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1 Introduction

Before discussing lead-free metal halide solar cells, it is necessary to introduce
how energy shortage, environmental pollution and climate change issues are
driving research on solar cells; and to understand the solar cell working mechanisms and potential competitive relationships of different types of solar cells.
After comprehensive evaluation of power conversion efficiency, economic
production, lifetime of solar cell devices and environmental protection, etc.,
the motivations and goals of studying lead-free halide solar cells will be clear.

1.1 Renewable Energy
At present, fossil fuels meet the vast majority of the world’s energy needs.[1]
Thanks to these sources, the human technology, society and economy have
developed tremendously. However, it is inappropriate to endlessly consume
fossil fuels. In the processes of using fossil fuels, a large amount of greenhouse
gases, such as CO2, will be released. The greenhouse gases eventually lead to
the global warming,[2] see figure 1.

Figure 1. The effect of greenhouse gases in the atmosphere.
Global warming refers to the worldwide rising average temperature. It leads
to global climate change and has a huge impact on animals and plants (figure
2, bleached coral reef due to rising temperature) as well as on human livings.
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Scientists in the field of climatology have predicted that the global average
temperature will rise from 1.4° to 5.8° between the year 1990 and 2100.[3] It
is worth noting that we are facing the biggest environmental threat to public
health due to the global warming, such as weather related mortality and infectious diseases,[4-5] etc. In addition, the reserves of fossil fuels are limited, and
for the sake of future generations, more reliable energy suppliers have to be
used to replace the fossil fuels. Based on the needs of environmental protection, usage of renewable energy can fully meet the criteria. The renewable
energy suppliers are including solar energy, wind energy and wave energy,
etc., which are clean, sustainable and can be utilized through specific technologies. Due to a large potential and good sustainability of solar energy, this
thesis focuses on the use of solar energy.

Figure 2. Global warming effect on coral reef, normal (left) and bleached (right).
Source: By Copyright of 2004 Richard Ling, CC BY-SA 3.0, (left) and Acropora,
CC BY-SA3.0, (right).

1.1.1 Solar Energy
The energy from sunlight that strikes Earth in one hour is more than the entire
consumed energy by humans in a whole year.[6] Solar energy is therefore almost an infinite energy supplier without negative impacts, such as free of costs
and limited pollution. A variety of factors, such as climate, diurnal variation
and geographic location can vary the average available solar energy. However,
the total available solar energy amount is over "&  "!^^ J (15,000 EJ) each
day, which is around "!_ times higher than the daily energy consumption of
entire human (1.3 EJ).[7] Therefore, as long as the utilization of solar energy is
effective, it can meet human demand for energy.
Figure 3 shows the most common solar irradiance distribution spectrum on
the Earth’s surface. For mid-latitude regions, the average light incidence is not
vertical (e.g., incident from the zenith), but is incident at an angle of Z (48.2°).
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Air mass (AM) is a ratio between incident path (L0) from the zenith and the
incident path (L) at 48.2°, which defines AM as:
07 
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Where Z is 48.2°, AM is equal to 1.5. It is named the AM 1.5 global spectrum,
which is a common standard spectrum used in solar cell devices characterization, that includes the blue sky, scattered light and surrounding ground.[8]

Figure 3. Solar irradiance distribution spectrum under air mass 1.5 global (AM
1.5G).

1.2 Solar Cells
Because of the eagerness to use solar energy, different technologies for storing
or converting solar energy have been promoted. The collection, storage or distribution of solar energy by the form of heat belong to passive solar technologies. Different from the passive solar technologies, active solar technologies
collect the solar radiation and convert it to heat or electric power by using
mechanical and electrical equipment.[9] In general, the active solar technologies include solar photovoltaic technology and solar thermal technology. Scientists discovered the photovoltaic effect about 200 years ago. After many
years of hard work, they created the concept of the solar cell, and applied silicon solar cells for space activities for the first time in 1950s. Since then, solar
15

cells based on different types of semiconductor materials have emerged. Typically, solar cells are devices, which can convert light to electricity directly.
The semiconductors include elements like silicon (Si), gallium (Ga), indium
(In), bismuth (Bi), etc. Combination of multiple elements can also form semiconductor compounds, such as gallium arsenide (GaAs) and copper indium
gallium selenide (CIGS) and so on. In a semiconductor there is “conduction
band” (CB) (figure 4), and a “valence band” (VB). The gap between CB and
VB is the band gap (Eg). The band gap values can distinguish the conductors
(no Eg), semiconductors (Eg < 3 eV) and insulators (Eg > 3 eV) roughly. One
of the main reasons why semiconductor materials can be used for photoelectric conversion is that the sunlight energy can excite electrons (e-) from the
VB of the semiconductor to its CB. For an insulator, the visible light energy
is insufficient to excite the e- from the VB to the CB.

Figure 4. Energy band schematic diagrams of (a) a conductor, (b) a semiconductor
and (c) an insulator.

There are many semiconducting materials which have photovoltaic properties.
Photovoltaic cells based on these materials can absorb photons from sunlight,
so that e- are excited. The excited e- and the holes (h+) move to the contacts,
which results in electric current under an electric load (see figure 5). The electricity can be used in daily life or stored in batteries. It is well known that there
are many types of solar cells; the main function of all the cells is to convert
photons into e- by absorbing sunlight. However, there are differences in crystal
structures, devices fabrication structures, and power generation principles of
different solar cells. These result in different device performances and possibilities for photovoltaic applications. An excellent device must has a high
power conversion efficiency (PCE); low costs in precursor materials, simple
device production processes that are cost effective and have low energy consumption during the production processes; and it should have a long lifetime.
From Shockley-Queisser (SQ) theory, the maximum limit of the PCE is
around 33.7% under AM1.5G for a single junction solar cell, which occurs at
a band gap of 1.34 eV. The SQ limit calculation is based on the black body
irradiation, recombination and spectrum loss issues, etc. This limit can be
16

overcome for example by using concentrated light or fabricating tandem solar
cells that containing several active materials with different band gaps. The
following sections include descriptions of semiconductor materials and working principles of different types of solar cells.

Figure 5. Schematic of photovoltaic cell (solar cell) that generates electricity under
light.

1.2.1 Silicon Solar Cells
Nowadays, silicon solar cells dominate the photovoltaic market to a large extent (~90%).[10-11] It is mainly due to a rather high PCE, long lifetime and rather
low cost. Silicon solar cells based on silicon wafer (thickness is between
160~190 um) are classified as the first generation of photovoltaic cells. There
are two main categories of silicon solar cells: monocrystalline silicon cells and
polycrystalline silicon cells.
Monocrystalline silicon cells: As the name suggests, monocrystalline silicon solar cells are designed from silicon single crystals. In manufacturing processes, it is first necessary to prepare large pure silicon crystals and then slice
them into pieces, which are homogeneous, continuous, non-broken single
crystals. However, the large crystals grow under tightly controlled conditions,
which are difficult and expensive to process. In addition, the PCE of monocrystalline silicon solar cells decreases at high temperature.[12] When the temperature is higher than 25°C, the PCE will drop gradually.[13-14]
Polycrystalline silicon cells: Polycrystalline are composed of many small
crystals. The visible grains can be recognized on the polycrystalline solar panels. The PCE of this type of solar cell is limited by the grain size, and smaller
grain size results in more grain-boundaries and recombination. Similar as
monocrystalline silicon solar cells, the PCE also decreases when the temperature is higher than 25°C.
The best laboratory PCE of monocrystalline silicon solar cell (26.1%) is
higher than the polycrystalline silicon solar cell (22.3%).[15] However, the
17

manufacturing processes are more expensive for monocrystalline silicon cells
compared to polycrystalline solar cells.
The solar cells we discussed above are single-junction (p-n junction) solar
cells. In the p-n junction, p-type or n-type semiconductors are formed by doping different elements or impurities in silicon, such as 5 valence electrons (ntype) or 3 valence electrons ions (p-type). After doping, if h+ concentration is
larger than e- concentration, this is a p-type doping; on the contrary, it is an ntype doping if e- concentration is larger than h+ concentration. Without dopants, the silicon is intrinsic. For the intrinsic silicon, silicon solar cells based
on p-i-n structure or heterojunction can also be prepared, which “i” stands for
intrinsic silicon layer. In figure 6, silicon solar cell structures with p-n junction
(left) and p-i-n junction (right) are shown.

Figure 6. The silicon solar cell structure diagrams with p-n junction (left) and thinfilm silicon solar cell with p-i-n heterojunction (right).

The left schematic diagram in figure 6 shows a typical p-type silicon wafer
solar cell. The p-type silicon wafer is much thicker than the n-type silicon
layer. There is a p-n junction been formed between the p-type wafer and the
n-contact. When the p-type silicon absorbs photons, e- in the VB are excited
and move to the n-type silicon layer, which is due to the e- concentration gradient in the space charge region results in a driving force. The h+ will move
into the back contact layer. The mechanism of this process is due to the e- and
h+ diffusion in the wafer (figure 7, left). The right (figure 6) shows the p-i-n
structure of a silicon solar cell. When shining light on this device, the semiconductor layer will absorb light energy first, and then the e-/h+ pairs will be
separated by the electric field (figure 7, right). In this process, the recombination of h+ and e- is low.[16]
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Figure 7. Band diagram of p-n junction (crystalline silicon) (left) and p-i-n junction
(right, usually amorphous and microcrystalline silicon).
The disadvantages of the first generation solar cell include the expensive and
thick silicon wafer, energy demand for production of pure silicon, and lower
PCE under high temperature (e.g. 25 to 80°C). Thin-film photovoltaic devices
can overcome some of the shortcomings of crystalline silicon solar cells;
therefore, they also play an important role in photovoltaics.

