Results and discussion

3.3.1 Tolerance factor assessment
Since the MBIS perovskite is a new material without any presentation of previous report, we
herein start our discussion with the calculation of the Gold-Schmidt tolerance factor (t) and the

octahedral factor (p) [24].
t= (rp+7rx)/V2(rg +1y) (3-1

L=rg/Ty (3-2)

where 14, g, and ry stand for the ionic radii of the A site, B site and X site of an ABX3

perovskite material, respectively. Corresponding ionic radii of all the ions are listed below

Table. 1 The ionic radii of the MABILS perovskite [25]

MA Bi S I
Tonic radii 1.800 1.030 1.840 2.200
Coord. VI VI VI

Theoretically, a halide perovskite recorded ¢ and p in the range of 0.81 to 1.11 and 0.44 to
0.90, respectively [26]. While experimentally and in accordance to the equations (1) and (2) , the
calculated ¢ and p recorded a value of 0.853 and 0.495, respectively, which is in great agreement

with the literature.

In our case, t < 0.9 implies the MBIS perovskite would possibly prefer an orthorhombic or
rhombohedral lattice instead of a cubic lattice. While the calculated p indicates that the MBIS

perovskite is hypothesized to be in 3D crystal structure.

3.3.2 SEM images of the as-prepared MBIS sample.
Fig. 1 shows the final product of the solid-state synthesized MBIS, which is a dark brown
powder, while the intermediate product is a BilS black powder. The chemical processes are

described below.
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After the first step solid-state synthesis, a distinct phase of BilS was formed.

180°C

After the second step of the solid-state annealing, we can see that the characteristic peaks of

the BilS disappeared, while the target phase of MBIS appeared.

150°C
BilIS + MAI — MABIl,S (3-4)

Fig 3. shows the SEM images of the MBIS perovskite, in which the MBIS perovskite grew

in a fine 3D nanoparticles of ca. 50 nm.

10Onm
]

Fig. 3 SEM images of the MABILS sample. (a) Image for the overall view of the

powder sample. (b) Close look of the nanoparticles.

3.3.3 XRD analysis of the as-prepared sample

The composition of the as-prepared powder sample was determined through XRD. As MBIS
is a newly synthesized material, there has no standard PDF card for the MBIS perovskite . We thus
compared the XRD pattern of our sample to a simulation result of MASbIL2S [27]. Owing to the Sb
and Bi elements are of the same family, the XRD pattern is predicted to be similar, with only a
minute shift of certain peaks was observed from the XRD pattern. As shown in Fig. 4, all main
peaks of the MBIS perovskite is consistent with the simulated pattern Comparing the XRD
patterns of our synthesized-MBIS against the reference MASbDLS pattern [27], the XRD peaks
located at 21.1 °, 25.0 °, 26.1 °, 30.5 °. 31.0 °, 34.2 °, 35.1 °, 36.9 °, and 37.8 ° were shifted to
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higher 20 value by about 0.8 ° due to the replacement of larger Bi atom over the Sb. It is notable
that the crystal plane distance is inversely proportional to the diffraction angle, in which peak
shifting takes place when a smaller Sb atom is replaced by a larger bismuth atom. However,
minute trace of impurity phase, Bi2S3 is also found to be presence (marked as red stars) within the

perovskite material owing to incomplete conversion of the Bi2S3 during the solid-state reaction.
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Fig. 4 XRD pattern of the MBIS perovskite, where the main phase is marked by the

blue dots, while peaks of an impurity, Bi»S3, is marked by the red stars.

3.3.4 EDX profile and the elemental mapping

To further confirm the composition of our sample, EDX detecting and elemental mapping
were performed, as shown in Fig. 5. The presence of all expected elements are revealed from the
EDX spectrum(Fig. 5 (a)), where strong bismuth and iodine signals are observed, indicative of the
higher proportion of bismuth and iodine over the other elements. From the elemental atomic
percentage yielded from the EDX pattern, we can determine that the atomic ratio of the bismuth,
sulfur and iodine elements are approximately 1:1:5. This ratio implies sulfur loss during the solid-
state reaction process. Our observation is also agrees with this conclusion, where a small amount
of yellow solid, which was proven to be sulfur, was collected from the lid of the solid-state reaction
container. However, we should aware that the EDX elemental ratio is only a qualitative estimation,

thus it is still necessary to determine the actual formula of our material with additional precise

means.
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Fig. 5 (a) The EDX pattern and (b)-(f) the elemental mapping images of the MBIS

perovskite. Each element is marked on the corresponding mapping image.

Fig. 5 (b)-(f) show the elemental mapping images of the as-prepared MBIS sample and the
corresponding elements were marked on their mapping images. It is observable that all the
elements are distributed evenly in the mapping area, indicating that the sample was in a
homogenous state. We inferred that since the sulfur element does not aggregate and it follows the

distribution pattern of other elements, the amount of BixS3 impurities presence in this sample is

insignificant.
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Fig. 6 (a) The full range survey XPS spectrum of the MBIS perovskite and (b) narrow
scan of Bi 4f orbital and S 2p orbital, and (c) I 3d orbital. All the peaks and the

corresponding orbital for the component elements were marked out.
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3.3.5 XPS analysis

The chemical states of each element in the MBIS perovskite are elucidated through the XPS
profile. As shown in Fig.6, the wide scan of the as-prepared MBIS perovskite has thus proven the
presence of all the expected elements of the MBIS perovskite and all the dominant binding orbitals
of each element were revealed. By identifying the dominating orbitals from the spectrum and
inspect the narrow scan of Bi, S and I, we are able to decide the valence of each element, where
Biis 3*, Sis 2-and I is 1-. The narrow scan of the I 3d spectrum in Fig.6 (b) exhibited two distinct
13d3/2 and 1 3d5/2 deconvoluted peaks, which were located at 617.0 eV and 629.0 eV. The narrow
scan of the Bi 4f spectrum in Fig.6 (c) exhibited two deconvoluted peaks as well, which were Bi
415/2 and Bi 4f7/2 peaks situated at 156.5 eV and 161.5 eV. While Fig.6 (¢) depicted the S 2p peak
located at 163.5 eV, which is attributed to the metal-sulfur bond of 2" valence. The peak of 0 valent
sulfur element did not appear, suggesting that no residue sulfur is remained after the entire solid-
state reaction process. This also supported our conclusion that the sulfur has been incorporated

into the bismuth perovskite and the MBIS is successfully synthesized.

3.3.6 UV-vis absorption spectrum and the Tauc’ plot

In order to evaluate the light absorption ability of the MBIS, we recorded its UV-Vis spectra.
Fig.7 (a) shows the UV-Vis absorption spectrum of the MBIS powder sample. From this figure,
we can see that the MBIS perovskite started to show optical absorption from 350 nm, and has a
strong absorption intensity in the range of 350 — 700 nm. Its absorption edge extended to 750 nm
while still maintain a half of the maximum absorption intensity. We can conclude that the MBIS
perovskite shows very promising light absorbing potential, showing high absorption and large
absorbing range in the visible light range that is comparable to the Pb-based perovskites. It is worth
noting that the MBIS perovskite showed proper absorbing ability in the infrared region of the solar
spectrum, extending its absorption range up to over 1000 nm. The special absorption range would
not only be beneficial to the single-junction solar cell application, but also be beneficial to the

multi-junction device application.
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Fig. 8 (a) UV-Vis powder absorption spectrum of the MBIS perovskite showing an
absorption range reaching 1000 nm. (b) The Tauc’ plot derived from the UV-Vis
absorption spectrum of the MBIS.

