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Abstract
During the last years perovskite materials have taken the photovoltaic community by storm,
bringing promises of solar cells with efficiencies comparable to conventional silicon devices but
at a lower price. However perovskite solar cells so far are facing two main obstacles, they are
unstable in the presence of air, moisture and heat and they are usually toxic due to being
based on lead-halide materials. This has spurred investigations into alternative materials with
similar properties but without the mentioned drawbacks. Just next to Pb in the periodic
table is bismuth (Bi) with just one more electron in its outer-shell, Bi however is less toxic.
In this work the perovskite derived compounds of Ag-Bi-I and Cu-Bi-I are characterized and
their properties as light absorbing material in solar cell devices are investigated. Devices are
prepared by preparing Ag-Bi-I and Cu-Bi-I solutions which are then spin-coated on top of
a mesoporous TiO2. A conducting polymer, P3HT, was then deposited and serve as hole
transport material. For Ag-Bi-I, the molar ratios of AgI:BiI3= 1:2 and 2:1 were observed
with SEM to form homogeneous crystal films with one dominating crystal phase, which by
XRD could be determined to most likely have formed a cubic AgBi2I7 crystal structure for the
1:2 ratio and a hexagonal Ag2BiI5 crystal structure for the 2:1 ratio. The Cu-Bi-I materials
were not successfully synthesized to form homogeneous films with a dominating crystal phase,
although several molar ratios were investigated. All investigated compositions of both Cu and
Ag devices showed to in principle work as light absorbing materials, the best Ag-Bi-I device
showing a PCE of 1.92%, for the 2:1 ratio, while the Cu-Bi-I devices at best reached 0.32%
for a ratio of 1:1.

XPS measurements were carried out with a classical in-house XPS using an Al Kα X-ray source
of 1486.7 eV as well as at the Diamond Light Source (UK) synchrotron facility using photon
energies of 758 eV and 2200 eV so that a depth resolution of the composition could be observed.
Because of their inhomogeneous crystal formation, XPS couldn’t give much useful quantitative
information regarding the Cu devices. For Ag devices it was observed that the stoichiometry
at the extreme surface deviated from that predicted by XRD, but deeper into the surface the
relative ratio of elements approach the predicted ones, hinting towards a different structure
at the outermost surface or a lot of surface defects. For all samples, two types of bismuth
atoms were observed, metallic (Bi0) as well as a cationic (Bi+x), the later corresponding to
Bi atoms which are partaking in the crystal bond. The ratio of metallic to cationic Bi was
observed to decrease notably just a few nm below the extreme surface. The effect of the high
presence of metallic Bi on final device performance was not concluded with certainty but not
believed to be positive. By varying the annealing temperature, after spin coating the light
absorber solution on the TiO2, it was observed that lower temperature resulted in a lower
ratio of metallic Bi.

As final conclusions, it was said that the synthesis method of Cu-Bi-I needs to be improved
before those materials can be studied further. The synthesis of Ag-Bi-I is showing much more
promise and one can start looking into further optimizing their final device structure to boost
efficiency. Both Cu-Bi-I and Ag-Bi-I devices are relatively simple, cheap and energy efficient
(with annealing temperatures around 150◦C) to produce, great aspects for solar cells. UV-
Vis measurements showed they have band gaps around 1.6-1.7 eV which makes them a great
potential material for use in tandem solar cells together with a semiconductor of lower band
gap such as silicon.
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Sammanfattning
Nedan följer en populärvetenskaplig sammanfattning av projektet.

Att mänsklig påverkan har orsakat den globala uppvärmning som observerats sedan mitten av
1900-talet är allmänt accepterat inom den vetenskapliga världen3, samtidigt förväntas världens
energiakonsumption att öka med 48% tills 20404. Om vi ska kunna behålla den livsstil vi har
idag utan att drastiskt påverka planetens klimat så behöver vi drastiskt expandera utnyttjan-
det av förnybara energikällor. Den otvivelaktigt största källan till energi på jorden är solen,
varje timme så nås planeten av mer energi i form av solstrålar än vad hela mänskligheten
använder på ett år5. Trotts detta så står solenergi endast för omkring 1% av den energi som
konverteras till elektricitet runtom världen7. Solceller har funnits i över 50 år men fortfaran-
de inte slått igenom riktigt ordentligt, en stor anledning är att de varit ett dyrare alternativ
gentemot andra metoder. Majoriteten av världens solceller (omkring 90%5) tillverkas från kisel
vilket ger tillförlitliga och hållbara solceller. Nackdelen med kisel-baserade solceller är dock
att de är kostsamma både i energi och pengar att producera då tillverkningen kräver mycket
material och höga temperaturer.