1.2.2 Thin Film Solar Cells
Thin film solar cells are known as the second generation of solar cells. In the
thin film solar cell, the thickness of the semiconductor layer is about 1um,
which is much thinner than a silicon wafer. Unlike the first generation of silicon solar cells, thin film solar cells can be fabricated by depositing one or
more thin films of photovoltaic materials. The second generation of thin film
solar cells include thin film silicon solar cells (figure 7, right), cadmium telluride (CdTe) solar cell, and CIGS solar cell. Although the panel’s PCE is lower
than that of crystalline silicon solar cells, the laboratory efficiency has reached
22.9%.[15] There are some advantages with thin film solar cells; they can be
prepared as flexible devices, high temperature has less impact on the solar
panel’s PCE, and mass-production may be simpler compared to for standard
silicon solar cells.
Other emerging solar cells, which are also known as the early stage of ongoing research, including organic photovoltaic cells (OPV), dye sensitized solar cells (DSSCs), quantum dot solar cells and perovskite solar cells (PSCs),
etc. Among these new types of solar cells, PSC shows the most promising
PCE and it is the most relevant to this thesis. Therefore, in the following sections 1.2.3 and 1.2.4, I will mainly discuss the perovskite solar cell and solar
cells based on similar materials.
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1.2.3 Organic-Inorganic Perovskite Solar Cells
The original discovery of perovskite (CaTiO3) was in the Ural mountains of
Russia by Gustav Rose and the perovskite structure was named after the Russian mineralogist L.A. Perovski. Up to now, a large number of materials having a CaTiO3 perovskite crystal structure have been discovered. Among them,
inorganic and organic hybrid metal halide perovskites, ABX3 (A = CH3NH3+
(MA)[17-19], CH(NH2)2+ (FA)[20-21], Cs+, etc.[22]; B = Pb2+, Sn2+; X = I-, Cl-, Br), are the most studied materials for solar cells. These perovskite materials
have high absorption coefficient, long charge diffusion length, rather high
charge mobility and small exciton (e-/h+ pair) binding energy. These advantages meet the needs for solar cell devices. To make an efficient PSC, selective contacts are needed to collect the e- and h+ from the perovskite layer,
therefore, an electron transport material (ETM) (TiO2, etc.) and a hole
transport material (HTM) (Spiro-OMeTAD, P3HT and so on) are usually used
in a PSC. After light illumination, the e- are excited from the CB to the VB
and the e-/h+ pairs are separated. Due to a match of energy between the perovskite’s CB with the ETM’s CB and a match of energy between the perovskite’s
VB and HTM’s VB, e- and h+ will transfer to the electrodes eventually (see
figure 8). Several possible recombination processes can lower the PCE of a
solar cell device. For example, radiative recombination happens between electrons in CB and holes in VB with releasing photons; or non-radiative recombination between photo-induced carriers or between photo-induced carriers
and traps that releases phonon instead. Recombination can also happen at the
interfaces, when there are defects between the layers.

Figure 8. Band diagram of different layers in a PSC solar cell.

The perovskite solar cell usually has heterojunction (p-i-n or n-i-p) device architectures. Figure 9 (a) and (b) show the mesoscopic and planar structure of
conventional n-i-p heterojunction devices, (c) and (d) show the mesoscopic
and planar structure of inverted p-i-n junction devices.
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Figure 9. Schematic diagrams of perovskite devices in n-i-p mesoscopic structure
(a), n-i-p planar structure (b), p-i-n mesoscopic architecture (c) and p-i-n planar architecture (d).

In the past 10 years, PSCs have had a rapid development. Miyasaka and his
colleagues in 2009 applied MAPbI3 in liquid mesoscopic solar cells (exchanging the dye in a DSSC to perovskite quantum dots), resulting in a PCE of
3.8%.[17] In 2012, metal halide perovskite was first applied in a solid-state
photovoltaic device, with around 10% PCE.[18-19] Since then, PSC has quickly
become a new star in photovoltaic research field. In a short span of ten years,
the laboratory PCE of single perovskite solar cell has reached 25.2%, see figure 10, which is comparable to the highest efficiency of monocrystalline silicon solar cell (26.1%).[15]
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Figure 10. The chart of the best research efficiency. Source: NREL, 20190802.
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The crystal structure of ABX3 perovskite is shown in figure 11. ABX3 is a
structure with eight corner-sharing [BX6] octahedral surrounding a large A
cation (radii A > radii B). However, if there is an undesirable size-match of A
and B that may cause a structure deformation, which is mainly due to the tilting of the octahedral. Therefore, the size of the atoms A, B and X is a factor
for the degree of distortion and deformation of the crystal structure.

Figure 11. The ABX3 crystal structure.

The tolerance factor (t) and octahedral factor (µ) of the perovskite make stability and distortion of crystal predictable by calculating ionic radius of A, B
and X.
Q
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In equation (2) and (3), the RA, RB and RX are the radius of ion-A, B and C
respectively. The tolerance factor can also be used to predict the stability of a
double perovskites, which have two cations on B position, A2BB’X6. The following listed a series of theoretical tolerance factors of common metal halide
perovskites and the octahedral factors for metal halide perovskites.[23-24]
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Table 1. Calculated octahedral and tolerance factors for a series of common perovskites. MA
is methylammonium, FA is formamidinium and EA is ethylammonium.
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Perovskites

Tolerance Factor (t)

Octahedral Factor (Y)

EAPbI3

0.94

0.54

EAPbCl3

0.97

0.67

EAPbBr3

0.95

0.61

EASnI3

0.97

0.50

EASnCl3

0.99

0.61

EASnBr3

0.98

0.56

MAPbI3

0.83

0.54

MAPbCl3

0.85

0.67

MAPbBr3

0.84

0.61

MASnI3

0.86

0.50

MASnCl3

0.88

0.61

MASnBr3

0.87

0.56

FAPbI3

0.88

0.54

FAPbCl3

0.90

0.67

FAPbBr3

0.89

0.61

FASnI3

0.90

0.50

FASnCl3

0.93

0.61

FASnBr3

0.91

0.56

CsPbI3

0.81

0.54

CsPbCl3

0.82

0.67

CsPbBr3

0.81

0.61

CsSnI3

0.83

0.50

CsSnCl3

0.85

0.61

CsSnBr3

0.84

0.56

All the perovskite materials in table 1, their t is between 0.8 and 1, Yis from
0.50 to 0.67. This t and Y value is changeable by changing the ions size. When
t is close to 1 and its corresponding Yis close to 0.67, the material has a cubic
phase and it is usually the ideal value for the best perovskite photovoltaic
properties. However, the cubic phase may not the most thermodynamically
stable phase for a perovskite. For example MAPbI3, it can have five possible
phases under different annealing conditions, the cubic phase is very sensitive
to high temperature.[24] The orthorhombic can transfer to tetragonal or cubic
by increasing annealing temperature. When the A ion is larger, the perovskite
can obtain a hexagonal structure, which is then thermodynamically stable (figure 12). Figure 12, (b) and (c) are the variant structures of (a). The (d) and (e),
they are perovskite-like structures, because there still have cation A and faceshared octahedral formed, it is a two-dimensional (2D) layered structure.

Figure 12. The crystal phases of MAPbI3. (a) Cubic, (b) Tetragonal, (c) Orthorhombic, (d) Hexagonal (4H) and (e) Hexagonal (2H).

The tolerance factor is a very useful theoretical parameter to predict crystal
structure stability of perovskites. However, in an experimental process that
has water, photon or oxygen, stability for common hybrid perovskites is very
poor. Besides, the PSCs that show high efficiency contain toxic lead (Pb). This
could be a problem for commercialization of PSCs.
In order to increase the solar cells commercial possibility, techniques for
making high stability devices have been investigated. Such as mixing with Cs+
to adjust band gap, tolerance factor of the perovskite, increase the PCE and to
increase the crystal phase stability.[22, 25] Moreover, depositing a more stable
2D perovskite on top of the three-dimensional (3D) perovskite to engineer the
interface,[25-26] results in a high stability of the solar cell. Solar cells post-encapsulated with polymers [27-28] also can improve the stability of devices to
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more than 500 hours. Recently, Feng Gao, Henry Snaith and their colleagues
reported that adding 0.3 mol% ionic liquid BMIMBF4 into a tri-cation perovskite precursor solution lead to a high stability of encapsulated solar cell devices up to 5200 hours under constantly illumination with only eight percent
drop in PCE.[29]
A tandem (multi-junction) solar cell may be one of the most direct pathway
to commercialize the perovskite based solar cell devices. The crystalline-silicon solar cell band gap (1.1 eV) can be paired with the perovskites band gaps
very well (1.6-1.75 eV), which can yield a limiting PCE of 44% in this band
gap range.[30] The highest practical PCE of the perovskite-silicon tandem solar cell is the certified 28% from Oxford PV, UK at present.
The gradual increase in the stability and the PCE of perovskite solar cells
demonstrates the potential of commercialization of products. However, the
toxicity of heavy metal Pb in perovskite is still a possible danger of large-scale
commercialization. Therefore, a large number of non-toxic or low-toxic elements have been explored to replace Pb.

1.2.4 Emerging Pb-free Halide Solar Cells
Pb, as a heavy element, can form very toxic inorganic or organic compounds.
After poisoned by absorbing Pb, there will be a distribution of Pb from blood
to the human body soft tissues, like liver, kidney and so on. With a continuous
exposure to Pb, eventually, the Pb will deposit in the skeleton. Pb can also be
evacuated from the body by excretion mechanisms, like breast milk. This is
extremely toxic for breastfed infants.[31] Therefore, it is important to investigate Pb-free light absorbing metal halide materials, with elements such as Sn,
Ge, bismuth (Bi) and antimony (Sb), etc. to replace Pb. The research on Sn
based materials (MASnI3) began in 2014.[32] Although the PCE of PEAI mixed
FASnI3 perovskite device now has reached 9%,[33] the stability of the Sn-based
perovskite materials is worse than that of the Pb-based perovskites, mainly
because the Sn2+ is easily oxidized to Sn4+ by oxygen in the air. Ge2+-type
materials also have this oxidation problem, and the PCE is not as promising
as Sn-based perovskites, which is below 5%.[34] The by-products of the Sn
materials are also toxic,[31, 35] so the prospects are not very clear at present.
Bi3+ and Sb3+ have better stability than Sn2+ and Ge2+, so the stability of the
metal halides based on these ions is better. The first Bi based Cs3Bi2I9 solar
cell was published by Erik Johansson and his colleagues in 2015, and the PCE
of the best solar cell was 1.09%.[36] Since then, a large amount of research has
been conducted on Bi and Sb-based light absorbing materials.[37]
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Table 2. Bi and Sb low-toxic perovskite-like solar cells progress.
Light AbsorbPCE (%)
ers

Crystal
Structures

DimenDevice Lifetime
sions

Published
Year

2015[36]

Cs3Bi2I9

1.09

Hexagonal

0D

---------

Cs2AgBiBr6

~2.5

Cubic

3D

>100min

Cs3Bi2I9

3.17

Hexagonal

2D

>1400h

2018[40]

MA3Bi2I9

1.64

Hexagonal

2D

>2520h

2017[41]

AgBi2I7

1.22

Cubic

3D

>10 Days

2016[42]

Ag2BiI5

2.1

Hexagonal

2D

>40 Days

2017[43]

Ag3BiI6

4.3

Trigonal

3D

---------

2017[44]

Ag3BiIxS6-x

~5.5

Hexagonal

2D

>30 Days

2018[45]

Cs3Sb2I9

1.5

Hexagonal

2D

Up to 60 days

2016[38-39]

2018[46-47]

Table 2 shows the most promising Pb-free metal halide materials based on Bi
and Sb for solar cells. These materials have crystal structures, which mainly
belong to a cubic (3D), or hexagonal (2D) structure. Though the best efficiency now is only 5.5%, compared to 25.2% of Pb-based perovskite devices,
the device lifetime is an important factor that may be better for these materials.
To distinguish the crystal structures of different Pb-free metal halide materials, figure 13 shows the difference between them.[48] There are six types of
crystal structures shown in figure 13. They have the compositions of 1-1-3
(ABX3), 3-2-9 (A3B2X9), 2-1-1-6 (A2BB’X6) and 2-1-6 (A2BX6), and two
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types of AgxBiyXz (2-1-5 and 1-2-7). From table1, the best efficiency is from
Ag3BiIxS6-x.