From the UV-Vis absorption spectrum, we can constructed the Tauc’ plot following the

relation below, and estimated the bandgap of the MBIS perovskite.
ehv = A(hv—E,)" (2-5)
where € stands for the absorption coefficient, hv stands for the incident photon energy and

E ; stands for the bandgap of the sample. When measuring a material with a direct bandgap, n =2,

while measuring a material with an indirect bandgap, n = 1/2.

If we consider the indirect bandgap situation and let n = 1/2, the corresponding Tauc’s plot
yields no valid bandgap; thus we assumed the MBIS has a direct bandgap. Fig.7 (b) shows the
Tauc’ plot of the MBIS perovskite derived from the UV-Vis absorption spectrum. By extrapolation,
an optical bandgap of Eg = 1.52 eV was obtained, which is close to the MAPDI3; thus implies
MBIS is a very promising perovskite material for the photovoltaic devices. Judging by the optical

properties above, we can confidently apply this new perovskite material for solar cell application.

3.3.7 Device fabrication and characterization
In order to assess the potential of the MBIS perovskite towards photovoltaic application,
solar cell devices were fabricated. Considering our as-prepared powder sample contained certain

amount of BixS; impurity and this impurity is not soluble in typical organic solvent used in
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perovskite solar cell fabrication, one viable idea is to simply dissolve the sample in aprotic polar
solvent, and remove the impurity with filtering. If the thin film can be properly formed, then the

device can be assembled with simple step-by-step spin coating.

One- Anti- Multi-
‘i step solvent layer

Fig.8 The filtered solution of MBIS in DMF and the films of MBSI on ¢-TiO2 and m-
TiO2 substrate. The substrate and spin-coating method used by each film are

marked out.

Four solutions of the MBIS perovskite dissolved in Ethanol, IPA, Chlorobenzene and DMF
were prepared. When dissolved in solvents with low polarity, the solutions showed significant
lamination phenomenon. It is also worth noting that ethanol and IPA would damage the solute,
forming unknown solid with green color, which is most possibly organic bismuth compound [28§].
It is obvious that we should choose DMF as the solvent. After filtering, the DMF solution appeared
to be a clear dark red solution as shown in Fig.8 (a). Films fabricated on FTO substrate with and
without mesoporous scaffold layer were shown in Fig.8 (b). These films are thin and highly
transparent, which are obviously not suitable for perovskite solar cells. We have tried to increase
the concentration of the precursor solution, to slow down the spin coating speed, or to fabricate
multi-layered films, aiming at achieving thicker MBIS film. However, neither of these routes could
fulfil our goal. As expected, the cells fabricated with these highly transparent films yielded no PCE.

Apparently, the spin-casting method became not valid here.

In order to solve the film formation problem, we introduced an in-situ growth process

combining a CBD deposition of the Bi2S; nanoparticles [29] and a sequential spin coating of the
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Bilz film, and eventually an MAI vapor assisted in-situ solid-state annealing growth to get the
target MBIS perovskite film, as illustrated in the Fig.2 and described in the experimental section.

Through this process, dark brown MBIS films can be fabricated and the top-down structure
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A
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perovskite solar cells can be assembled.
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Fig.9 Layer by layer XRD pattern of the in-situ growth films for the MBIS devices. In
the figure, each film was labeled. The black star represent the characterization
peak of the Bi>S3, the black dots represent the BilS, and the triangles represent
the peaks of the FTO substrate. Meanwhile the photos right side showed the

actual image of each layer, as marked out.

To verify the composition of the in-situ growth film, layer-by-layer XRD patterns were
recorded in Fig 9. We observed that the initial CBD film showed a fine pattern of Bi2S;3
nanoparticles. It is also noticed that in both steps the Bi>S; characteristic peaks showed strong
intensity. This is due to the special texture of the testing film that would exposed the Bi>S3 film at
the region where reaction did not take place. However, it also indicated that beneath the BilS and
MBIS films, the residual Bi>S; nanoparticles existed. BioS3 was reported to possess a narrow
bandgap and its bandgap can be significantly affected by the morphology and particle size [30].
However, it was also demonstrated that the Bi>S3 can display high conductivity [31]. In our devices,

it is very plausible that these nanoparticles can be potential defect sites that cause leakage.
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To test the performance of the MBIS perovskite solar cells, we assemble the devices whose
structure can be described as [FTO/c-TiO2/m-TiO2/MBIS/PCPDTBT/Au]. Initially the as-
prepared devices show low PCE of 0.03%. Surely, we should enhance the device. Starting from
the top layer of the device, we found that the gold electrode was not as compact as we expected.
It is reasonable to predict that the surface of the MBIS would not be as smooth as that of the lead-
based perovskite, thus a surface treatment agent should be introduced. By applying PEDO:PSS as
the surface treatment agent, we observed that the gold electrode became smoother and much more
compact, as shown by the inset photos of the devices with and without the PEDOT:PSS treatment.
The Jsc of the device increased significantly, from 0.40 mA.cm™ to 1.03 mA.cm™. Another method
we employed is to apply dynamic spin coating with the Bils layers, which further enhanced the
quality of the MBIS layer and increased the Jsc to over 2.0 mA.cm™, with an increased FF from

0.25 to 0.30.

Another issue is the HTM. The PCPDTBT was chosen due to it can form fine-quality film
on rougher surfaces. However, the device utilizing the PCPDTBT only yield Voc = 0.1 V. From
Figure 7 (b) we can see that the band mismatch of the PCPDTBT is much more severe than the
Spiro-OMeTAD, resulting in significant Voc loss.

On the other hand, the Spiro-OMeTAD form poor film on top of the MBIS. Also, the water-
based surface passivation agent PEDOT:PSS will damage the Spiro-OMeTAD, reducing its hole
extraction ability. Applying the Spiro-OMeTAD as the HTM would resulting in a significant
increase of Voc from 0.1 V to 0.22 V, but the Jsc was simultaneously decreased from 2.2 mA.cm”
2 to 1.96mA.cm™. Table 2 below summarized the champion performances of the devices before

and after enhancements.
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Fig.7 (a) Sketch of the devices structure and (b) The band positions of the device.

Table. 2 Device performance before and after enhancements.

PCE VOC JSC FF
Before 0.13 0.22 1.96 0.30
After 0.01 0.10 0.43 0.25

Another interesting phenomenon to point out is that when we intentionally fabricate the
device based a damaged mesoporous TiO> scaffold (showed in Fig.12), the reduction of the I-V
performance is surprisingly small. As listed in the table below, the defected cell displayed small
reduction of each parameter compared to the well-fabricated control cell. This indicated that the
MBIS perovskite possesses high defect tolerance ability, which can be extremely important
considering the real-life scenario of the perovskite solar cell applications. Here silver electrode
was used simply for saving the gold, since the quality of the electrode would not affect the

conclusion.
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Fig.12 Cell fabricated with damaged m-TiO; layer (left) and fine m-TiO- layer (right). The red

circle marked a area with significant damage due to the collapse of the scaffold.