Forskare runtom världen undersöker många olika alternativ till kisel- solceller och en kandidat
som fått mycket uppmärksamhet de senaste åren är solcelelr baserade på så kallade perovskit
material. Perovskit material kan bestå av olika ämnen men har gemensamt att atomerna inom
materialet följer en viss struktur som har visat mycket lovande egenskaper för att konvertera
solenergi till elektricitet. Materialen är också relativt billiga och enkla att tillverka vid betyd-
ligt lägre temperaturer än kisel. Alla de mest lovande typerna av perovskit material i dagsläget
innehåller bly vilket ärväldigt giftigt och har även gemensamt att de lätt förlorar sin funktio-
nalitet både över tid samt i kontakt med fukt och värme. Därför undersöks flera alternativ till
de bly baserade perovskit materialen men som fortfarande har kvar de positiva egenskaperna,
i detta arbete undersöks potentialen som ljus-absorberande material hos material baserade
på silver-vismuth-jod (Ag-Bi-I) och koppar-vismuth-jod (Cu-Bi-I). Dessa material bildar inte
en exakt perovskit struktur men en snarlik och förväntas potentiellt ha liknande egenskaper
som perovskit material när det kommer till förmåga att transportera elektricitet men mycket
mindre giftiga och mer tåliga.

I detta arbete så tillverkades solceller, baserade på Ag-Bi-I eller Cu-Bi-I (med olika relativa
proportioner), under relativt låga temperaturer och deras olika egenskaper undersöktes med
en rad olika tekniker. Cellerna som innehöll silver kunde framställas relativt framgångsrikt och
uppnåde som bäst en verkningsgrad på 1.92%, verkningsgraden säger hur stor del av inkom-
mande solenergi som konverteras till ellektricitet och en bra konventionell solcell på markanden
har oftast en verkningsgrad omkring 15-20%. Även om 1.92% är en låg verkningsgrad så är
det att förvänta i ett så pass tidigt stadium i utvecklingen av en ny typ av solcell. När ytan
av silver materialen studerades med olika tekniker så visade den sig vara relativt väll struk-
turerad och i överlag så visade materialen på potential och det bedöms värt att studera dessa
djupare för att undersöka om en högre verkningsgrad kan uppnås. Cellerna baserade på koppar
däremot visade en högsta verkningsgrad på 0.32% vilket är väldigt lågt och deras yta visade
sig även vara ostrukturerad och inte så väl lämpad för att leda ström. Cu-Bi-I bedöms vara
mindre lovande som ljus-absorberande material och av mindre intresse för fortsatta studier,
såvida en annorlunda mer framgångsrik tillverkningsmetod inte upptäcks. Solcellerna från bå-
de Ag-Bi-I och Cu-Bi-I var relativt enkla, billiga och energieffektiva att framställa så att om
högre verknignsgrader kan uppnås har de potential att bli ett atraktivt material på markna-
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den för solceller. Alla undersökta material observerades absorbera ljus av andra våglängder
(andra färger) än vad klassiska kisel-solceller gör. Detta skulle kunna nyttjas för att tillverka
solceller med två lager, en så kallad tandem-solcell, där man har ett lager kisel och ett lager av
t.ex. Ag-Bi-I. Detta skulle innebära att tillsammans kan materialen absorbera en störe andel
av det inkommande solljuset och på så vis uppnå en högre verkningsgrad än endera material
skulle kunna göra på egen hand. Detta skulle potentiellt kunna bli en billig förbättring av de
kisel-solceller som redan tillverkas idag för att göra dessa mer ekonomiskt konkuranskraftiga
med andra tekniker på energi marknaden. Att vidare utveckla solceller baserade på Ag-Bi-I
och undersöka olika tillämpningar är ett betydligt större arbete än vad som kan rymmas i en
E-uppsatts men detta projekt visar att det är värt tid och resurser att forsätta detta arbete
som har potential att bli en del av framtidens solceller.
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1 Introduction
The Intergovernmental Panel on Climate Change (IPCC) concluded in 2013 in their
fifth assessment report1 that "It is extremely likely that human influence has been the
dominant cause of the observed warming since the mid-20th century"2. The findings of
this report are not disputed by any scientific body of national or international standing3.
At the same time the International energy outlook of 20164 predicts a 48% increase in
world energy consumption by 2040. Driven by both environmental and economical
interests, more and more effort is divided towards developing renewable energy sources
and it is expected to stand for a big part of world energy consumption in the future.
In figure 1, the measured and predicted world energy consumption between 1990-2040
is shown for various sources where the unit BTU (British Thermal Unit) is defined as
the amount of heat required to raise the temperature of one pound of water by one
degree Fahrenheit. One renewable energy source showing huge potential as a cheap
and environmentally friendly energy source is the harnessing of the sun energy via solar
cells. To get a feeling for the potential of solar power, we can keep in mind that every
hour the earth is radiated by more energy from the sun than we (humans) consume in
an entire year.5 The first practical solar cells, based on silicon, were made already in
19546 and the New York Times reported that it "may mark the beginning of a new era,
leading eventually to the realisation of one of mankind’s most cherished dreams–the
harnessing of the almost limitless energy of the sun for the uses of civilisation". Today,
solar power accounts for about 1%7 of the world’s total energy "production" (technically
it is conversion of energy) so it is safe to say such a dream has not been realized as of
yet. With a wave of new and improved types of solar cells things are however starting
to look brighter for the photovoltaic field and it has been speculated that solar power
will stand for nearly a third of the new electricity generation capacity from now until
20308.