Figure 13. Crystal structures of different metal halides.

The basic unit for the metal halide materials is the metal halide octahedral.
The top structure ABX3 is a traditional crystal structure of perovskite, in which
one big cation is surrounded by four corner-shared octahedral. Depending on
the annealing temperature, there are two different structures of A3B2I9, one is
a zero-dimensional (0D) structure and one is a 2D structure. For the 0D structure, two [B2I9] form face-shared octahedral. For the 2D layered structure, it
terms as the “vacancy ordered perovskite”, the cation between the layers is
removed. The Ag-Bi-X Rudorffites consist of alternating [AX6] and [BX6]
layers, [AX6] and [BX6] octahedral are edge-shared. For ABB’X6, it has a
“double perovskite structure”, which is a variant of perovskite. The B position
is alternately occupied by monovalent and trivalent metal ions ([BX6] and
[B’X6]). A2BX6 is a defect perovskite structure, it has a layered corner-shared
octahedral, the cation fill in the space between the octahedral layers.

1.3 Aims of the Thesis
As described in the introduction part, solar cell research is very important for
the change towards renewable energy, however, so far in the preparation and
application of realistic solar cells, no solar cell can fully meet the needs of
human activities. For a perfect solar cell device, it should meet the necessary
conditions such as a high efficiency, a long lifetime, and should also be environmental friendly and produced at low costs. Research and development of
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some emerging non-toxic photovoltaic materials is therefore very necessary.
This thesis is devoted to the research of new low-toxic environmentally
friendly light absorbing materials for solar cells, characterizing and analyzing
the new materials, and optimizing them in terms of solar cell efficiency,
providing starting points and reference for possible future material selection,
which is of great significance to the development direction of the photovoltaic
industry.
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2 Methods

2.1 Fabrication Processes of Devices
2.1.1 Preparation of TiO2 substrates
Before depositing TiO2, ETM, fluorine doped tin dioxide (FTO) glass (Pilkington TEC 15, 15 /sq) needed to be etched and cleaned. Zinc powder
(Sigma-Aldrich) and 2M HCl (Sigma-Aldrich) was used to etch the FTO
glass. After cutting the FTO glass and covering it with tape, the uncovered
FTO was spread with Zinc evenly. Then dropping the 2M HCl on the Zinc.
This etching reaction was finished in 3 min. After cleaning etched substrates
under ultrasonic vibration in water and RBS soap (sodium hydroxide, SigmaAldrich), acetone and ethanol respectively, (each step spent 30 min). The dried
out substrates were ready for deposition of ETM (titanium dioxide, TiO2).
Precursor solution for preparation of TiO2 blocking layer contained titanium
(IV) isopropoxide (TTIP) (Sigma-Aldrich, 99.999%, 1 ml), 3 ml acetyl acetone and 9 ml ethanol. Spray-pyrolysis method was carried out by spraying
the solution on the heated FTO substrate (at 500+) to obtain the compact TiO2
layer. The spray-pyrolysis layer was further annealed under 500+ for 30 min
after sprayed the precursor solution with nitrogen gas. Then, 1g TiO2 paste (30
NR-D, Dyesol) was dispersed into 3.5 g ethanol. After stirred the solution for
overnight, the evenly dispersed paste was spin-coated on the compact TiO2
substrates by 4000 rpm for 30 s. These substrates were annealed under 500+
for 30 min in an oven. Then the TiO2 ETM layers were ready.

2.1.2 Materials synthesis and preparation of crystalline metal
halide films
Preparation processes of precursor solutions and the crystalline metal halide
film are shown in figure 14. All of these preparation steps were proceeded in
a nitrogen glove box. First, dried 3 ml’s glass bottles were placed into the
glove box, and the precursor chemicals were mixed accurately in these small
glass bottles. The precursor chemicals used in this thesis included cesium iodide (CsI), silver iodide (AgI), silver bromide (AgBr), bismuth iodide (BiI3),
bismuth bromide (BiBr3) and antimony iodide (SbI3). Then the solvent of N,
N’-dimethylformamide (DMF) (Sigma-Aldrich, 99.8%) and dimethyl sulfoxide (DMSO) (Sigma-Aldrich, ≥ 99%) at certain weight ratios were added, and
the precursor solutions were heated on a hot plate under certain temperatures.
30

When precursors were fully dissolved, 30 µl of each precursor solution was
dropped onto the TiO2 substrates. Thereafter a spin-coater with a certain spinning speed was used to spread out the solution on the substrates, and the crystalline films formed after annealing the substrates on a hot plate. All devices
were fabricated on the FTO/TiO2 substrates. The HTMs polymers used in this
thesis were: poly(3-hexylthiophene-2,5-diyl) (P3HT, regioregular, average
Mw=50,000-75,000 g/mol, Sigma-Aldrich); poly[N,N’-bis(2-hexyldecyl)isoindigo-6,6’-diyl-alt-3,3’’-dioctyl-2,2’,5’,2’’-terthiophene-5,5’’-diyl](P3TI,
supplied by cooperators); poly[[2,3-bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1,average Mn=12,000-45,000 g/mol, SigmaAldrich) and poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7, supplied by cooperators). All the polymers were dissolved
in chlorobenzene solvent; the concentration was adjusted between 5 mg/ml to
10 mg/ml for the different polymers.

Figure 14. Processes of the material synthesis and preparation of films.

Table 3 shows the ionic radius and the coordination number for the ions used
in the metal halides in this thesis. In the table, the radii of Cs+ and Ag+ is larger
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than other cations, therefore, they can be used in the A position (AxByXz). The
other cations can occupy B positon and form the octahedral with I- or Br- (X).

Table 3. The radius and coordinate number of the ions[49] used in synthesis materials.

Ions

Radius (pm)

Coordinate Number

Cs+

181

6

Ag+

129

6

Bi3+

103

6

Sb3+

90

6

I-

220

6

Br-

182

6

2.2 Characterization of Light Absorbers
2.2.1 X-Ray Diffraction
X-ray diffraction (XRD) is a very useful technique to characterize the crystallized metal halide films. It can be used for both qualitative and quantitative
analysis. The X-ray pattern gives information about crystal structure, crystal
phase of a material, etc. From the broadness of the peaks in the X-ray patterns,
the grain size and strain in the film can also be calculated. The working principle of XRD is shown in figure 15. When the incident X-ray beam strikes a
lattice of atoms in the crystalline film, the beam is partly reflected. Let us
assume that the lattice separation distance is d and that the incident beam
strikes the material with an angle θ, then the extra travelling distance for the
beam reflected by the second layer of atoms is #BPGKθ (see figure 15). If the
incident electromagnetic waves have a wavelength λ, the constructive inference occurs at  # W, where n is a positive integer. This is the Bragg
condition. A diffraction pattern can be obtained by measuring the intensity of
the diffraction pattern obtained for different angles θ. When the scattering angle satisfy the Bragg condition, there will be peaks in the XRD pattern.
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Figure 15. The measurement sample position in XRD (a) and the interference between X-rays reflected from different atomic layers in the sample (b).

2.2.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is an effective technique for determining the surface morphology and cross-section identification of a thin film. The
working principle is to apply a focused electron beam directed towards the
atoms in the film. The electrons collide with the electrons of the atoms in a
single or multiple elastic and inelastic collisions. Some electrons of the atoms
are reflected from the sample surface, and a detector is used to collect the
signals and generate an image. The resolution of the image can be as high as
10 nm. Therefore, this technique can be used for example to determine the
size of crystals and topography of the surface.

2.2.3 UV-Vis Absorption Spectroscopy
Ultraviolet-Visible absorption spectroscopy (UV-Vis) is an important method
to determine the optical properties of materials. It usually refers to the absorptance or absorbance spectrum of the material in the ultraviolet-visible range.
Different wavelengths of light result in electronic transitions from the ground
state to the excited states and the light is therefore absorbed. The longer the
wavelength that absorbed by the material, the smaller the band gap of the material is. Through UV-Vis measurements, we can therefore obtain information
about the light absorption and electronic structure in materials. Beer-Lambert
Law describes the absorption of a light passing through a solution by using
following formula:
e

A=ILE]\ e ε·c·b
4  4\ "!aon (4)
Where the A is the measured absorbance, b is the path length in the sample, c
is the concentration of the solution, ε is the extinction coefficient, 4\ is the
incident light intensity and I is the transmitted light intensity. For the absorption of a light passing through a solid state film, the absorbance will follow
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e

the equations 0  ILE]\   and 4  4y C ap ,  is the absorption coefficient, d
e
is the thickness of the film. The absorptance, A(λ), and the absorption coefficient, X, of a film is:
0X  "!!  ;X  :X
"  : X
"
&
X   
; X
B
The R(λ) is reflectance (%) and the T(λ) is transmittance (%).

Figure 16. Schematic of UV-Vis spectrophotometer.