Table 2. The I-V performances comparison between a chosen damaged cell and a normal cell

Voc Jsc FF PCE
Defected cell 0.04 1.97 0.28 0.02
Control cell 0.05 2.41 0.29 0.03

It was also noticed that the mesoporous TiO; film with CBD Bi,S; layer on top was damaged
much faster than a plane m-TiO; film, even when stored in the glovebox, which indicates that the
CBD process would be harmful to the m-TiO: scaffold, since the CBD process were carried out in
water-based system and normally at acidic environment. The damage to the TiO scaffold can also
be an important reason that the Voc loss is large. Alternative CBD method that can deposit Bi2S;
film without the help of m-TiO2 layer or without water/acid could greatly enhance the device

performance.

3.4 Conclusions

In summary, we have successfully synthesized a mixed chalcogen-halogen lead-free
perovskite MBIS via a simple two-step solid-state synthesis. Based on the UV-Vis absorption, we
determined that the MBIS perovskite has a bandgap of 1.52 eV, and it possesses a wide absorption
range that extends to over 1000 nm. The unique properties of this material meet the criterion for
the photovoltaic application. By employing an in-situ growth technique, we have successfully
solved the film quality issue of the MBIS where the treated MBIS device showed PCE

enhancement over the untreated device due to the poor perovskite film formation on the TiO>
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substrate. Several enhancement route were suggested and the PCE of the device were increased
from 0.06% to 0.13%. In addition, this material displayed high defect tolerance ability. The special
properties of the MBIS perovskite show that it can be a viable light absorber with refined device

fabrication techniques.
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Chapter 4. Design of a Novel and Highly Stable Lead-
Free Double Perovskite Cs;NaBils for
Photovoltaic Application

4.1 Introduction

In the previous chapter, we have discussed that the bismuth-based perovskites can be
one promising substitute of the lead-based perovskites, owing to its advantages of lower
intrinsic trap densities, lesser defect states, long carrier lifetime, and its defect-tolerate
properties merit the progression of lead-free photovoltaic [1]. However, the bismuth-based
perovskites have their own shortcomings. Generally, bismuth perovskite without
modification would have large bandgap, which would impede its absorbing ability, cause a
direct reduce of the photocurrent. On the other hand, the crystal shape structure of the
bismuth-based perovskite would usually be of 2D hexagonal morphology, thus the film of
the bismuth-based perovskite would naturally have more intrinsic defect sites that will act

as the recombination centre [2].

As an alternative pathway to assess the disadvantage of the lead-based perovskites,
engineering double perovskite material by replacing the divalent Pb*' ions with a
monovalent B* and a trivalent B*" ions, in the form of A;B"B*"Xs (also denoted as an
“elpasolite”) double perovskite structure is a fine way towards synthesizing a stable and
environmental benign perovskite [3]. To date, the most discussed double perovskite
combination is the Ag and Bi elements for the B sites. Xiao et al. have conducted a complex
and detailed computational analysis on the thermodynamic stability, electronic structure
and defect properties of the Cs2AgBiBr6 compound. They pointed out that the Cs2AgBiBrs
is less stable than the CH3NH3PbBr3; material owing to the coupling between Bi 6s and Br
6p orbitals in Cs2AgBiBrs is weak [4]. In addition, it is revealed that the Cs2AgBiXe has a
corner-shared octahedral framework, which i1s similar to that of the Pb-perovskite.
Although this material exhibited excellent long PL decay time (indicates long carrier

lifetime), the calculations and experimental data showed that CsxAgBiXe has a large
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indirect bandgap of over 2 eV [5-9]. Cheng et al. also reported that a 2D hexagonal
MA>AgBils crystal possesses wide bandgap of 1.96 eV, which disfavouring its application
in photovoltaic devices [10]. Apart from Ag/Bi double perovskites, many other B site
cations were also studied. Volonakis et al. reported a Cs2InAgCls double perovskite in 2017
[11]. First-principle calculations predicted that the Cs2InAgCle has a direct bandgap, which
is an advantage for photovoltaic applications. Nevertheless, the bandgap of this material is
still very large (approaching 3 eV). Another double perovskite MA>KBiCls also exhibited
large bandgap of 3.04 eV despite its similar crystal structure as the Pb-based perovskites
[11-12]. Notably, double perovskite materials listed above and reported elsewhere

generally showed high stability that can reduce environmental impact.

The major disadvantage of the reported double perovskites is that their bandgaps are
all large for use in single-junction solar cells. Hence, designation of a low bandgap double
perovskite halide is in great need where the new double perovskite should have a proper
bandgap with wide absorption range across the solar spectra, and it should maintain the

advantages of the double perovskites such as stable and non-toxic.

We here present our work on successful synthesis of a high crystallinity, stable, and
novel Csz2NaBils (CNBI) lead-free double perovskite via one-step facile hydrothermal
process. The CNBI double perovskite exhibited tolerance and octahedral factors of 0.849
and 0.466, respectively (Supplementary Information). In this manuscript, we provided an
in-depth study on the CNBI crystal growth process under the influence of various acid
concentrations and its plausible crystal growing mechanism. Our synthesized CNBI double
perovskite possesses bandgap of 1.66 eV, excellent stability, and good light absorption
performances, which fulfilling the criterion for photovoltaic application. Worth to be
mentioned, the CNBI double perovskite material is first to be synthesized and materialized
for lab-scale solar cell application with an efficiency of 0.42%, which is comparable to

other lead-free perovskite solar cells.
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4.2 Experimental section

4.2.1 Synthesis of the target compound

In order to synthesize the CNBI double perovskite, we carried out a simple one-step
hydrothermal process. To be specific, 9M hydroiodic acid (47 wt% in water, stored in refrigerator,
Sigma-Aldrich) was diluted to 6M, then caesium iodide (99.999% trace metals basis, Sigma-
Aldrich), sodium iodide (99.999% trace metals basis, Sigma-Aldrich) and bismuth iodide (99.999%
trace metals basis, Sigma-Aldrich) were dissolved in 12mL of this 6M hydroiodic acid with a
stoichiometric molar ratio to form an orange dispersion. After 10 min of magnetic stirring, the
magnetic stirrer was removed and the solution was transferred to a Teflon-lined autoclave for

further processing.

To carry out the hydrothermal process, the autoclave was loaded to the stainless steel
container and put in an oven to heat at 120°C for 2 hrs, and then slowly cooled to room temperature
in 12 hrs to obtain sand-like, dark cerise crystals of the CNBI perovskite. The as-synthesized
crystals were washed with D.I. water and centrifuged for multiple times until the supernatant is
colourless, then dried in a vacuum chamber to obtain the final product. The product was collected
and transferred to a transparent plastic sample vessel for further characterization. The overall

synthesis process can be expressed by the flowchart below.

o Csl
s Nal
ClBiI3 Autoclave Cool down 24hr Dry in vacuum oven

A maffle furnace

120°C

Fig. 1 The hydrothermal synthesis process of the CNBI perovskite sample.
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4.2.2 Characterization of the CNBI

In order to elucidate the physical properties of the as-prepared CNBI double perovskite,
XRD (Rigaku XRD-DSC-XII) test was carried out in the range of 5 ° to 80 ° (5 °/min) to determine
the components of the product. We also took FE-SEM (Hitachi F-5200) images to observe its
crystal morphology for a better understanding of its microstructure. XPS (ThermoFisher

ESCALAB™ 250Xi) test was also carried out to further confirm the composition of the sample.