Figure 1: Recorded and predicted world energy consumption as presented in the Inter-
national Energy Outlook 20164 by the U.S. Energy Information Agency.

Commercial solar cells are mainly dominated by silicon-based devices, accounting for
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about 90%5 of the worlds current solar panels. The most common multicrystalline sili-
con cells reaches energy conversion efficiencies just above 21% while the more expensive
single crystalline silicon cells reach 25%, as verified by the National Renewable Energy
Laboratory (NREL) of US. In theory, single bandgap devices such as these are lim-
ited to an efficiency below approximately 31%, as calculated by Shockley and Queisser
in 19619. Silicon has several advantages as a light absorbing material such as mate-
rial abundance, ruggedness and non-toxicity.10 On the other hand its manufacturing is
quite complex and energy-intensive, and it has a relatively low light absorbing ability
compared to other considered materials which means a thicker layer of raw material
is required for efficient devices. For this reason, a lot of research is directed towards
finding alternative materials and methods that can compete with the performance of
the conventional silicon devices but at a lower price tag and less energy-consuming
fabrication methods.

One potential competitor for silicon that has received great attention by the photo-
voltaic community since introduced in 2009 by Kojima et al.11 are devices based on so
called perovskite materials. At that time, an efficiency of 3, 8% was achieved, while at
the point of writing these types of devices have reached a certified efficiency of 22,1%12,
a rate of improvement not witnessed before in the field of photovoltaics. At the same
time, perovskite devices offer an easier and cheaper production cost than silicon13. Even
with this in mind there are still no available perovskite PVCs available on the market
due to some obstacles that still need to be overcome. All of the most successful per-
ovskite materials involve lead and are subject especially to two concerns. The first
obvious one is the toxicity of lead and its possible negative environmental effects if
the lead was released into nature. However lead-acid batteries today already require
4 million tons of lead per year, in comparison perovskite solar cells with a production
capacity of 1000 GW per year would require less than 10,000 tons13 and the risk of lead
based devices can be discussed. The perhaps greater issue is producing stable devices
that will retain their efficiency after operating under realistic conditions for a longer
time period, as conventional lead based perovskites are subject to degradation under
exposure to moisture, heating and prolonged illumination in air.12

To solve these issues, alternative materials to the lead based perovskites but with similar
properties and ease of fabrication are being investigated. One group of materials that
have recently emerged as a result of this investigation are based on bismuth (Bi) and
iodine (I), referred to as iodobismuthates, reported in various works14,15,16. Iodobis-
muthates show promising electronic and optical properties15 and similar fabrication
processes17 as perovskite devices while being more stable in air18. In this thesis, Ag-Bi-
I and Cu-Bi-I with various stoichiometry are investigated as potential light absorbers in
solar cells. The fabrication of the devices is based on solution deposition by spincoating
and reported in detail by Zhu et. al17 where Ag2BiI5 devices with an efficiency of 2, 1%
are reported. In this report the study of Cu-Bi-I and Ag-Bi- I compounds by means
of X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), X-
ray diffraction (XRD) and current-voltage (IV) characterization is reported with some
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specific focus on the former.

2 Physical background
Before describing the work in detail a brief explanation of the physical theory behind
the concepts discussed later on is given, for general references to this chapter see ref.
[19–24]

2.1 Atoms and electrons
Electrons within atoms and molecules are often described by one electron wave functions
referred to as orbitals with a discrete energy, and the arrangement of electrons within
these orbitals play a major role in determining a materials properties. Three so-called
quantum numbers are used to describe an orbital, n - the principal quantum number,
l - the orbital angular momentum quantum number and m - the magnetic quantum
number. The principal quantum number describes which shell an electron belongs to
and take on the values n = 1, 2, ... (see fig. 2). Each shell is split into sub-shells
depending on their orbital angular momentum where l takes on any of the values l =
0, 1, 2, ..., n − 1, so that shell n has n sub-shells. In spectroscopy l = 0 is denoted
as an s orbital, l = 1 as a p orbital, l = 2 as a d orbital and l = 3 as a f orbital.
Furthermore the sub-shells are split up by m, describing the projection of their orbital
angular momentum along a certain axis with respect to the nucleus. The magnetic
quantum number takes on the values m = −l, 1 − l, ..., 0, ..., l − 1, l so that each sub-
shell has 2l + 1 orbitals. Each unique combination of n, l and m is said to form an
orbital.