For a semiconductor, the absorption edge can be observed. A Tauc plot can
be used to estimate the band gap, Eg, by using the following equation. [50-51]


FS  0FS  2E (6)
h is the plank constant, v is the frequency, A is the normalization constant, Eg
is the band gap (eV). For a direct band gap material, n is equal to 2. For an
indirect band gap material, which the e- have to pass through an intermediate
state and transfer momentum, phonon vibrations and the n is equal to ½. This
is a very convenient method to get the properties of the band gap by plotting


FS against energy (eV).

2.2.4 Fluorescence Spectroscopy
Fluorescence spectroscopy is a technique that can track the emission from excited states to ground state or light emission from recombination of e- and h+
in a molecule or a semiconductor. It is a powerful complementary method to
UV-Vis spectroscopy. Figure 17 shows examples of absorption and emission
processes. The left part in figure 17 shows when a material absorbs light, the
photon can excite e- in the ground state S0 to higher energy singlet states S1 or
S2. In the emission process (right in figure 17), the emission spectrum is red
shifted because there are energy losses in vibrational states and relaxing of the
molecules geometry.
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Figure 17. Schematic figure of absorption (left) and emission (right) processes in
UV-Vis and fluorescence spectroscopy. S0 is the ground state and S1 and S2 are excited states. In each electronic state, there are also indicated different vibrational levels (0, 1, 2, 3).

2.2.5 Photo-Induced Absorption Spectroscopy
Photo-induced absorption spectroscopy (PIA) is a technique to track the excited states or charge separated states in dyes, polymers and solar cell devices.
The excited states or charge separated states are detected by a “pump-probe”
method. A schematic figure of the working principle is shown in figure 18. In
this thesis, the probe light is white light, which is focused by a lens, and then
the white light will shine on the sample. The pump light for excitation of the
sample is a square-wave modulated “on” and “off” blue LED light. After the
sample, the probe light is decomposed into monochromatic light by a monochromator, which falls on a Si detector, and the signal is amplified by a current
amplifier before being fed into a lock-in amplifier, which measures the transmission (T) and the change of transmission (ΔT) values.
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Figure 18. Schematic figure of the working principle of PIA.

PIA has been used frequently for investigating solar cell devices. Figure 19
shows the thin film Ag2BiI5/TiO2 PIA spectroscopy. The PIA spectrum may
be divided into two parts: First is the ground state bleaching, which gives a
negative signal in the PIA spectrum. The bleach appears due to that fewer eare in the ground state since they are excited by the pump light. Some of the
excited e- can transfer back to the ground state by emission photons, which
will not contribute to the PIA in the setup used in this thesis, since the detector
is not focused for light emission from the sample. The e- in the excited state
can absorb energy and transfer to other states, which refers to “photo-induced
absorption” in the blue area in figure 19.

Figure 19. PIA spectrum and schematic presentation of electrons excitations during
the measurement.
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The change absorbance (ΔA) is defined as below:[52]
~k
T0  
 '
kvx]\

ΔA is proportional to the ratio of ΔT/transmission (T). This method can detect if the excited charge carriers can inject to HTM and ETM after absorption of light. If e- in excitation states can be efficiently transported to TiO2
CB, it will show a different PIA signal than for the pure light absorbing material. If h+ in excitation states can be efficiently transported to the VB of the
HTM, it will show a different PIA signal than for the pure light absorbing
material. The details of the instrument information was published before.[53]

2.2.6 X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a technique where X-rays are absorbed in the sample and electrons are emitted from the sample and the kinetic
energy of the electrons energy is analyzed. Unlike the XRD measurement that
may be interesting in measuring micrometers’ depth, the XPS measurement is
usually measuring only the very surface, because only those electrons generated from the surface are detected. In this thesis, hard X-ray photoelectron
spectroscopy (HAXPES) is also used. HAXPES has a similar working principle as traditional XPS measurement, but it utilize higher X-ray energies and
more core levels can therefore be analyzed compared to standard XPS, and
the HAXPES measurements also give information from deeper inside the sample compared to standard XPS. Figure 20 shows the schematic of the HAXPES working principle. The X-rays with high energy (2-10 kV) is absorbed
by electrons in the sample and the electron energy analyzer and electron detector are used to measure the emitted electrons and their kinetic energy.
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Figure 20. Schematic presentation of HAXPES (left), and an example of a HAXPES
spectrum (right).

2.3 Characterization of Devices
2.3.1 Current-Voltage Characteristics
Current-Voltage measurement (I-V measurements) is one of the most common methods to characterize the performance of photovoltaic devices. The
solar cells are measured under the common testing condition AM 1.5G (1000
W·m-2) illumination. Characteristics of photovoltaic cells mainly include short
circuit current (JSC), open circuit voltage (VOC), fill factor (FF) and PCE. In
figure 21, the black curve is an I-V plot. In this I-V curve, JSC is equal to the
short circuit current (ISC) per unit area, when the applied voltage is zero, VOC
is the voltage under open circuit condition (current is zero). The definition of
FF is:
33 

e l
e l

(8)

The IMP and VMP are the current and voltage at the maximum output power
from the solar cell (9wm} ). The PCE is calculated as the ratio of the maximum
output power from the solar cell and the power of the incident light on the
sample 9tx :
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The grey curve in figure 21 is the power curve of the I-V measurement, which
is calculated according to 9  4  <. The maximum output power can be
found at the peak value, which is called the maximum power point (MPP),
thus determining the IMP and VMP.

Figure 21. IV curve (black) and the power (grey) of a solar cell.

In addition to the parameters mentioned above, I-V measurement can also be
used for estimating shunt resistance (RSH) and series resistance (RS) of the device. For an optimized solar cell, the RSH should be close to infinite, which can
reduce the recombination current. The losses in photovoltaic performance
caused by the RSH are typically manufacturing defects or material defects rather than a poor solar cell design. The RS should be small to limit loss in the
current from the device. The losses caused by RS are usually by a poor design
of a solar cell, but may also be related to the material properties. We can use
a diode equivalent circuit to simulate the solar cell and the current collection
process (figure 22 (a)). This is a common model to understand a p-n junction
solar cell and it can be used as an approximation for new types of solar cells,
which are not based on the standard p-n junction. If the RSH is low, there will
be recombination current in the device that will reduce the FF and JSC and VOC
(figure 22 (b)). When RS is increasing, the device mainly shows a drop in FF
in the I-V curve, see figure 22 (b).
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Figure 22. The circuit diagram of a solar cell (a) and the effect of RSH and RS on the
I-V curves shape (b).

2.3.2 Incident Photon to Current Conversion Efficiency
Incident photon to current conversion efficiency (IPCE) is a method where the
photocurrent is measured at different wavelength of the incident light. The
IPCE is defined as the ratio of the number of photo-generated carriers and the
incident photons at a given wavelength. The following formula[54] shows the
IPCE (%):
4912 ( 

8RJ@COLDA?OOGCOP
 "!!  
8RJ@COLDMFLQLKP

4{o 0 ) AJ a^  "#%!

 "!!"!

9= ) AJ a^  XKJ
The 4jc  KN (n is the number of carriers, q is an elemental charge); 9 =  
8N (N is number of photons). The integrated photo-generated current from
the different wavelength of light can be calculated by using formula (10):

5jc  /  4912  N  4XBX (11)[54]


Where the 4X is the photon flux.
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Figure 23. The IPCE curve (black) and the integrated JSC (blue).

From IPCE we can therefore obtain the response from a solar cell at different
wavelength of the incident light and measure at which wavelength the solar
cell cannot convert light to photocurrent, which then is related to the band gap
of the solar cell. The corresponding wavelength should be consistent with the
band gap of obtained from the UV-Vis measurement.

2.3.3 Carrier Lifetime Measurement
Carrier lifetime is the average time for e- and h+ generated in the light absorbing film to recombine in a solar cell. It is a parameter to detect and compare
the degree of recombination of e- and h+ in a solar cell device. It is known that
perovskite can have charge carrier lifetimes of up to milliseconds[55] in case of
a good crystallinity and this is one of the properties that give the perovskite
solar cell excellent photovoltaic performance. It is therefore critical to determine if the charge carriers have a long lifetime in a solar cell device. A carrier
lifetime measurement can for example be performed by applying light from a
LED with modulated light intensity. Usually the test light intensity adjusting
range is 0.1 ~ 1 sun, where 1 sun is equal to 1000W/m2. Under a specific light
intensity, the system adds a small modulation of the LED light on top of the
base light intensity of the LED and measures the photo-voltage transient with
the LED light modulation. The detected carrier lifetime and the transient
photo-voltage follow the single exponential relationship below [56-57]:
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Where Z is the lifetime, T is the absolute temperature, Hb is the Boltzmann
constant and e- is the elementary electron.
The carrier lifetime is usually increasing (decreasing) with decreasing (increasing) the light intensity, which is mainly due to the increase of the carrier’s
concentration.
The change of VOC and JSC with light intensity can be derived from the
Schottky equation below:
xuk
f
xuk
<gc  z  f   z IK9vtrs|    1 (13)[58]


Where J0 is the photocurrent, 9vtrs| is the illumination intensity, C is a constant and U is an empirical parameter, k is the Boltzmann constant, T is the
temperature in kelvin, n is the ideality factor: n=1, for indirect band gap semiconductors and n=2 is for the direct band gap semiconductors. The U can be
calculated from the slope of JSC . 9vtrs|  , and it can be used to address if
there is bi-molecular recombination. When U is close to 1, bi-molecular recombination is negligible; the calculated U can be used in <gc .
xuk
IK9vtrs|  , to address monomolecular recombination. When the slope
z
IK4  is equal to 1, the monomolecular recombination is negligible.
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3 Results and Discussion

Results and discussion of paper I-VI are presented in this section. This part
is mainly focusing on investigating a series of lead-free light-absorbing materials and their solar cells characterization, addressing and discussing the results from the characterizations carefully.