In order to evaluate the optical properties of the as-prepared CNBI perovskite, the UV-vis
absorption spectra (Shimadzu UV-2550) were measured in order to observe the absorption
property of the sample and to calculate its bandgap. VBM determination test were carried out to
find the band positions of the CNBI perovskite so that we can understand its optical properties
better, and to find suitable ETM and HTM for solar cell application.

4.2.3 Fabrication and testing of the devices

In order to evaluate the photovoltaic performance of the CNBI, top-down perovskite solar
cell devices were fabricated by a one-step spin coating method. It should be pointed out that usually
the one-step spin coating method requires no mesoporous TiO2 layer. However, in our case, the
meso-layer-free type would cause significant difficulty for the double perovskite layer to form.
Therefore, in our experiment, we prepared our substrate with both compact and mesoporous TiO2

layers.

Before fabrication process, we cleaned the FTO substrates with sequential supersonic
washing with detergent, D.I. water, acetone, iso-propanol and ethanol. The compact TiO2 film was
prepared with 70 pL of the compact TiO: layer precursor (described in chapter two) spin coated
on the FTO substrate at 3000 rpm for 30 s. This film was sintered at 550 °C, and cooled to the
room temperature for the mesoporous TiO; film deposition. The mesoporous TiO» scaffold film
was prepared by spin coating 70 uL of the TiO2 mesoporous layer precursor (as described in
chapter two) on the substrates at 5000 rpm for 30 s. This film was then sintered at 450 °C and

cooled to the room temperature for later use.

To fabricate the CNBI light absorber layer, 2 mole Csl, 1 mole Nal and 1 mole Bil3 were
dissolved in DMF with stoichiometric molar ratio. The solution was magnetically stirred for 2 hr
and filtered to form a clear dark cerise solution. Then the as-prepared solution was spin coated to

the substrates at 1500 rpm for 20 s obtain the double perovskite layer. Subsequently, the spin-
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coated film was quickly transferred to a hotplate for drying and then annealed at 120 °C for 1 hr
to fully evaporate the residual solvent. The spiro-OMeTAD was applied onto the double perovskite
layer as the HTM by spin coating at 3500 rpm for 20 s. 100 nm gold electrode was deposited on
the surface of the devices by thermal deposition as the back electrode. The complete fabrication

process is illustrated in the Fig. 2 below.

Gold
Evaporation

C-TiO, Sintering m-TiO, Sintering cN\p) Spiro

O O . ‘ Annealing

Spin coating process

Fig.2 The fabrication process of the top-down perovskite solar cell with CNBI as the absorber.

To assess the performance of the solar cells, I-V curves were recorded (Keithley 2450
SourceMeter) with respect to 1 Sun AM 1.5G reference spectrum to evaluate the performance of
the device. The IPCE of a champion cell was recorded using a monochromatic Xenon lamp
(Bunkouki CEP-2000SRR). We have also showed the stability of the CNBI solar cells by
comparing the I-V performance of a device when it was freshly fabricated and when it was stored

for 14 days.

4.3 Results and discussion

4.3.1 Tolerance factor calculation
As we have described in chapter three, the tolerance factor (t) and the octahedral factor (n)
are important parameters to predict whether a perovskite material can have stable 3D structure

[13].
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t= (ra+7rx)/V2(rg +ry) 4-1)

w=rg/rx (4-2)

In our current study, since a double perovskite has two cations at the B and By sites, it is a
reasonable simplification to calculate rg as the combination of both cations, assuming they both

take up 50% atomic abundance.

rg = (T51/752)/2 (4-3)

The corresponding parameters are listed below in Table.1.

Table. 1 The ionic radii of the CNBI perovskite.

Cs Bi S |
Tonic radii 1.670 1.030 1.840 2.200
Coord. VI VI VI VI

Following the equations, we can calculate both factors, as shown in Table.2.

Table 2. Calculated tolerance and octahedral factors of CNBI as compared to MAPbI.

Photo-Active Material Tolerance factor (t) Octahedral factor (p)
CNBI 0.849 0.466
MAPbDI3 0.83 0.54

. The factors obtained show that CNBI has similar tolerance factor as the MAPDI;,
hypothesizing that our synthesized CNBI is in octahedral structure. While the smaller p of CNBI
indicates crystal lattice instability. However, we should notice that the calculated t and p factors
are just predictions, while the actual crystal shape and stability were to be assured through practical

experiments.
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4.3.2 XRD analysis

In order to determine the composition of the as-prepared powder sample, we have taken
XRD patterns for this sample. As a newly synthesized material, no standard PDF card for the CNBI
perovskite exists. We compared the XRD pattern of our sample to a similar material, MA>AgBile
[21]. By replacing Ag with Na and MA with Cs, we should expect slight shift of the peaks in the

XRD pattern, as well as certain new diffraction peaks.

Here, Fig. 3 shows the XRD pattern of the as-prepared CNBI sample, while Fig. 4 shows the
reference pattern, which we compared with. It is clear that the two patterns show similar peak
distributions. The CNBI double perovskite peaks 20 values are observed at 12.8 ©, 24.3 ©, 25.1 °,
25.8°,27.3°,29.7°,32.3°,42.3 °, and 45.9 °. Meticulously, the 20 peaks at 27.3,29.7, 32.3,42.3
and 45.9° slightly shifted towards higher 20 values as compared to the MA>AgBil¢ reference peaks,
which is due to the smaller lattice spacing caused by replacing Ag” ion (ionic radius 1.02A) with
Na" ion (ionic radius 1.15A) [14]. The replacement of Na+ ion over the Ag+ ions shifted the XRD
peaks towards higher diffraction angle range. Additionally, from the data obtained from XRD
analysis, CNBI can assume a hexagonal crystal with symmetric space group of P63/mmc, as in

agreement with the reference material.

® CNBI
* CBI

Intensity (cps)

il

5 10 15 20 25 30 35 40 45 50 55 60
2 Theta (degree)

Fig.3 The XRD pattern of the as-prepared CNBI sample. The main phase is the CNBI
double perovskite, marked by the red dots; and the secondary phase is the
Cs3Bi2I9 perovskite marked by the blue stars.
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Fig. 4 The reference XRD pattern, MA>AgBils.

4.3.3 SEM images of the CNBI and the chemical process

During the synthesis experiments, we found that the hydroiodic acid plays an important role
in promoting the formation of the CNBI. SEM images in Fig.5 showed that when synthesized with
and without hydroiodic acid, the product shows distinctly different crystal structure. In
combination of the XRD conclusions, it is reasonable to assume the 3D crystals in Fig.5 (a)
represent the CNBI crystals, and the 2D hexagonal platelets in Fig.5 (b) represent the secondary
phase, Cs3Bizlo. It is clear that when the hydroiodic acid was introduced to the synthesis process,
the product would be dominant by CNBI, while when the hydroiodic acid is not introduced, the
product would be dominant by the side product Cs3;Bizlo. This evidence showed that increasing
acid concentration would supress the decomposition and promote the product of the target CNBI

compound.