Figure 2: Atomic shell model picture of bismuth, each shell corresponding to a principal
quantum number n. This model is an over-simplification, the shells are split up into
orbitals using the additional quantum numbers l and m. Figure modified from[25]

Additionally, all electrons posses a momentum of their own called spin, determined by
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the spin quantum number denoted as s. The spin can take on either of the two values s =
+1

2
(spin up) or s = −1

2
(spin down). According to the Pauli exclusion principle, formu-

lated by Wolfgang Pauli, two electrons in an atom can not have the same quantum num-
bers and thus a maximum of two electrons (with opposite spin) can occupy each orbital.
Following the Pauli exclusion principle,

Figure 3: The Aufbau
principle of electron or-
bital build up order in an
atom.

electrons will start by occupying the orbital with lowest
energy (highest binding energy) and then follow a build-up
order called the Aufbau principle (see fig 3) that yields the
electron configuration with maximal binding energy (lowest
potential energy).The various energy levels are labeled as
nlj, so for example an orbital corresponding to n = 2, l =
1 = p is labeled 2p. Additionally, interaction between the
spin and orbital angular momentum may cause an energy
level to split into two, so called spin-orbit coupling. Spin-
orbit coupling can be observed for every level except for
when l = 0 = s, for example a 2p level is split into 2p1/2
and 2p3/2. This notation is used to describe the electron
configuration of atoms, for example the silicon atom with
its 14 electrons has the configuration 1s22s22p63s23p2 in its
ground state.

2.2 Crystal structure
Electrons in the outermost shells are called the valence electrons. Often a favorable
state of an atom is to have its valence shells completely occupied by electrons, a so
called noble gas structure. Striving to achieve this state, atoms may form bonds where
they share valence electrons and thus stick together, forming molecules or solids. The
ideal solid has a perfect crystal structure where all atoms are arranged in a periodic way
that is repeated throughout the entire solid. Such perfect crystals rarely exist as they
are prone to defects but instead crystalline materials are made up of smaller crystal
grains with close to perfect crystal structure. The theoretical model of crystals is thus
still very useful in explaining the properties of crystalline materials. A crystal structure
is made up of a lattice and a basis (see fig 4). The lattice is a set of regularly spaced
points which can be described by the lattice vector

−→
R = n1

−→a1 + n2
−→a2 + n3

−→a3 (1)

where −→ai are unit vectors, also referred to as principal axes, and ni arbitrary integers.
A lattice point in turn is occupied by a basis, typically an atom or a molecule, that is
repeated at every lattice point. For 3D crystal structures one can think of the structure
as being made up of one building block that is repeated over and over again, a so called
unit cell (see fig. 5). The unit cell is defined as the smallest group of particles that can
make up the whole structure when repeated along the principal axes. The edges of the
unit cell are the same as the principal axes and their length are referred to as the lattice
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constants or lattice parameters (usually noted as a, b, c). A crystal structure can also
be thought of as composed of various planes stacked on top of each other in a certain
order. The direction of such planes relative to the unit cell is described by the so-called
Miller index notation (hkl) where h, k and l are orthogonal direction parameters which
point in the normal direction of the corresponding plane.

Figure 4: A crystal structure is made up of a lattice and a basis.

Figure 5: Example of some crystal unit cells.

2.3 Semiconductor materials
When atoms form chemical bonds, their valence electron orbitals will become modified
and result in new sets of discrete energy levels (see fig. 6). Note that the stronger
bonded core electrons are not taking part in these bonds and hence their energy levels
remain more or less unchanged, maintaining an atomic character. In these new orbitals
the highest occupied molecular orbital is referred to as the HOMO and the lowest
unoccupied molecular orbital as the LUMO. When many atoms are bonded together
the new orbitals will lie closer and closer to each other until continuous bands are
formed. The highest lying occupied band is called the valence band (VB) and the
lowest lying unoccupied band is the conduction band (CB). The energy required for
an electron to jump from the VB to the CB is referred to as the bandgap energy, Eg.
When a band is partially filled or two bands overlap, the valence electrons in it can
move about quite freely resulting in a good conductance, a material like this is referred
to as a metal (see fig. 7). On the other hand, when a band is completely filled up
to a band gap, the electrons are tightly packed and have little room to move around,
resulting in a low conductance.
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Figure 6: The valence electrons of atoms bond together and form new molecular orbitals,
once enough atoms are bonded together the orbitals transition to continuous bands.

If Eg is not too big then electrons can with relative ease gain enough energy to jump
from the VB to the CB where it once again has a lot of room to gain energy and move in
an electric field, thus it can conduct well. A material with a small enough bandgap for
a significant amount of electrons to reach the CB is referred to as a semiconductor while
a material with a large bandgap is an insulator. There is no exact bandgap value that
distinguishes an insulator from a semiconductor but usually a semiconductor should
not have a gap greater than a few eV.

Figure 7: Bandstructure of metals, insulators and semiconductors. Notice that no strict
difference between semiconductor and insulator is made but will depend on context.

At 0K the semiconductor will behave more or less like an insulator, but for example
at room temperature, the thermal energy might be enough to thermally excite a con-
siderable amount of electrons in a semiconductor to the CB (depending on the size of
the band gap). When an electron is excited to the CB it will leave an empty state
behind in the VB which is referred to as a hole. The hole (h+) is a so-called quasi
particle meaning it is not a physically real particle but can be used in theory with great
success to model the processes going on, it can be thought of as the lack of an electron
and thus is identical to the electron except for having a positive charge. To describe
the distribution of electrons in solids, Fermi-Dirac statistics are used. The Fermi-Dirac
distribution function gives the probability that an available energy state, E, will be
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occupied by an electron at temperature T.

f(E) =
1

1 + e(E−EF )/kT
(2)

Where k is Boltzmann’s constant and EF is the so-called Fermi level. Notice that
f(Ef ) = 1

2
i.e. there is a 50% chance that an electron will occupy the Fermi level,

assuming there is an available energy state there which is not the case for semiconductors
since EF is located inside the bandgap. At 0K no electrons will occupy levels above the
Fermi level (see fig. 8) but with increasing temperature the shape of the Fermi-Dirac
distribution changes as the probability of finding electrons at energy levels above the
Fermi level increases, meaning a higher chance that an electrons is thermally excited
to the cb.