3.1 Extended absorption of Cs3Bi2I9 solar cells by
addition of BiI3
In this chapter, results of solar cells based on the mixtures of the lead-free light
harvesters Cs3Bi2I9 and BiI3 are reported. Erik and his colleagues published
the first interesting work on the metal halide Cs3Bi2I9 in 2015.[36] In their work,
PCE of 1.09% was first published with a voltage of 0.85 V, a current of 2.15
mA·cm-2, and FF of 60%. This material was very interesting in high stability.
However, the photovoltaic performance in this work needs to be further improved. This can be carried out by optimizing the optical property,[59-60] film
morphology[61] and device structure. Especially the light absorption of
Cs3Bi2I9 only covers part of the visible light in the solar spectrum and it would
be beneficial if the light absorption could be extended into the red part of the
solar spectrum. In paper I in this thesis, the band gap of the solar cells was
narrowed down by adding extra BiI3 to Cs3Bi2I9 (CsI : BiI3 = 1:3, molar ratio
in the precursor solution), which leads to an extended absorption and a mixed
crystal structure which combines a Cs3Bi2I9 with BiI3. This mixed material is
here called CsBi3I10 from the element stoichiometry. Figure 24 shows the natural logarithm of the absorption coefficient for Cs3Bi2I9 (a), CsBi3I10 (b) and
BiI3 (c) of UV-Vis spectroscopy with an inserted photo that shows the color
difference between Cs3Bi2I9, CsBi3I10 and BiI3. In figure 24, CsBi3I10 and
Cs3Bi2I9 have absorption peaks at 500 nm. After the addition of BiI3, the corresponding wavelength cutoff of the light absorption of CsBi3I10 is red-shifted
relative to Cs3Bi2I9 (2.03 eV), and its value is similar to band gap of BiI3 (1.77
eV) which indicates that CsBi3I10 is a mixture of Cs3Bi2I9 and BiI3. The lower
band gap is advantageous for absorption of more light from the solar spectrum
and this band gap is also close to the optimal for use in tandem solar cells[62].
Explaining the electronic structure for BiI3 shortly, the e- on I (P) will contribute to the VB and I (p) Bi (p) orbitals will contribute to the CB respectively.[63]
43

This gives a reference to the electronic structure of the CsBi3I10, which also
includes I (p) and I (p) Bi (p) orbitals.

Figure 24. The natural logarithm of absorption coefficient of Cs3Bi2I9 a), CsBi3I10 b)
and BiI3 c).

In SEM images (figure 25), the Cs3Bi2I9 (a) shows flat crystal flakes. This may
be related to the crystal structure which has a layered character with pairs of
two face-shared [BiI6] octahedral[64] separated by the Cs+ ions. In CsBi3I10 (b),
the analysis suggests that Cs3Bi2I9 is mixed with BiI3 structure. From SEM
(figure 25) we can observe that the Cs3Bi2I9 crystals in the mixed material are
much smaller than the crystals in pure Cs3Bi2I9 and the CsBi3I10 film is more
homogeneous than Cs3Bi2I9 film, which has large pinholes. Generally, the
quality of the film is one of the most significant factors affects the efficiency
of a solar cell, more homogeneous and crystalline films often have fewer defects that can result in less recombination of e- and h+. In this paper, the crystal
size of the mixed material is relatively small; many defects appear between
grains boundaries, which is a factor that limit the photovoltaic performance of
the solar cell.

Figure 25. The top SEM images of Cs3Bi2I9 and CsBi3I10.
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Table 4 shows the photovoltaic parameters of Cs3Bi2I9 and CsBi3I10 solar cells.
They were in the same device structure as FTO/compact TiO2/mesoporous
TiO2/Cs3Bi2I9 or CsBi3I10/P3HT/Ag. Under same fabrication conditions, a better PCE was obtained for the CsBi3I10 based solar cell, compared to the
Cs3Bi2I9 based solar cell, which is mainly due to an increase in VOC and JSC.
Although the PCE for this mixed solar cell was still low, the results showed
that we succeeded to extend the light absorption towards the red, which is
important in order to make it possible to obtain higher efficiencies. Inspired
by our work, Myungkwan and his colleagues reported an optimized solar cell
of CsBi3I10 with a thick TiO2 (ETM, ~ 2 um) and carbon (HTM, ~ 10 um),
which improved all the parameters and resulted in a PCE of 1.51%, and the
PCE remained over 85% after 30 days storage. It shows a promising potential
for a better efficiency by continuing optimize the material and the device.
Table 4. The solar cells parameters and band gap values of Cs3Bi2I9 and CsBi3I10.

CsI: BiI3

VOC (V) JSC (mA·cm-2)

FF (%) PCE (%) Band gap (eV)

1.5:1

0.26

0.18

37

0.02

2.03

1:3

0.31

3.40

38

0.40

1.77

1:3

0.46

4.75

69.18

1.51

1.76[65]

To conclude this work, solar cells based on mixtures of the lead-free light
harvesters Cs3Bi2I9 and BiI3 were investigated. For the mixed material
CsBi3I10, the estimated band gap was around 1.77 eV. GIXRD suggested that
CsBi3I10 consists of a mixture of Cs3Bi2I9 and BiI3. SEM showed this film has
a nicer coverage than Cs3Bi2I9 but with small pinholes. This paper shows the
possibility to increase the absorption of Cs3Bi2I9 range towards the red, which
is important in order to make it possible to obtain higher efficiencies for these
lead-free metal halide based solar cells.

3.2 Optimized photovoltaic properties of CsBi3I10 by
using dopant-free HTMs
To continue to investigate the CsBi3I10 based solar cell, three polymers with
different HOMO levels were used as the HTMs in paper II. Figure 26 shows
the HOMO levels of the three polymer HTMs. Polymers P3TI and TQ1 with
different chemical structures were chosen to optimize the matching of the VB
of CsBi3I10 and the HOMO of the polymer. The HOMO value of P3TI and
TQ1 is very similar; however, they have different light absorption properties,

45

molecular structures and hole-mobilities that lead to some differences in the
solar cells performance.

Figure 26. The band alignment schematic of CsBi3I10 with P3HT, P3TI and
TQ1.
From UV-Vis (figure 27 (a)) measurements, P3HT, P3TI and TQ1 have different absorption in the ultraviolet to infrared range. P3HT has a wide absorption peak from 327 to 675 nm, P3TI has two absorption peaks between 325 to
800 nm, TQ1 also has two peaks, which starts at 350 nm and ends at 700 nm.
To explore charge separation in CsBi3I10 solar cells with different HTMs,
PIA measurement is a very useful tool. Figure 27 (b) shows PIA spectra of
four samples: the CsBi3I10 film without any HTM, CsBi3I10/P3HT,
CsBi3I10/P3TI and CsBi3I10/TQ1. From 27 (b) we can see two positive PIA
signals (at 580 and 700 nm) from the CsBi3I10 film, which should be due to
the absorption properties of CsBi3I10 and the excited CsBi3I10. The negative
signals are related to bleaching of the ground states and the positive signal at
640 nm to the photo-induced absorption of the excited e- of CsBi3I10 at the
band gap edge, but may also be related a Stark effect that is related to the
presence of a local electric field affecting electronic transitions.[66] In this paper, we mainly studied the charge transfer to the HTMs, corresponding to the
PIA peak in the infrared wavelength range. A photo-induced hole produced in
CsBi3I10 that is transferred to the HTM’s HOMO leads to a polaron absorption
in the spectrum.[67] All HTMs show positive broad absorption peak between
700 to 1600 nm, which shows that there is a h+-transfer from CsBi3I10 to the
HTMs, implying that all the HTMs can work with CsBi3I10.
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Figure 27. UV-Vis (a) and PIA (b) measurements on CsBi3I10 with or without
HTMs.

As mentioned above, the uniformity and crystallinity of the metal halide film
are two major factors affecting the efficiency of a solar cell. Therefore, in paper II, we used a gas-solid treatment on the CsBi3I10 surface to increase crystalline. We recrystallized the CsBi3I10 film by using a 4-tert-Butylpyridine
(TBP) vapor method to dissolve the CsBi3I10 film and annealed the dissolved
film at 160 °C for 10 min to obtain a recrystallized film. This method did not
change the material’s UV-Vis absorption spectrum. The SEM images before
and after TBP treatment are shown in figure 28. It shows a more crystalline
morphology after the recrystallization figure 28 (b), but more pinholes. Compared XRD patterns (figure 28 (c)) of CsBi3I10 with or without TBP treatment,
TBP treatment does not affect peaks positions, but it does change the crystals
growth direction (along the (003)) and sharper the peaks, which results in a
nicer crystallinity.
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Figure 28. CsBi3I10 SEM images before TBP (a) and after TBP treatment (b); XRD
patterns of CsBi3I10 with or without TBP treatment (c).

In order to compare the effects of the three HTMs on the photovoltaic performance of solar cells based on CsBi3I10, we prepared solar cells, measured IV
characteristics and measured the IPCE. Figure 29 (a) is from IV measurements
of the solar cells. It can be seen that the devices have a higher PCE when TQ1
and P3TI are used as HTM. Resulting mainly from the rise of current and
voltage. The IPCE measurements (figure 29 (b)) showed that the photo-generated current was the highest with TQ1. The IPCE curve height of the TQ1
solar cell is higher than the IPCE of the P3HT solar cell by 5% to 15%, mainly
due to the photo-generated current contributed by the light absorption of TQ1
at 350 and 700 nm. Therefore, it can be concluded that different HTMs have
significant influence on the solar cell photovoltaic properties.[67] In order to
explore recombination losses in different solar cells with HTMs. The VOC (figure 29 (c)) and JSC (figure 29 (d)) against different light intensities were measured, the formula of VOC, JSC and light intensity is:
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the logarithm JSC . 9vtrs| can be used to calculate the slop , where the а is
close to 1 means the bi-molecular recombination is negligible.[69] Only TQ1
has а  value is equal to 1, therefore, the charge recombination is negligible.
The other two has bigger values than 1, which is because the inaccuracy of the
current measurement at low light intensities affects the linear fit, resulting in
excessive slopes.
uk
The slope can be used in VOC . ln 9vtrs|  to calculate slope ln 9vtrs| .
z
When the slope is bigger than 1, which stands for there has a dominate monomolecular recombination.[70] From figure 29 (c), the slopes of three linear lines
from are calculated to be 0.07 (TQ1), 0.25 (P3HT) and 0.13 (P3TI), which are
smaller than 1. This indicates monomolecular recombination is not dominate
for all the CsBi3I10 solar cells with different HTMs.

Figure 29. IV tests (a), IPCE measurements (b) VOC (c) and current density (d)
change with light intensities, on the CsBi3I10 solar cells with three HTMs.

Table 5 shows the comparison table for solar cell parameters with and without
TBP treatment. After TBP treatment, there is a rise in VOC and FF, but a drop
in the JSC. It suggests that changed morphology affects the RS and RSH, maybe
lead to a drop in RSH or a rise in RS. The other reason for a high VOC is also
due to the deeper HOMO levels of TQ1 or P3TI.
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Table 5. Solar cells parameters for with and without TBP treatment.