Fig. 5 SME images of the (a) CNBI crystals when synthesized with hydroiodic acid,

and (b) clusters of hexagonal nano-platelets representing Cs3Bizl.
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Now that we understand the importance of the hydroiodic acid, we can hypothesize
the chemical reaction route during the hydrothermal process. During the hydrothermal
procedure, when the temperature drops, CNBI would undergoes a partial decomposition
route generating CBI.

2Cs,NaBilg < Csl + 2Nal + Cs3Bi,lq (4-4)
For further clarification, the overall chemical process will be describing as below:
Initially, the generation of the CBI is favoured at lower temperature.
3Csl + 2Bil; — Cs3Bi,lq (4-5)

As the temperature raises, the CBI is completely dissolved in the acidic solution. At
higher temperature, with the assistance of the hydroiodic acid, CNBI is precipitated.

dissolve
2Csl + 2Nal + Bil; — Cs,NaBilg (4-7)

After a certain temperature threshold, the CNBI started to decompose and the
decomposition process would continue until it reached an equilibrium state. Assuming that
the CNBI was fully decomposed, the produced Csl and Nal would be eliminated during the
post treatment process. Here we hypothesized that partial decomposition process would
occur instead of a full decomposition. It is reasonable to assume that the decomposition
process will cease upon reaching an equilibrium state.

2Cs,NaBilg < Csl + 2Nal + Cs3Bi, 1, (4-8)

Based on the equation above, according to Le Chatelier’s principle, the equilibrium reaction
is more likely favouring the formation of CNBI with higher iodide anion concentration, and this
agrees with our pervious observation that when the hydroiocdic acid was introduced to the system,

the formation of CNBI would dominant.

4.3.4 XPS spectra analysis
Fig.6 illustrated the full range XPS survey spectrum of the CNBI. This spectrum explicitly
revealed the presence of all CNBI elements (Na, Bi, Cs, and I) with a binding energy in the range
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of ~1000 eV to 150 eV. The binding energy of the spectra was adjusted with the carbon reference,
which shows the 1s orbital peak at 282.2 eV, giving the charge correction factor A=2.6 eV.

Fig.7 shows the narrow ranged scan of each elements of the CNBI. Especially, the Na 1s
(Fig.7 (a)) orbital exhibited a significant peak at 1070 eV, which indicates the existence of both
ionic sodium and sodium oxide. On the other hand, the Nakii auger peak located at 497 eV
suggests the presence of only ionic sodium. It is known that for the ionic sodium, its 1s orbital and
auger peak would always simultaneously appear in the XPS spectra [15]. Herein, the two

deconvoluted Na 1s peaks certainly assures the formation of Na'" ion in the as-prepared sample.
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Fig.6 The full range XPS survey spectrum of the CNBI

The narrow scan of the Bi 4f spectrum (Fig.7 (b)) exhibited two deconvoluted peaks, which
were Bi 4f5/2 and Bi 4£7/2 peaks situated at 158 eV and 164 eV. The binding energy difference of
~5.3 eV proved the presence of Bi element in an oxidation state of 3+ [26]. Additionally, Cs 3d
(Fig.7 (c)) possesses binding energy of 723 eV (Cs 3d3/2) and 736 eV (Cs 3d5/2), whilst T 3d
(Fig.7 (d)) shows two strong deconvoluted peaks at binding energies of 617 eV and 629 eV,
representing [ 3d3/2 and 1 3d5/2, respectively. Each of the spectra shows well-separated spin-orbit
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peak components with standard binding energy differences. These peaks imply the formation of
the Cs, Bi and I ions with the dominant valences of 17, 3" and 17, respectively, thereby proof the

formation of the CNBI perovskite material.
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Fig. 7 XPS narrow scan spectra: (b) Na 1s, (c) Bi 4f, (d) Cs 3d, and (e) I 3d

By calculating the integrated peak areas of the XPS spectra, we can roughly estimate the

molar ratio of the elements using the equation below:

Integrated Peak Area
RSF

Molar ratio = (4-9)

where RSF stands for the relative sensitivity factor. Based on this equation, the Na : Bi

possesses a molar ratio of 1 : 4.9. Corroborating to the decomposition process mentioned above,
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we can assume that about 2/3 CNBI decomposed into the CBI during the cooling process. This

also indicated that our chemical hypothesis is viable.

4.3.5 UV-vis absorption spectra analysis and the optical bandgap calculation.

To investigate the optical absorbing ability of the CNBI, we carried out UV-vis absorption
measurement of the CNBI powder sample. Fig.8 (a) shows the absorption curve of the CNBI
powder. The CNBI powder displayed excellent light absorption intensity between 300 nm and 600
nm, showing the absorption edge at 650 nm. On the other hand, it is obvious that the CNBI double
perovskite shows stronger absorption below 350 nm, where the lead-based perovskite usually
started to show decrease in the absorption [27]. The absorption below 350 nm suggested that CNBI

can help harvest extra energy from the ultraviolet region to enhance the photo current conversion.

The Tauc plot of the CNBI is constructed as shown in Fig.8 (b). From it, we estimated the
bandgap of the CNBI material to be 1.66 eV. Such narrow bandgap is rare with respect to the
double perovskite materials. We can conclude that the CNBI is suitable for photovoltaic devices

in accordance to the Shockley-Queisser limit theory [28].
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Fig. 8 (a) UV-vis absorption spectrum and the (b) Tauc’ plot of the CNBI perovskite.

4.3.6 Stability assessment of the CNBI powder sample.
Obtaining a perovskite material that is highly stable and resistive towards outdoor stringent
conditions is primarily important for practical photovoltaic application and commercialization.

Prior to solar cell fabrication, we also investigated the stability performance of our synthesized
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CNBI double perovskite material under ambient condition. To be specific, we stored the sample
in a colourless transparent vessel in ambient air for 5 months. From the XRD profile in Fig.9, we
observed that the XRD patterns of both the fresh and non-fresh (after 5 months) CNBI double
perovskite are highly similar, showing no occurrence of new peaks and no sign of further
degradation. Note that the secondary phase CBI does not hinder the stability of the sample, due to
CBI itself is also a relatively stable material. The intensity of the CNBI characteristic peaks does
not significantly decrease, implying the sample maintained its good crystallinity. In addition, the
width of the CNBI characteristic peaks does not increase; suggesting that the particle size of the
as-prepared sample does not undergoes significant change. Overall, we can conclude that the as-
prepared sample possesses excellent stability in ambient air showing negligible degradation after
5 months of storage, and is highly resistance towards moisture despite the CNBI sample was stored

at high humidity of 70% from March to August.
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Fig.9 Comparison of the XRD patterns of a same sample when it was freshly prepared

(the red one) and when it was stored for 5 months (the black one).
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4.3.7 Device fabrication and characterization

Spiro-OMeTAD

Fig.10 Structure sketch of the perovskite solar cell fabricated with the CNBI.