Figure 8: The Fermi-Dirac distribution at different temperatures.

2.4 Optical excitation
An electron in an atom may absorb an incoming photon and use the excess energy to
jump into a higher orbital (an excited state). Once in an excited state, the electron will
at some point fall back into its original orbital by releasing the excess energy in various
ways, e.g. emission of a new photon. Following this principle an electron in the VB of a
semiconductor can get to the CB assuming it absorbs a photon with greater energy than
the bandgap, as is seen in fig. 9. The energy of a photon is related to its wavelength
(λ) and frequency (ν) as E = hc

λ
= hν. The sun emits light within a wide spectrum of

wavelengths but the strongest is the visible region of 400 − 800 nm. This corresponds
to photon energies of 3, 1− 1, 55 eV and hence a semiconductor with a bandgap greater
than 3, 1 eV would not be able to absorb much sunlight. Once an electron is excited
to the CB it has a natural urge to lower its potential energy by falling back down to
the VB, effectively recombining with the hole. This process is called recombination.
The time required on average for an electron to recombine depends on several factors
which added together gives the recombination time. When recombination occurs, the
lost potential energy of the electron will manifest itself in other forms e.g. emission of
a photon or heat (phonon).
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Figure 9: A photon gets absorbed in a semiconductor, resulting in the excitation of an
electron to the CB and creation of a hole in the VB.

3 The Photovoltaic Cell (PVC)

3.1 Principle of operation
In solar power conversion, the basic principle is to extract the electron/hole from the
CB/VB before recombination has time to occur and the energy is lost in form of photon
emission, heat and other terms. To achieve this, the electrons and holes will need to be
transported away in opposite direction at a transfer time quicker than the recombination
time, a process called charge separation. There are several ways to go about this but
the device structure used for this project is shown in figure 10, such a structure can
be employed to many different light absorbing materials and is referred to as a p-i-n
junction. The device is built on top of a fluorine doped tin oxide (FTO) glass plate
which is conducting and optically transparent. On top the FTO glass, two layers of
TiO2 are deposited, a thin compact layer and a thicker mesoporous layer. The TiO2

CB minimum (CBm) is located beneath the one of the light absorbing material and
excited electrons are thus likely to be transported to this material before they have
time to recombine, the TiO2 is referred to as an electron transport material (ETM).
The compact TiO2 layer ensures a low recombination rate between electrons in the
FTO glass and holes in the light absorbing material. The light absorbing material is
deposited on top of the mesoporous TiO2 and penetrates through its pores to achieve a
high surface contact between the two materials. On top of the light absorber is a hole
transport material (HTM) with a VB maximum (VBM) slightly higher than that of the
light absorber so that holes are transported away by the same principle. In the end,
metal electrodes are deposited on both sides (on the FTO glass and on the HTM) which
if connected will experience a voltage difference and hence electricity can be generated
between the electrodes and new electrons can be transported via the HTM to the light
absorbers.

3.2 Perovskite light absorbing materials
As mentioned in the introduction, a light absorbing material that has received a lot of
attention the last years in the photo-voltaic community is so called perovskite materials.
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Figure 10: Layout scheme of the device structure for p-i-n junction solar cells manu-
factured in this work, and a simplified band diagram showing the principle of operation.

The perovskite name implies a certain crystal structure (see fig. 11) with the stoichiom-
etry A1+B2+X−1

3 where A and B are two cations of very different sizes (A being much
bigger than B), and X is an anion. The first successful metal halide perovskite for solar
cells was methylammonium lead iodide (MAPbI3). Among other properties MAPbI3
has a very high optical absorption8 and well balanced charge transport properties26.
These properties mean that devices employing perovskite materials can be made very
thin without any significant loses in efficiency. Perovskite devices are produced by so-
lution processing which is a relatively easy and cheap method15 ideal for scalled up
production with methods such as ink-based printing or spray-coating12. As mentioned
previously the main issues of MAPbI3 is its stability and toxicity. The impact of the
toxicity factor can be discussed from both sides since a proper sealing of the cell could
assure that no lead enters the surrounding environment of the cell. The stability issue
shows itself as a degradation in efficiency over time as well as when exposed to humidity
or to high temperatures. To increase the stability, various elements and compositions
are tested. For example iodine is often substituted by chlorine, bromine or either mix-
ture of the three. Tin (Sn) has been investigated as an alternative to lead but found
to be even less stable27 and potentially toxic as well. Computational studies28 suggest
that no other metal cations can fully replace and match the properties of Pb and Sn
in perovskite structures, in terms of high absorption (a direct band gap) and charge
transport (low electron/hole effective masses).
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Figure 11: a) The perovskite crystal structure, A1+B2+X1−
3 . In the figure A is seen as

a MA molecule in the center, metal cations, B, are in the center of the green octahedra
and the halides, X, is represented by purple atoms. b) and c) show the cubic respectively
hexagonal crystal structures of Ag-Bi-I compounds where Bi, Ag and I are represented
respectively by green, white and purple.