HTMs
(method)

VOC (V)

JSC (mA/cm2)

FF (%)

PCE (%)

P3HT(TBP)

0.35

1.2

50

0.22

P3HT

0.34

2.4

44

0.36

TQ1 (TBP)

0.62

2.4

52

0.77

TQ1

0.48

2.9

37

0.51

P3TI (TBP)

0.52

1.5

40

0.31

P3TI

0.47

2.6

30

0.47

In summary, three dopant-free HTMs were investigated in the CsBi3I10 system. For the solar cell worked with TQ1, it showed the highest IPCE as well
as PCE which was due to the current contribution of TQ1 and its more matchable HOMO level. The recombination of photo-generated e- and h+ or e- and
traps was reduced by using TQ1, this also one reason the solar cell showed a
higher PCE than the other two HTMs based solar cells. Through recrystallization the CsBi3I10 film by TBP gas evaporation, led to a better crystalline film
and showed an improved PCE. It showed the possibility for further increase
the photovoltaic properties of CsBi3I10 system.

3.3 Study on optical and photovoltaic properties of
AgBi2I7 and Ag2BiI5
In paper III, we investigated the differences in optical properties and device
performances of the lead-free materials AgBi2I7 and Ag2BiI5. Sargent et al in
2016 first published the solution-based synthesis of AgBi2I7 thin films, utilized
it in solar cells and obtained a PCE of 1.22%[42] with a 10 days stability under
ambient condition. This light harvester has a rather narrow band gap (1.87 eV)
and a 3D crystal structure. This article inspired us to synthesize solution-based
Ag2BiI5 and apply it in solar cells for the first time. In this work, we used the
same synthesis and device preparation techniques to compare AgBi2I7 with
Ag2BiI5, and found interesting and promising results.
The combination of bismuth, silver and iodide results in a crystal structure
different from that of the perovskite structure (see figure 13 in the thesis). The
ionic radius of Ag+ (1.29Å)[71] is smaller than Cs+(1.81Å), MA+ (2.70Å) and
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FA+ (2.79Å)[72] but it is similar to Bi3+ (1.03Å) [73], and it also forms octahedral
with six iodide. When different molar ratio of AgI and BiI3 is used in the precursor solution, it affects the crystal structure of the material. Figure 30 (a)
and (b) are the crystal structures of AgBi2I7 (AgI: BiI3=1:2) and Ag2BiI5 (AgI:
BiI3=2:1). AgBi2I7 has a cubic structure (lattice constant is 12.223Å[42]) (a)
and the edge-shared [BiI6] combines with corner-shared [AgI6]. Ag2BiI5 has a
hexagonal structure with two octahedral separate and two planes of the edgeshared octahedral (b).

Figure 30. Crystal structures of AgBi2I7 (a) and Ag2BiI5 (b).

The samples of these two materials have a similar distribution of crystal size;
see figure 31 (a) and (b). One interesting observation in the Ag2BiI5 film is
that some bright dots sit at surface grain boundaries. The composition of these
dots are unknown to this point and the presence of theses dots between the
grain boundaries may affect the photovoltaic performance of the device. Compared to Ag2BiI5, the AgBi2I7 surface does not have any bright dots. However,
from XPS measurement, there are a higher intensity of metallic Bi0 in the
AgBi2I7 material, which indicates defects in the materials.[74] The extra Bi0
may appear when a Ag-Bi-I system has more Bi content.[44]

Figure 31. SEM top images of AgBi2I7 (a) and Ag2BiI5 (b).
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From UV-Vis measurements (figure 32 (a)), the absorptance of the AgBi2I7
film is slightly higher than of the Ag2BiI5 film. From Tauc plots, it can be
concluded that the indirect band gap has lower energy than the direct band gap
for both materials. In lead-iodide perovskite materials, the VB maximum is
mainly composed of I 5p with the overlapping of Pb 6p and Pb 6s orbitals,
while the CB minimum is composed by I 5p/Pb 6p π-antibonding and Pb 6P/I
5s antibonding orbitals.[75-76] Similar to the lead-iodide perovskite, in the AgBi-I systems, the VB maximum has contributions from I 5p and Bi 6p with
the additional of Ag 5s, and the CB minimum is composed by Bi 6p and I 5p
antibonding orbitals.[77] The electronic structure difference of Ag and Bi might
be the reason for an indirect band gap.[38] Figure 32 (b) is the XRD of AgI,
BiI3 and Ag2BiI5 before and after SEM scan. The crystalline patterns of
Ag2BiI5 film are changed (like peaks around 22°, 40° and 52°) after the SEM
measurement, possibly due to material decomposition, however, no peaks
from the precursors AgI or BiI3 appeared. It can also be observed the bright
dots in the SEM picture disappear after exposure to energetic electrons from
high acceleration voltage (EHT = 20 kV).



Figure 32. UV-Vis measurements (with inserted indirect (FS and direct (FS^
Tauc plots) of AgBi2I7 and Ag2BiI5 (a); the XRD patterns of the Ag2BiI5 sample before and after SEM scan, and the XRD patterns of the precursors AgI and BiI3 (b).

After characterizing the basic properties of these two materials, we prepared
solar cells, see figure 33. We measured the electron lifetime of AgBi2I7 and
Ag2BiI5 devices at different light intensities and found that Ag2BiI5 based solar
cell has a longer electron lifetime (see figure 33 (a)), indicating that the photoinduced charges recombine slower. This property gives Ag2BiI5 solar cell a
higher efficiency mainly due to an increase in JSC and the PCE reach 2.1%,
see figure 33 (b).
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Figure 33. Electron lifetime (a) and IV measurements (b) of AgBi2I7 and Ag2BiI5.

In conclusion, we explored a promising and nontoxic light absorber Ag2BiI5
 J, and compared it with AgBi2I7
with a crystal structure with space group :$
 J). Both materials have an indi(with crystal structure with space group 3B$
rect band gap and direct band gap with a slightly higher energy. The Ag2BiI5
based solar cell, it had a higher maximum IPCE value up to 45%; and the solar
cell’s PCE was above 2%, which was higher than for the AgBi2I7 based solar
cell. The results show the possibility to obtain some new light-absorbing materials, which have promising photovoltaic properties, by varying the stoichiometry and elements of metal halides.

3.4 The effects of mixed metal (Bi/Sb) or mixed halide
(I/Br) on band gaps and photovoltaic properties of
AgBi2I7
In paper III, AgBi2I7 has a strong light absorption, rather narrow band gaps,
an excellent film quality and good crystallinity. However, the solar cell efficiency was relatively low. The main factor that limits the efficiency of the
solar cell is probably the defects in the film, which can lead to recombination
of charge carriers. Paper IV and V focus on exploring the possibilities to tune
the band gap of this material by mixing two different metals or two different
halides in the material. Moreover, we also investigate how the photovoltaic
properties are affected by this mixing of ions.
In Paper IV, Sb3+ was chosen to mix with Bi3+ in AgBi2I7. Sb has 5s25p3
outer orbitals, which are similar to Bi (6s26p3) and it was therefore assumed
that Sb3+ possibly could replace Bi3+ in the crystal. Five compounds were synthesized by mixing AgI, BiI3 and SbI3 with different molar ratios, which are
AgBi2I7, AgBi1.5Sb0.5I7, AgBi1.5Sb0.5I7, AgBi1.5Sb0.5I7 and AgSb2I7. In figure
34 (a), we compared the XRD patterns of the five compounds. A change can
be observed in the (440) peak, which splits into a double peak (marked in the
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figure) as the concentration of Sb increases. The peak splitting indicates that
the mixed metal compound exhibits a slightly different crystal structure.
For AgSb2I7, different annealing temperatures result in two different crystal
structures. When the annealing temperature is fixed at 100 + for 10 min, an
orange-red film is obtained. However, after annealing at 150 + for 10 min,
the sample turned yellow and most of the X-ray diffraction characteristic
peaks disappeared from the pattern at about 12°, 29° and 42°. Figure 34 (b)
shows the absorption spectra of these compounds. The maximum absorbance
of all compounds is similar. When the concentration of Sb is increased, the
color of the film becomes more reddish and transparent (see inserted photo in
figure 34(b)), and it is clear to see that the near-infrared absorptance edge is
blue-shifted, which indicates the band gap becomes larger compared to
AgBi2I7. The Tauc plot of indirect band gaps and direct band gaps are shown
in 34 (c) and 34 (d). All of the compounds have a direct and indirect band gap
and the indirect band gap is smaller than direct band gap, which will affect
absorption. Birnie et al, introduced a “near edge absorptivity ratio” (NEAR)
method to estimate the degree of light absorption from states in the band gap
region, which may be due to for example surface states and impurities.[78-79]
The sub-band gap states can shorten the carrier diffusion length and therefore,
these states should be reduced. In the materials studied here, the introduction
of antimony in the system seems to reduce the absorption of light with energy
below the band gap, which indicates a decrease in sub-band gap states.
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Figure 34. XRD (a) and UV-Vis measurements of compounds (b) and their indirect
(c) and direct (d) Tauc plots.
Table 6. The indirect and direct band gaps and NEAR values for the different films.

Materials

Indirect band
gap (eV)

Direct band
gap (eV)

NEAR

AgBi2I7

1.62

1.77

0.98

AgBi1.5Sb0.5I7

1.67

1.91

0.92

AgBiSbI7

1.69

1.91

0.92

AgBi0.5Sb1.5I7

1.75

1.99

0.90

The solar cells are fabricated according to the solar cell structure in figure 35
(a). Comparing the carrier lifetimes of AgBi2Sb2-xI7 solar cells in figure 35 (b),
the charge carrier life times are rather similar for the different solar cells. Figure 35 (c) shows the IV curves from the different samples. It can be observed
that mixing in Sb can increase the photocurrent but decrease the photo-voltage
(especially for the 1.5M Sb), which may be due to the Sb, which can move the
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CB and VB in AgBi2I7 upwards.[80] The solar cell parameters for the AgBi2Sb2xI7 based solar cells are in Table 7. As more Sb is mixed in the structure, the
voltage is lowered and the current and FF are increased. Among the different
solar cells, the JSC, FF and PCE for the AgBi0.5Sb1.5I7 based solar cells were
the highest, and the PCE was 1.76%. The increase in photocurrent may be
related to a better e- injection from the mixed Sb/Bi metal halide into the TiO2
layer compared to for the pure AgSb2I7, since the charge carrier lifetimes are
rather similar for the different solar cells. The increase in photocurrent could
indicate that introducing Sb moves the energy levels in the metal halide up,
increasing the possibility for e- injection into TiO2.[80]The IPCE, figure 35 (d),
is in a good agreement with the IV measurement and the PCE is improved
with the increased Sb concentration.