In order to evaluate the photovoltaic performance of the CNBI, solar cells employing
CNBI as the light absorber were fabricated under ambient condition. We have equipped
TiO2 as the ETL and Spiro-OMeTAD as the HTL Fig.10 demonstrated the structure of the
device we fabricated. Fig.11 shows the J-V performance of the CNBI double perovskite
solar cell showing the champion PCE. Table 3 listed the performance of the CNBI solar
cell as well as other lead-free perovskite solar cells. By testing and collecting data of a batch
of 30 devices we obtained the Voc of 0.45 + 0.02 V, FF of 0.40 + 0.04, and Jsc of 1.80 =
0.20 mA.cm™. Fig.12 shows the histogram of the PCE distribution. We can see the PCEs
range from 0.27% - 0.42%. Overall, we can conclude that the CNBI is of high potential in

replacing the unstable and toxic lead-based perovskites.
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Fig.11 I-V curve of the device that yielded champion PCE. The inserted picture

shows the as-fabricated device.
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Fig.12 Distribution of a batch of 30 solar cell fabricated with CNBI.

One deficit of the CNBI solar cell is the low Jsc. By measuring the IPCE performance
of the CNBI soar cell, we found that the quantum efficiency reached about 20% in the range

72



from 300 nm to 500 nm. Comparing to the UV -vis absorption spectrum, the IPCE at 500 -
600 nm is low. The low integrated current suggested that in this range, the CNBI cannot
effectively convert the exetons to the electrons, thus a significant portion of the incident
solar energy is lost. This can be considered as one the important reasons that we obtain low
Jsc from the as-fabricated solar cell devices. We believe by proper surface engineering and

passivation, the J-V performance of the CNBI devices can be greatly enhanced.
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Fig. 13 The IPCE curve of the CNBI solar cell.

Another Issue we concerned is that the stability of the as-fabricated devices. To test
the stability of the devices, we fabricated a solar cell device and stored it in ambient air for
14 days. The performances of this cell are presented in the Fig.14. We can see that The Voc
remains almost the same, showing that there were no extra recombination centres
generated. This also agrees with our conclusion that our material is stable in the ambient
air. The PCE of the cells show slightly decrease after storage, mainly due to the decrease
of the Jsc. The lowering of the Jsc represents the damage of the HTM layer and the gold
electrode. These performances showed that the CNBI solar cells have good stability against

ambient conditions.
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Fig.14 1-V curve comparison of the same cell when it was freshly fabricated

(black) and after it was stored for 14 days (blue).

In order to confirm the device structure, we have also studied the band positions of the CNBI
and the employed ETL/HTL materials. By testing the VBM position and calculated with the
obtained bandgap, as shown in Fig. 15 (a) and (b), we can sketch the band positions of each layer.
The CBM of the CNBI is near to that of the ETL, which provides only a weak potential for the
electron injection. The VBM of the CNBI is also closer to that of the HTM comparing to the lead
perovskites, which is not beneficial for the hole collection. Since CNBI has a lower hole mobility,
the weakened hole collecting ability can be amplified in this scenario and is more significant. In
combination, these two factors lead to another major reason for a low JSC. Introducing a more
effective hole collector is a must should we want to reduce the recombination. In our case, the
Spiro-OMeTAD is obviously not a smart choice. If we can select a superior hole transport material
that can introduce stronger hole collecting ability, the performance of the device will definitely be

enhanced.
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Fig.15 (a) The VBM position test. (b) The band position of the absorber (CNBI),
the ETL (TiOz) and the HTL (Spiro-OMeTAD).

4.3 Conclusions

To sum up, through a facile hydrothermal process, we have successfully synthesized
a novel high stability double perovskite CNBI that can be applied as the light absorber. By
measuring the UV-vis absorption, we determined that the CNBI has a bandgap of 1.66 eV,
and it possesses a wide absorption range. CNBI displayed outstanding stability showing
negligible decomposition after a 5-month storage under >70 humidity. The unique
properties of this material meet the criteria of the photovoltaic application.

The CNBI double perovskite solar cell exhibited champion PCE of 0.42%. This result
1s comparable to other lead-free perovskite solar cell works. The devices stayed in ambient
condition displayed a very small decrease in the photovoltaic performances, showing the
device stability is good. The PCE distribution of the cells is narrow, suggesting that the
devices displayed good reproducibility. Although the average PCE of CNBI solar cells so
far is low due to the low JSC, we have revealed the main reason of the low JSC, and
suggested possible enhancement directions. Future research will focus on improving the
quality of the CNBI films with additives or surface passivation skills to fulfil the

requirement as a photovoltaic device.
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Chapter 5. Preparation and optimization of the micro
single crystals of the Cs;NaBils (CNBI) double
perovskite

5.1 Introduction

Lead-based perovskite solar cells showed surprising development during the last ten years,
reaching a high PCE of 23.3% [1]. As the outstanding properties were studied, disadvantage of
instability and toxicity were also revealed [2-3]. So far, the majority of perovskite solar cells are
based on polycrystalline films. Polycrystalline films generally suffer from higher trap density and
higher grain boundaries [4]. Obviously, these traps and grain boundaries attributed to a great
portion of the instability of the perovskite solar cells that hindered the commercial scale application

of the perovskite solar cells.

On the other hand, single crystal (SC) demonstrated many superior advantages compared to
the polycrystalline films. Attributing to their higher crystallinity, fewer defects, absence of grain
boundaries and superior stability [5-8], single crystals are potential for fabricating high
performance solar cells. This is proved with silicon solar cells, where SC silicon solar cell yields
over 26% PCE and polycrystalline silicon solar cell yields 22% [9]. If we can fabricate perovskite
solar cells with single crystal bulk or wafer, then the breakthrough of the PCE can be expected.

In order to obtain well-defined perovskite SCs, a variety of solution-based approaches were
developed, including the hot solution cooling growth [10], the anti-solvent vapor-assisted
crystallization [11], the top-seeded growth [12], the inverse temperature crystallization [13], and

the solvent acidolysis crystallization [14].

Although hybrid lead perovskite SCs and inorganic lead perovskite SCs both reached over
10 mm in scale, only a few reported successful device fabrication with these materials. On
important reason is that the mechanical strength of the perovskite SCs are low and it is hard to
obtain wafer or film from bulk macro SC. On the other hand, micro SCs suggested successful
application to the solar cell devices [15-16]. The same methodology can be introduced to the lead-
free perovskite material preparation, and it may be able to solve the problem that the lead-free

perovskites can only yield low quality polycrystalline film.
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5.2 Experimental section

5.2.1 Crystal growth process of the micro single crystals

The method for growing micro single crystal of the CNBI double perovskite is very similar
to that of the synthesis of the CNBI powder sample. To be specific, 9M hydroiodic acid (47 wt%
in water, stored in refrigerator, Sigma-Aldrich) was diluted to 6M. Then dissolve 2 mole caesium
iodide (99.999% trace metals basis, Sigma-Aldrich), 1 mole sodium iodide (99.999% trace metals
basis, Sigma-Aldrich) and 1 mole bismuth iodide (99.999% trace metals basis, Sigma-Aldrich) in
12mL of this 6M hydroiodic acid to form an orange dispersion. After 10 min of magnetic stirring,
remove the magnetic stirrer and transfer the solution to a Teflon-lined autoclave for further
processing.