3.3 Bismuth-based light absorbing materials
As no substitutes seems to match the properties of Pb- and Sn-based perovskites,
some research efforts have been turned towards various perovskite-derived structures
that resembles but not exactly mimics the composition of perovskites. Devices with
these materials as light absorbers still follow the same material design. One element
that is often seen in these compositions is bismuth (Bi), a neighbour of Pb with a
lower toxicity. When Bi takes part in bonds, it is likely to form the cation Bi3+,
while Pb likely forms Pb2+, thus Bi is not expected to straight up replace Pb in a
perovskite structure. However when combined with monovalent metals (such as Cu,
Ag and Au) so called double perovskite structures can be formed. For example double
perovskites Cs2BiAgCl6 and Cs2BiAgBr6 have shown to be stable and more resistant
to heat and moisture with a band gap in the visible range of respectively 2.2 eV and 1.9
eV, and other electronic properties that resemble that of Pb perovskites.29,30 Various
compositions A3Bi2I9 (A = CH3 NH3 , NH4 , alkali metal) have also been reported
to be more stable than Pb perovskites.16 Iodobismuthates (Bi-I) in general have been
showing potential electrical and optical properties while also having a high solubility
at room temperature,15. To tune the band gap of iodobismuthates, monovalent metal
cations such as Ag and Cu can be added to form 3D Ag-Bi-I/Cu-Bi-I crystal structures.
Thin film of such materials, with the purpose of making photovoltaic devices, were first
reported by Kim et. al,15 in 2016 where the structures AgBi2I7 and Ag2BiI5 were
successfully used to produce solar cells with a highest PCE of 1.22%. By avoiding the
use of any organic compounds, these devices also showed good stability properties in
air. In this project various Ag-Bi-I/Cu-Bi-I compounds have been studied to investigate
their potential as light absorbant materials in photovoltaic devices. Ag-Bi-I is believed
to form cubic crystal structures as seen in figure 11b with stoichiometry AgBi2I7 or
AgBiI4 and hexagonal crystals as seen in figure 11c with stoichiometry Ag2BiI5.
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4 Experimental techniques

4.1 X-ray photoelectron spectroscopy (XPS)
Photoelectron spectroscopy (PES) is based on the photoelectric effect first described
by Einstein in 190531, later awarding him the Nobel Prize in physics 1921. Simply put
the photoelectric effect is a process of radiation (photons) going in and electrons going
out. If the photon energy, Ephoton = hν where h is Planck’s constant and ν the photon
frequency, is greater than the binding energy, Eb, of the electron to the atom, then the
electron can break free from its atom. The remainder of the photon energy will be given
to the electron as kinetic energy, Ek. If the energy of incoming photons is known then
Ek can be measured to determine Eb using the following relation.

Eb = Ephoton − Ek − Φ (3)

Where the work function Φ describes the work (energy) required to remove an elec-
tron from a solid, in PES this also takes into account the work needed to reach the
electron detector. Every orbital has a different probability of emitting a photoelectron,
depending on the energy of the incoming photon, this probability is quantified as the
photoelectron cross section σ(E). σ(E) is different for each element, orbital and depends
on the photon energy used and this needs to be taken into account when doing quan-
tifications of the various elements. In PES a sample is exposed to radiation of a desired
energy and ejected photoelectrons enter a hemispherical electron energy analyzer which
determines the kinetic energy of the electron. The valence electrons in an atom have a
low binding energy of a few eV and can thus be studied by ultraviolet or even visible
light but to kick out an electron closer to the core (core levels) much more energetic
radiation is required. The study of these orbitals thus usually require X-ray radiation
(100 eV-100 keV), giving rise to the subcategory of PES called X-ray photoelectron
spectroscopy (XPS). PES is a very surface sensitive technique since the photo-emitted
electrons might scatter, get absorbed or by other means interact with the bulk material,
so only electrons close to the surface will be able to escape the sample without a loss
of energy. The result of all different effects that prevents electrons from escaping is an
exponential attenuation of the electron count as the depth increases.The intensity, I(d),
of electrons traveling through a solid of thickness d exponentially decays according to
equation 4.

I(d) = I0e
−d/λ(E) (4)

Where I0 is the intensity of primary electrons and λ(E) is the inelastic mean free path
(IMFP). The IMFP is a way of estimating how far an electron of certain kinetic energy
will travel through a solid before losing its energy and is defined as the distance during
which the electron beam is reduced to I = I0/e. It is determined experimentally but
is roughly the same for all materials and can be approximated to follow the universal
curve, shown in figure 12. To get an estimate, an electron with 1000 eV kinetic energy
would have a IMFP of roughly 1,7 nm, so following eq. 4 an electron beam would lose
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1− 1/e ≈ 0, 63 = 63% of its intensity after passing through a solid of thickness d = 1, 7
nm.