Figure 35. The schematic architecture of solar cell (a), carrier lifetime (b), IV curves
(c) and IPCE (d) of AgBixSb2-xI7 solar cells.
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Table 7. Parameters of AgBixSb2-XI7 solar cells.

AgBixSb2-XI7

VOC (V)

JSC (mA·cm-2)

FF (%) PCE (%)

(No. / No.=Forward
/Reverse )

AgBi2I7

0.67/0.65

0.91/0.86

51/42

0.31/0.24

AgBi1.5Sb0.5I7

0.57/0.56

2.27/2.15

43/45

0.56/0.54

AgBiSbI7

0.55/0.53

2.11/2.04

50/49

0.58/0.52

AgBi0.5Sb1.5I7

0.53/0.52

5.66/5.68

59/56

1.76/1.66

The energy level diagram in figure 36 shows different layers in the solar cell
and the working mechanism under illumination. When an increasing amount
of Bi is exchanged to Sb in the system, the Sb 5s and 5p orbitals can affect the
system’s VB and CB, and in previous systems where Bi is exchanged to Sb
the CB and VB has increased.[81] In the diagram (figure 36) we therefore
suggest that both the CB and VB are moved upwards when more Bi is
exchanged to Sb in the material. This may therefore make the e- and h+ transfer
to TiO2 more efficient.

Figure 36. Schematic diagram of the approximate energy level of the different layers
in the solar cell devices, and carriers transfer directions after illumination.

In Paper V, iodide (I) was partly replaced by bromide (Br) in AgBi2I7. It was
found that the presence of Br can change the color of the material (figure
37(a)), thereby changing the light absorbing properties of the materials. A blue
shift was observed in the UV-Vis absorption spectrum (figure 37 (b)), and the
band gap therefore becomes larger. Therefore, in this paper, we show the possibility to control the band gap in these type of lead-free metal halides, and the
effect is very similar to what has previously been observed for Br/I mixing in
lead-halide perovskites. From Tauc plots (figure 37 (c), direct band gap plot),
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it could be concluded that these materials have the indirect band gaps and direct band gaps (E indirect < E direct), see table 8. In the XRD patterns for the samples (figure 37 (d)), the peaks shift to higher angles when more Br is included
in the materials, indicating that the Br makes the crystal lattice distance
smaller. Table 8 lists the values for the lattice distances, and a 0.1 Å change
from 0% to 20% Br-doping. When the doping is greater than 20%, the (400)
peak shifts significantly to the right and a new peak is observed that possibly
due to the presence of an impurity of BiBr3 or AgI in the sample.

Figure 37. Photo of thin films of AgBi2I7, where iodide (I) was partly replaced by
bromide (Br) (0% Br to 85% Br) (a) and their UV-Vis light absorption spectrum (b),
direct band gap Tauc plot (c) and the XRD patterns for the films with 0% to 60% Br
(d).
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Table 8. Direct and indirect band gap values for thin films of AgBi2I7, where iodide (I) was
partly replaced by bromide (Br) obtained from Tauc plots, and lattice parameters obtained
from XRD patterns and theoretical lattice parameters from DFT calculations.

Films
(content
of Br)

Direct
bandgap
(eV)a

Indirect
Lattice
Direct
bandgap parameter bandgap
(eV) a
(Å) a
(eV) b

Indirect
Lattice
bandgap parameter
(eV) b
(Å) b

x=0%

1.78

1.59

12.205

1.651

1.358

12.359

x=5%

1.78

1.60

12.193

1.674

1.371

12.325

x=10%

1.80

1.63

12.181

1.597

1.355

12.296

x=17%

1.85

1.65

12.170

1.551

1.360

12.262

x=20%

1.86

1.77

12.173

1.675

1.407

12.241

x=40%

1.98

1.86

12.089

1.723

1.471

12.098

x=60%

2.10

1.95

11.975

1.676

1.474

11.959

a is the lattice parameter from XRD;
b is the lattice parameter from DFT calculation.

All the solar cells were fabricated with a mesoporous TiO2 ETM and using the
polymer TQ1 HTM (figure 38 (a)). IV measurements (figure 38 (b)) show that
exchanging I with Br from 5 to 10%, increase the JSC and VOC, but when introducing more Br than 10%, the JSC and VOC start to decrease. To facilitate
the study of the optimization of Br content for AgBi2I7, we chose to compare
samples with 0% and 10% Br. Higher IPCE maximum value and integrated
current value were obtained from samples with 10% Br (figure 38 (c)), which
is consistent with the IV measurements. Slightly longer charge carrier lifetime
under different light intensities suggests lower charge carrier recombination
for the sample with 10% Br (figure 38 (d)). From the JSC vs 9vtrs|  measurements, the sample with 10% Br has a rather similar  (0.78) compared to the
sample without Br (0.75). It is worth noting that the efficiency stability of the
sample with 10% Br is higher to that of sample without Br at one sun illumination. This might be attributed to a more stable crystal structure after Br doping.
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Figure 38. Schematic of the AgBiIxBr7-x solar cell (a), IV curves of AgBiIxBr7-x (with
Br from 0% to 60%) (b), IPCE measurements of the sample with 10% Br and the
sample without Br (c), electron lifetime of the sample with 10% Br and the sample
without Br (d), light intensity dependence of the sample with 10% Br and the sample
without Br (e) and PCE stability measurements for 0% and 10% Br doped samples
(f).

Comparing the results for the sample with 10% Br and the sample without Br,
we can conclude that there is an increase in both photocurrent and photo-voltage. The increase in photocurrent and photo-voltage can have several different
reasons, and one reason is the slightly slower recombination of charges in the
sample with Br. Another reason may be the change in the band gap of the
material, since the larger band gap for the sample with Br will have effect on
e- injection to TiO2 and h+ injection to the HTM. Figure 39 shows a schematic
figure of the suggested energy level alignment of the layers in a solar cell
device. With more and more Br mixed into the system, the band gap is increased, and if we assume that both CB and VB energy levels are affected
(since Br orbitals are involved both in the CB and the VB), the CB is slightly
increased, and at the same time the VB is decreased. The slight increase in
driving force for both e- injection and h+ injection may therefore be one reason
for the higher photocurrent when Br is introduced.
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Figure 39. Energy alignment diagram of different layers.

To summarize paper IV and paper V, the effect of mixing different elements
into the AgBi2I7 system was investigated. By partly exchanging Bi with Sb we
observed a blue-shift in the light absorption spectrum, indicating a larger band
gap, and a strong increase in the photocurrent. By partly exchanging I with Br
we also observed a blue-shift in the light absorption spectrum, indicating a
larger band gap, and again we observed an increase in the photocurrent. The
XRD patterns suggests that Sb can replace Bi and that Br can replace I in the
crystal structure and we see slight changes in the crystal structure parameters.
In these papers, we have therefore expanded the possible range of lead-free
metal halides with these mixed metal and mixed halide systems, and showed
that the mixtures can be used to tune the optical and photovoltaic properties
of the materials.

3.5 The electronic structure, charge distribution and
directional charge transport of A3Bi2I9
In Paper VI, optical characterization and DFT calculations on the properties
of A3Bi2I9 materials were carried out. The light absorption spectra and the
electronic structure of Cs3Bi2I9 and MA3Bi2I9 will be discussed here. In figure
40 (a), it shows the absorption coefficient of Cs3Bi2I9 and MA3Bi2I9, MA3Bi2I9
has a better light absorption under the short wavelength. The direct (figure 40
(b)) and indirect band gaps (figure 40 (c)) are plotted by using the Tauc plot
method.
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Figure 40. UV-Vis measurements of Cs3Bi2I9 and MA3Bi2I9, absorption coefficient
(a), direct (b) and indirect band gaps (c) from Tauc plot.

Table 9 shows the band gap values of Cs3Bi2I9 and MA3Bi2I9 from theory,
experimental work and DFT calculations are shown. The values from DFT
calculation have a good agreement with the theory and experimental values.
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Table 9. Estimated band gaps values for Cs3Bi2I9 and MA3Bi2I9.

Material Method

Cs3Bi2I9

MA3Bi2I9

DFT
(PBE)

DFT
(SOC)

Experiment

Theory

Experiment

direct

2.2

1.7

2.2

-

-

indirect

2.0

1.6

2.0

1.9[82]

2.3[82]

direct

2.4

1.6

2.2

2.1[83]

2.1[83]

indirect

2.1

1.5

2.0

2.0[83]

2.0[83]

In figure 41, the partial and total DOS of Cs3Bi2I9 and MA3Bi2I9 are shown.
Zero energy position is set to the VB edge. The Bi and I mainly contribute to
the CB, and the I states mainly contribute for the VB maximum. The contribution of cation Cs+ and MA+ to the VB is very small.

Figure 41. Calculated partial or total DOS for Cs3Bi2I9 (a) and MA3Bi2I9 (b).

The smallest direct transition for both Cs3Bi2I9 and MA3Bi2I9 is at the Γ point
(figure 42), the indirect transition happens from K to Γ with smaller energy
compared to the direct transition. The band structure of Cs3Bi2I9 and MA3Bi2I9
can be used to derive the effective masses of e- (Jq- ) and h+ (Js- ) from the
second derivative of corresponding energy state (2H) and crystal momentum-H.
] p

Js- a]    2lbwm} H
, pu

Jq- a] 

" B^
2cbwtx H
,^ BH ^
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Since the bands of 2lbwm} ?KB2cbwtx are very flat, the effective masses of
Jq- and Js- are big and the mobility of e- and h+ is low. In lead-halide perovskites bands of 2lbwm} ?KB2cbwtx have larger dispersion and, the effective
masses are therefore smaller.[23, 84] However, in the CB of from A to H, the
curvature is obviously higher, so the Jq- relatively small, the mobility should
be higher in the a-b plane. Therefore, the e- transition is directional.