To carry out the hydrothermal process, the autoclave was loaded to the stainless steel
container and put in an oven to heat at 120°C for 12 hrs, and then slowly cooled to room
temperature in 20 hrs to allow the fully growth of the micro SCs. A sand-like, dark cerise crystal
of the CNBI perovskite was obtained. This sample was washed multiple times with D.I water and
centrifuged until the supernatant is clear and colourless, and then dried in a vacuum chamber to

obtain the final product.

In order to investigate the parameters of the micro single crystal growth, multiple experiment
sets were carried out with respect to the HI (aq.) concentration, the synthesis temperature, the

molar ratio of the reagents, etc. The parameters studied are listed in the Table.1 below.

Table.1 The parameter studied in order to optimize the micro single crystal growth.

HI (aq.) Reaction
Na+ ratio _
Concentration temperature
Compared to Bi**

M) (°O)
0 1 110
1 3 120
2 6 130
3 9
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5.2.2 Characterization methods

In order to elucidate the physical properties of the CNBI micro single crystals, XRD (Rigaku
XRD-DSC-XII) test was carried out in the range of 5 © to 80 ° (5 °/min) to determine the
components of the product. We also took FE-SEM (Hitachi F-5200) images to observe the growth

situation of the micro single crystals.

In order to evaluate the optical properties of the CNBI micro single crystals, the UV-vis
absorption spectra (Shimadzu UV-2550) were measured in order to observe the absorption

property of the sample and to calculate its bandgap.

5.3 Results and discussion

5.3.1 The optimization of the CNBI micro single crystal growth method.

As we have discussed in previous chapter, the hydroiodic acid is an important parameter
affecting the composition of the CNBI. To further elucidate the function of how the hydroiodic
acid affects the system, we carried out crystal growth experiments under different hydroiodic acid

concentration.

XRD test was performed to determine the crystal structure of CNBI micro SCs synthesized
using different acid concentrations (1, 3, 6 and 9 M) as shown in Fig.1. Overall, the XRD patterns
of all the synthesized CNBI SCs match well and are reproducible regardless of the acid
concentrations employed. It shows that the intensities of the CBI peaks gradually decreased in
conjunction with the increase of acid concentration, showing that the decomposition became less
significant and the formation of CNBI is more dominating with respect to the increase of the acid
concentration. We can say that increasing acid concentration would supress the decomposition and
promote the formation of our target CNBI compound. It is also noticed that the peak at ca. 26°
decreased significantly when the acid concentration increased from 1 M to 6 M, then slightly
increased when the concentration increased to 9 M. It is quite clear that this peak represents the
2D plate morphology of CBI. The change of this peak showed that at lower acid concentrating the
by-product CBl is of high ratio, and with the increase of the acid concentration the decomposition
of CNBI was supressed. However at higher concentration the decomposition would again slightly

promoted, most possibly due to the dissolving of the CNBI in residual HI acid after cooled down.
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Fig.1 XRD patterns of the CNBI micro SCs prepared at different hydroiodic acid
concentrations. Corresponding acid concentrations were marked out. The dash

line marks the peak at ca. 26° representing the 2D plate structure.

We have also carried out UV-vis absorption spectroscopy of the micro SCs grown under
different hydroiodic acid concentrations to observe their light absorption abilities. Fig.2 shows the
optical absorption measurement of the synthesized CNBI at different HI concentrations. It reveals
that the CNBI sample obtained using 6 M HI during the synthesis possesses the best light absorbing
ability. This could be due to the usage of 6M HI optimizes and induces a conducive condition for
the growing of highly crystalline CNBI crystal structure. The CNBI powder exhibited excellent
light absorption ranging from 300 nm to 600 nm with an absorption edge at 650 nm. The wide
light absorption range of the CNBI material is an important property and is a core criterion for
photovoltaic applications. Similar to its powder sample, it is obvious that the CNBI micro SCs also
possess stronger absorption below 350 nm where the lead halide perovskite usually started to show
decrease in the absorption. This suggested that CNBI micro SCs maintained the superior ability to

help harvesting extra energy in the ultraviolet region to enhance the photo current conversion.
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Fig.2 UV-vis absorption curves for the CNBI micro SCs prepared at different
hydroiodic acid concentrations. The corresponding acid concentrations are

marked out.

To confirm the morphology change of the CNBI micro SCs, we took SEM images of the
CNBI micro SCs prepared from different acid concentrations. Evidently, a highly crystallized
CNBI micro SC synthesized at high acid concentration condition was observed from Fig.3,
indicating that a highly acidic reaction process would favour and promote the crystallization of the
CNBI double perovskite, which is in agreement with the optical absorption spectra. The
morphology of the CNBI synthesized at 1M acid concentration in Fig.3 (a) presented irregular
bulks consisting nanoplatelets. On the contrary, the CNBI grew larger with smoother and cleaner
surface coverage as shown in Fig.1(b) when the acid concentration increased to 3 M. As the acid
concentration increased to 6 M, we can see well-grown shuttle-like CNBI micro SCs. However,
further increasing the HI concentration does not continually improve the growing of the crystal. In
contrast, agglomeration of the shuttle-like particles was observed on the surface of CNBI at high
HI concentration of 9 M. The trend of the crystal growth agreed with the XRD pattern and the UV-
vis absorption spectra. It is obvious that if we want to optimize the yield of the shuttle-like micro

SCs of CNBI, we should definitely choose 6 M hydroiodic acid as the hydrothermal solution.
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Fig.3 SEM Images of the CNBI micro SCs synthesized under different acid
concentration: (a) 1M, (b) 3 M, (c) 6 M, and (d) 9 M.

Fig. 4 Micro SCs grown with increased Na ratio: (a) 2 M and (b) 3M. Multiple small

platelets can be observed from the images.

Another parameter we inspected is the Na” cation as a variable. By adjusting the input of Nal
we fabricated CNBI micro SCs at the Na* concentration of 1 M, 2 M and 3 M. We can see from

the images in Fig.4 that with increased sodium amount, many small platelets were attached to the
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surface of the CNBI micro SCs, making the surface of the crystals significantly rougher. Judging
by the morphology of these irregular platelets, these should be the 2D crystal phase or the Cs3Bizlo
impurities. It is obvious that with the increase of the sodium amount, the crystallinity of the CNBI

micro SCs were reduced. The optimized Na+ ratio should be no more than 1M.

The synthesis temperature is also a parameter that we studied. By synthesizing CNBI under
different hydrothermal temperature, we have prepared a series of sample SCs. The sample
synthesized under 120 °C (namely 110 °C) showed strong main phase of Cs3Bizlo, while samples
synthesized above 120 °C (namely 130 °C) showed similar XRD pattern to that of the CNBI, with
no significant change at the peak distribution and the peak intensity, as shown in Fig. 5. It is
obvious that the 120 °C is a temperature threshold that allows the CNBI phase to form. It is
reasonable that the synthesis temperature would not significantly affect the micro SC growth, since
the SC growth mechanism revealed that the development of the micro SCs are during the slow

cooling process.