Figure 12: The universal curve, a model of the IMFPs dependency on the electron
kinetic energy.

4.1.1 X-ray light sources

A direct way to generate X-rays is to excite electrons in an atom to higher orbitals
where they relaxe back to lower orbitals and photons with energy in the X-ray range
are emitted. Typically the excitation process is achieved by shooting a beam of electrons
at the material to excite. A common material to use as X-ray source is aluminum (Al)
where there is a strong Kα transition line around 1486,7 eV, the K means that the final
orbital of the transition has principal quantum number n = 1 and α means that δn = 1.
In this way, a strong emission line of X-rays with a specific energy is achieved, however
the photon energy can not be tuned and is directly dependent of the element used.

An alternative way to create highly energetic, tunable X-ray radiation with a high
brilliance is by using a synchrotron light source. A synchrotron makes use of the fact
that charged particles emit radiation, so called bremsstrahlung, when subject to an
acceleration. Commonly, electrons are accelerated to relativistic speed (i.e. close to the
speed of light) and is then kept in a storage ring where they are kept in a circular path
by strong bending magnets. Already the bending caused by these magnets may cause
the electrons to emit bremsstrahlung radiation but to achieve the strongest possible
radiation an undulator is used. Placed in straight sections between the bending magnets
the undulator consists of a series of magnets with alternating polarization direction
so that an electron traveling through it will follow an oscillating path (see fig 13)).
Since the electron is constantly accelerated in alternating directions, the synchrotron
radiation is emitted in each turn and interferes constructively to result in a much higher
brilliance within a narrow energy bands. Another similar device to the undulator is the
wiggler which uses stronger magnetic fields to create more energetic photons but with
a broader energy band. The energy of emitted radiation depends both on the speed of
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the electrons in the ring and on the acceleration (frequency of oscillation) in the wiggler
and undulator. Finally to select a very narrow band of energy the beam passes through
a monochromator that uses either a grating or a crystal to select the desired energy.

Figure 13: The undulator is inserted in straight sections of the synchrotron ring and
causes electrons to follow an oscillating path resulting in the emission of highly energetic
X-rays.

4.1.2 The chemical shift

As mentioned previously valence electrons take part in chemical bonds between atoms
and as a result their orbitals might be drastically changed. Core electron binding
energies on the other hand stay more or less the same but do still experience a smaller
difference in binding energy depending on their chemical environment and/or oxidation
state. For example, an electron in an atom with the state A1+ will experience a binding
energy slightly higher than that of an electron in an atom with state A0, and likewise in
state A1− the binding energy will be slightly lower. When a chemical shift is observed
in spectroscopy, it can be used to determine the ionic state of an element and thus make
conclusions about the bond nature of a sample. This type of analysis has given rise to
a whole field of spectroscopy, electron spectroscopy for chemical analysis (ESCA). A
classical example of the chemical shift can be observed for ethyl trifluoroacetate also
known as the "ESCA molecule" (see fig. 14) where four C1s peaks are observed at
various binding energies due to their various chemical surroundings.

Figure 14: Four types of carbon atoms can be observed in ethyl trifluoroacetate, due to
the various degree of chemical shift in binding energy. Figure from ref. [32]
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4.2 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a technique used to characterize the crystal structure of a
sample. It is based on the principle explained by Bragg’s law of diffraction, see eq. 5

nλ = 2dsinθ (5)

Where d is the distance between two crystal planes (see section 2.2), θ is the angle
between incoming radiation and the crystal plane, λ is the wavelength of incoming ra-
diation and n is a positive integer. As can be seen in fig. 15, 2dsinθ is the difference
in distance traveled between two parallel rays that get reflected at different depths. As
an approximation all rays are assumed to be parallel. For the two rays to interfere con-
structively their difference in path length must match an integer number of wavelengths
as then the waves will be in the same phase, all other wavelengths will cancel each other
out. By varying the angle θ the rays will get reflected on different crystal planes and
thus by scanning the angle diffraction maxima corresponding to various crystal planes
can be observed and related to their corresponding miller indices and thus the crystal
structure be determined by comparing with reference data bases.

Figure 15: An incoming plan wave gets reflected on the various crystal planes, only
waves with a path difference of an integer number of wavelengths will experience con-
structive interference.

4.3 Scanning electron microscopy (SEM)
A scanning electron microscope (SEM) use the fact that features smaller than the
wavelength of the probing radiation can never theoretically be resolved. Particles have
an inherit wave property (as explained by the wave-particle duality) and while visible
light has a wavelength around 5 × 10−7 m, electrons can go as low as 10−11 − 10−12m
and thus can resolve much smaller than visible light. As the name suggest in SEM a
focused beam of electrons scans the surface of a sample. Backscattered electrons and
secondary electrons that are ejected as a result of interacting with the atoms in the
sample are detected. Based on the detected electrons an image of the sample can be
reconstructed with resolutions even better than one nm.