Figure 42. The band structure of Cs3Bi2I9 (a) and MA3Bi2I9 (b).
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Since the exciton binding energy (2ntx ) . (J - V), the high J -will lead to a
rather high exciton binding energy. It suggests that it might be difficult to separate the e- and h+ in the Cs3Bi2I9 and MA3Bi2I9.
In summary, optical properties of Cs3Bi2I9 and MA3Bi2I9 are investigated
and discussed in comparison to calculations of the electronic structure by
DFT. DFT calculations suggest that these materials have large effective electron and hole masses, however, smaller effective masses are found in the a and
b plane. The large effective masses and low conductivity may be possible limit
for the photovoltaic performance of devices. Therefore, it can be very interesting if the crystal growth direction can be changed and controlled to direct
the charges in the a-b plane. The Cs3Bi2I9 and MA3Bi2I9 may have suitable
large band gaps for tandem solar cells, which makes them interesting for further research.
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4 Conclusions and Outlook

In order to find environmentally friendly materials that can be used in photovoltaics, I have studied different types of potential low-toxic metal halide materials and their applications in solar cells. Paper I and II are based on investigations of CsBi3I10. We found that CsBi3I10 has a narrow band gap, 1.77 eV,
which has a strong absorption in the visible region. Solar cell devices fabricated on mesoporous TiO2 and different dopant-free HTMs were compared in
the devices. In paper III, the light absorbing materials Ag2BiI5 and AgBi2I7
were studied. Both materials were found to have indirect band gaps with
strong light absorption. The devices based on Ag2BiI5 showed a higher power
conversion efficiency (2.1%) due to slower recombination. Based on the
strong UV absorption properties of AgBi2I7, and nice crystalline films, we investigated the effect of exchanging Bi with Sb and I with Br in this material
in paper IV and V. We found that the introduction of Sb lead to a blue shift
of the absorption spectrum, and therefore a larger band gap. A higher solar
cell efficiency was also obtained for the material with Sb compared to the
material without Sb. The introduction of Br mainly replaced I ions in the cubic
of AgBi2I7, and changed the unit cell parameters of the crystal. In this case we
also found a blue -shift of the light absorption spectrum, and therefore also an
increase of the band gap. The introduction of 10% Br reduced electron recombination, increased device VOC, JSC and PCE, and enhanced device illumination stability.
In paper VI, optical properties of the materials Cs3Bi2I9 and MA3Bi2I9 were
studied and the experimental results were compared with theoretical calculations. The limiting factors for the photovoltaic properties of these materials
were analyzed.
The large effective mass of charge carriers in these materials limits the
electrical conductivity, which may limit the photovoltaic performance. The
calculations also suggested that the exciton binding energy is rather large, indicating that greater energy is needed to separate e-/ h+ pairs, which makes less
efficient solar cells.
For future studies, I believe it is important to continue to investigate nontoxic light-absorbing metal halides, although the efficiency at this point is not
as high as for lead-halide perovskites. Lead-free alternatives would be preferred in a future perspective with large production of solar cells due to the
lower environmental impact and lower risk for human health in the long run.
With the exploration and optimization of more and more researchers, I believe
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that in the near future, high-efficiency devices can be obtained also for leadfree metal halides used in solar cells. Since the band gap of the lead-free metal
halides usually is rather high, I think they are also likely to be applied in tandem solar cells in the future.
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Populärvetenskaplig Sammanfattning på
Svenska

Utvecklingen av det moderna mänskliga samhället är på bekostnad av naturlig
energiförbrukning och miljöförorening. Mänskliga aktiviteter är beroende av
energi. Den naturliga energiförbrukningen producerar ofta stora mängder
växthusgaser (t.ex. CO2) som orsakar en växthuseffekt som leder till en ökning
av den globala genomsnittstemperaturen. Den globala uppvärmningen är ett
pågående problem som leder till smältning av glaciärer, störningen av balansen mellan marina arter och genereringen av extrema klimat har utfärdat röda
varningar för överlevnad och utveckling av mänskligheten i framtiden. Bland
dem har luftföroreningar stor inverkan på människors dagliga liv.
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Figur 43. Smog över Almaty stad, Kazakstan (upp), antalet dödsfall från luftföroreningar per land (ned). Källa: by Igors Jefimovs - Own work, CC BY 3.0,
https://commons.wikimedia.org/w/index.php?curid=30796742; by Genetics4good Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/i-dex.php?curid=22192954.

Bilden i figur 44 (upptill) är ett foto av smog i Kazakstan. Himlen över staden
täckt av en blå himmel, som är den miljö som staden borde ha. I figur 44
(nedre) visas antalet dödsfall i olika länder orsakade av luftföroreningar. Man
kan se att luftföroreningar har allvarliga direkta effekter utöver den globala
uppvärmningen, människor måste utveckla nya energikällor för att minska utsläppen av växthusgaser och utsläpp av partiklar som direkt påverkar hälsan.
Hållbara gröna energikällor inkluderar vindkraft, havsenergi, biomassa och
solenergi, bland vilken solenergi är den som har den största energipotentialen.
Solenergin som slår på jordens yta under en timme kan tillfredsställa världens
behov av mänsklig energi under ett år. Teknologier för användning av solenergi inkluderar solvärmefångare, solceller, solvärmeproduktion och konstgjord fotosyntes. Bland dem har solfoto-voltaik-teknik studerats i många decennier, till exempel kiselsolceller. De nyligen upptäckta perovskitiska solcellcellerna med halogenid, kan tillverkas av rikliga material och med låga
kostnadsmetoder med stora områden, och har också hög fotoelektrisk omvandlingseffektivitet. Emellertid innehåller blyhalogenid-perovskit-solceller
giftigt bly och har hittills ganska låg stabilitet, vilket måste beaktas i framtida
storskalig produktion. Utvecklingen av framväxande lågtoxiska ljusabsorberande material under de senaste åren har gett hopp om att lösa problemet med
toxicitet och stabilitet perovskites, men eftersom det just har börjat är effektiviteten fortfarande relativt låg. Denna avhandling är specifikt inriktad på
denna utveckling av nya lågtoxiska blyfria metallhalogenidmaterial för solceller. I avhandlingen har vi till exempel syntetiserat olika vismuthhalider, karaktäriserat dessa nya material och undersökt deras fotovoltaiska egenskaper
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och stabilitet. Vi har också optimerat dessa material optiska prestanda och de
fotovoltaiska egenskaperna, såsom att använda olika HTM: er, omkristallisera
filmer med hjälp av anti-lösningsmedel eller TBP-gasmetoder (på CsBi3I10system), doping med andra element för att justera föreningarnas elektroniska
strukturer (AgBi2-xSbxI7 och AgBi2I7-xBrx) och optimera arkitekturen för solcellsenheter (buffertlager MoO3), etc., för att förbättra fotovoltaiska parametrar. Vi har också diskuterat de begränsande faktorerna för deras fotovoltaiska
föreställningar, såsom indi-rekt bandgapet, rekombinationsproblem, korta bärares livslängd, jodidrörelse och låg konduktivitet etc. Om vi skulle kunna
undvika eller förbättra dessa begränsande faktorer när vi optimerar solcellsenheterna tror jag att inom den närmaste framtiden kommer effektiviteten hos de
blyfria metallhalogen-solcellerna gradvis att förbättras, och ersätta blybaserade perovskiter och övervinna toxicitetsproblemen.
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Popular Science Summary

The development of modern human society has been achieved at the expense
of fossil energy consumption and environmental pollution. Human activities
depend on energy and fossil. Energy consumption produces large amounts of
greenhouse gases (e.g., CO2) that causes a greenhouse effect, which in turn
leads to an increase in global average temperature. Global warming is an ongoing problem that leads to the melting of glaciers, the disruption of the balance of marine species, and the generation of extreme climates, which will
affect the survival and development of humankind in the future. Air pollution
from burning fossil fuels also has a great impact on human daily life.
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Figure 44. Smog over Almaty city, Kazakhstan (top figure), the number of deaths
from air pollution per country (bottom figure). Source: by Igors Jefimovs - Own
work, CC BY 3.0, https://commons.wikimedia.org/w/index.php?curid=30796742;
by Genetics4good - Own work, CC BY-SA 3.0, https://commons.wikimedia.org/w/i-dex.php?curid=22192954.

The picture in figure 44 (top) is a photo of smog in Kazakhstan. The sky over
the city covered with a blue sky, which is the environment that the city should
have. In figure 44 (bottom) the numbers of deaths in various countries caused
by air pollution are shown. It can be seen that air pollution has serious direct
effects in addition to the global warming; people need to develop new energy
sources to reduce greenhouse gas emissions and emission of particles that directly affect the health. Sustainable green energy sources include wind energy,
ocean energy, biomass energy and solar energy, among which solar energy is
the one that has largest energy potential. The solar energy that strikes the
Earth's surface for an hour can satisfy the world's human energy demand for
one year. Technologies for using solar energy include solar thermal collectors,
solar photovoltaics, solar thermal power generation, and artificial photosynthesis. Among them, solar photovoltaics technology has been studied for many
decades, such as silicon solar cells. The newly discovered lead-halide perovskite solar cells, can be made from abundant materials and by low cost largearea preparation methods, and also have high photoelectric conversion efficiency. However, the lead-halide perovskite solar cells contain toxic lead and
have so far rather low stability, which needs to be considered in future largescale production. The development of emerging low-toxic light absorbing materials in recent years has brought hope to solve the problem of toxicity and
stability of perovskites, but because it has just started, the efficiency is still
relatively low. This thesis is specifically focused towards this development of
new low-toxic lead-free metal halide materials for solar cells. In the thesis, I
have for example synthesized different bismuth-halides, characterized these
new materials and investigated their photovoltaic properties and stability. I
have optimized these materials optical performances and the photovoltaic
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properties, by for example using different HTMs, recrystallizing films by using anti-solvents or TBP gas methods (on CsBi3I10 system), doping with other
elements to adjust the compounds electronic structures and optical properties
(AgBi2-xSbxI7 and AgBi2I7-xBrx) and optimizing architecture of solar cell devices (buffer layer MoO3), etc., to improve photovoltaic parameters. I have
also discussed the limiting factors about their photovoltaic performances, such
as the recombination issues, short carrier lifetime, iodide deficiency and low
conductivity, etc. If we could avoid or improve these limiting factors when
optimizing the solar cell devices, I believe that in the near future, efficiency
of the lead-free metal halide solar cells will be gradually improved, replacing
lead-based perovskites and overcoming the toxicity problems.
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