10 20 30 40 50 60 70 80
2Theta (degree)

Fig. 5 Micro SCs grown with different hydrothermal process temperature, T = 110°C,
120°C and 130°C. The peak at ~25° displayed distinct difference, showing
significantly increased CBI phase when T < 120°C.
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5.3.2 The growth mechanism of the CNBI micro single crystals

In order to have an overall concept of the crystal growth process of the CNBI micro single
crystals, we observed and elucidated the crystal growth mechanism of the CNBI micro single
crystals by inspecting the SEM images at different crystal growth times. As demonstrated in Fig.6,
SEM images showed the CNBI micro single crystals synthesized under 6M hydroiodic acid
condition. It is observable that the fully-grown CNBI micro single crystal can reach the size of
several tens of micrometres. The fully-grown large crystals are encouraged by both the acidic

solution environment and the high pressure enclosed hydrothermal process.

(a) Thickened Double Shuttle
Seed Plate Frustum

Fig. 6 Scheme of the crystal growth mechanism and corresponding SEM images of the
as-prepared CNBI. Here (a) showed the sequentially growth steps of the CNBI
crystal, while (b), (c), (d) and (e) are the SEM images of the crystals at different
growth steps.

For a colloid solution, it is quite natural for the solution to assume a super saturation
condition. If without any disturbance, the super saturation solution can easily maintain its steady
state equilibrium. As temperature increases, the magnitude of the super saturation will become
higher. If this solution is disturbed under such condition, it will loss the equilibrium and the solute
will precipitate. The solution then will consequently dissolve the colloids, “releasing” reagent ions,
and continually supply the super-saturation condition. Fuelled by this mechanism, the solute will
continually crystallize until the super-saturation is “depleted” and the solution reaches a new

equilibrium state [17].

In our case, the increase of the temperature during the hydrothermal process not only
disturbed the equilibrium state of the solution, but also caused more colloids to dissolve, and lead

to a super-saturation condition. When the super-saturation condition was first reached, the CNBI
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crystal seeds would form and started to grow along the (001) plane forming hexagonal platelets,
as shown in Fig.6 (a). As the synthesis process continues, as described above, the imbalanced
equilibrium will continue to promote the crystallization process. At this stage, the plate would
continually grow along the plane while thickening on both sides, generating (Fig.6 (c¢)) a thickened
plate. The size of the plate would increase dramatically. With longer synthesis time, the crystal
growth along the (001) plane will be hindered, most likely caused by the adsorption of excessed I-
and H+ ions on the surface of the crystal, and the crystal will start to preferentially grow in both
directions perpendicular to the (001) plane, thus forming a double frustum as shown in Fig.6 (d).
The large CNBI crystal continued to grow during this continual super-saturation, subsequently
initiating the crystallization process, and eventually formed the fully-grown crystal with the

shuttle-like morphology, as shown in Fig.6 (e).

Fig.7 SEM images of the crystals grown in (a) asymmetric double frustum and (b)

asymmetric shuttle morphology.

Another interesting finding is that the shuttle-like crystal will not necessarily grow
symmetrically with respect to its centre plane. As shown in Fig.7, we can see asymmetric crystals
in different stages of the growth process. We believe that the insufficient growing space resulted

in the asymmetric growth.
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5.4 Conclusions

In summary, we prepared 3D shuttle-like CNBI micro SCs by simple one-step hydrothermal
growth method. By investigating multiple reaction parameters including hydroiodic acid
concentration, Na" cation ratio and hydrothermal synthesizing temperature, we have decided the
optimized preparation condition of the CNBI micro SCs. The hydroiodic acid concentration was
proved the key factor for preparing the CNBI micro SCs, while the amount of the Na* cation can
contribute to the crystallization velocity of the CNBI micro SCs. By observing the growth process,
we elucidated the growth mechanism of the CNBI micro SC, and the CNBI prepared with the
optimized conditions consists high ratio of well-defined shuttle-like micro SCs. Further work on
the topic includes the separation of the micro SCs and the application of the micro SCs to the solar

cell devices, such as micro SC array solar cells.
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6. General conclusions and future prospects

In this thesis, we focused on the development of new lead-free bismuth-based light absorbing
materials for perovskite solar cells. We prepared a mixed chalcogen-halogen perovskite and a
double perovskite with low bandgap and excellent stability by solid-state synthesis and
hydrothermal synthesis method, respectively. With many characterization techniques, we studied
the physical and optical properties of these new materials. Furthermore, we employed these new
lead-free perovskites as the light absorber for the perovskite solar cells, and evaluated their
performances. In addition, based on our designed new material, we have also explored the micro

single crystal preparation techniques.

1. In Chapter 3, we successfully synthesized a mixed chalcogen-halogen lead-free perovskite
MABILS with two-step solid-state reaction. With multiple testing techniques, we confirmed its
composition. By measuring the UV-Vis absorption spectra, we determined that the MABII2S
perovskite has a bandgap of 1.52 eV, and it possesses a wide absorption range that extend to over
1000 nm. The unique properties of this material meet the criteria of the photovoltaic application.
By employing an in-situ growth technique, we solved the difficulty that the spin coating technique
cannot produce viable MABILS perovskite film on the TiO; substrates. The composition of the in-
situ growth film was verified with layer-by-layer XRD pattern analysis. Unfortunately, the device
fabricated with the in-situ growth film showed poor I-V performance. However, the material
displayed high defect tolerance ability. In addition, several enhancement routes were inspected and

the device performance were greatly increased.

2. In Chapter 4, we successfully synthesized a novel high stability double perovskite CNBI
through a facile hydrothermal process. By measuring the UV-Vis absorption, we determined that
the CNBI has a bandgap of 1.66 eV, and it possesses a wide absorption range. CNBI displayed
outstanding stability showing negligible decomposition after a 5-month storage under >70
humidity. The unique properties of this material meet the criteria of the photovoltaic application.
The CNBI double perovskite solar cell exhibited champion PCE of 0.42%. This result is
comparable to other lead-free perovskite solar cell works. The devices stayed in ambient condition
displayed a very small decrease in the photovoltaic performances, showing the device stability is

good. The PCE distribution of the cells is narrow, suggesting that the devices displayed good
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reproducibility. Although the average PCE of CNBI solar cells so far is low due to the low JSC,

we have revealed the main reason of the low JSC, and suggested possible enhancement directions.

3. In Chapter 5, we prepared 3D shuttle-like CNBI micro SCs by simple one-step
hydrothermal growth method. By investigating multiple reaction parameters including hydroiodic
acid concentration, Na" cation ratio and hydrothermal synthesizing temperature, we have decided
the optimized preparation condition of the CNBI micro SCs. The hydroiodic acid concentration
was proved the key factor for preparing the CNBI micro SCs, while the amount of the Na* cation
can contribute to the crystallization velocity of the CNBI micro SCs. By observing the growth
process, we elucidated the growth mechanism of the CNBI micro SC, and the CNBI prepared with
the optimized conditions consists high ratio of well-defined shuttle-like micro SCs. Further work
on the topic includes the separation of the micro SCs and the application of the micro SCs to the

solar cell devices, such as micro SC array solar cells.

To date, the lead-free perovskites still suffer from several major issues that result in relatively
low PCEs, such as larger bandgaps, more intrinsic defects, and weaker carrier mobility compared

to that of the lead-based perovskites.

The future prospects of the lead-free bismuth-based perovskite materials might include
following aspects: modifying the material composition to obtain small and direct bandgap, refining
the film surface to reduce the intrinsic defects, and the exploration towards viable single crystal

solar cell/solar cell array devices.
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