4.4 Construction of the solar cell device
The completed device is structured as shown previously in figure 10, the construction of
the devices will now be explained briefly, for more detailed description see ref. [17] and
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[33]. The TiO2 blocking layer is just a few nm thick while the mesoporous TiO2 as well
as the light absorbing material and HTM are on the order of 100 nm in thickness. The
conducting FTO glass was cut to desired dimensions and cleaned using a sonicator, first
with acetone and then with ethanol for respectively 30 minutes. A precursor solution of
compact TiO2 hole blocking layer was prepared by mixing titanium(IV) isopropoxide
(TTIP) (1 mL) and ethanol (9 mL) and the solution was sprayed over the anode while
heated to 500◦C for 30 minutes (spray pyrolysis). The mesoporous TiO2 layer was
made by diluting Dyesol paste (30 NR-T, particle size 30 nm) with ethanol in a 2/7
weight ratio which was subsequently spin coated at 4000 rpm for 30 sec. Afterwards
the sample was annealed at a hot plate at 500◦C for 30 min. The solutions of light
absorbing materials were prepared by mixing powdered AgI or CuI with BiI3 in various
molar ratios as, subsequently solved in butylamine as a 17% concentrated solution. This
solution was then spin-coated at 4000 rpm for 30 seconds on top of the mesoporous
TiO2 and placed on a hotplate (in a dry atmosphere) normally at 150◦C for 30 min. As
butylamine has a boiling point slightly below 80◦C it will evaporate at this temperature
and the remaining compound ideally would crystallize. The semiconducting polymer
P3HT was spin-coated on top of the light-absorbing film at 3000 rpm for 30 seconds to
serve as the hole conductor. Finally the electrodes are formed by evaporating gold on
top of the device. In figure 16 is seen a photograph of a completed device.

Figure 16: Picture of front and backside (with gold electrodes) of a completed solar cell
with a Cu-Bi-I light absorbing material.

4.5 Current-voltage measurements of solar cells
The current-voltage (I-V) characteristic curve of an electronic device describes the rela-
tionship between its current and the corresponding voltage. It is collected by applying
a constant bias voltage to the device while measuring the current, for semiconductor
junctions it results in curves as presented in figure 17. In this graph, we see that the
current through the device when no voltage is applied (short-circuit voltage, Isc) is zero
for a semiconductor junction in the dark (not illuminated). Under illumination electron
hole pairs are excited and transported through the junction resulting in a generated
current, Isc 6= 0. If enough bias voltage is applied there will be no current and at this
point the device can be seen as an open circuit, hence this voltage is referred to as the
open current voltage, Voc. The Voc can be seen as the total potential over the semi-
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conductor junction. When the current and voltage are both positive or both negative
power is delivered to the device from an external circuit. When voltage and current
are of opposite signs (positive and negative/negative and positive), then power can be
extracted from the device hence this is the region where a solar cell operates. The
maximum power that can be delivered by the cell is found by maximizing the product
IV in other words by maximizing the area of the gray box in figure 17. This area, given
by ImVm, is always smaller than IscVoc and the ratio ImVm/IscVoc, called the fill factor
(FF ), is a figure of merit for solar cell devices. The power conversion efficiency (PCE),
η, is calculated by taking the ratio of the outgoing and incoming power.

η =
Pout
Pin

(6)

When measuring the PCE in this work the solar cells were placed under a solar simulator
(model 91160) that produces light with a similar spectrum as natural sunlight. In reality
the intensity of sunlight will depend on how thick atmosphere the light passes through,
this is measured by the air mass coefficient (AM) and 1AM represents the sunlight that
passes through the atmosphere exactly perpendicular, i.e. if the sun is at its zenith.
Most of the time however the sunlight strikes at an angle and passes through more
atmosphere reducing the intensity, hence most solar simulator measurements are done
at AM1,5, as in this work.

Figure 17: IV-curve for a solar cell in the dark (no illumination), and under illumina-
tion. The power output is determined by maximizing the product of current and voltage
in quadrant c.

4.6 Ultraviolet-visible (UV-Vis) spectroscopy
In ultraviolet-visible (UV-Vis) spectroscopy, the absorption of a material is investigated
by illuminating the sample with various photon energy/wavelength within the ultra-
violet and visible region (around the order of 100-1000 nm). The reflected (R) and
transmitted (T ) light intensity is detected and compared with the incoming (I0) light
intensity. After subtracting R and T from I0, any remaining intensity is assumed to
have been absorbed by electrons in the material, causing them to be excited from lower
to higher orbitals. If normalizing R,T and I after I = 1, the absorptance (A) is given as
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A = 1−R−T . To estimate how far into a material photons with a certain wavelength
can travel before being absorbed one typically refers to the absorption coefficient, α,
given by equation 734.

α(λ) =
1

d
ln
(

1−R(λ)

T (λ)

)
(7)

As semiconductor materials can not absorb light with lower energy than the band
gap, the absorption coefficient of semiconductor materials typically show a sharp edge
around some energy/wavelength. This can be used to estimate how big the band gap
of a material is which is often done with the help of a Tauc plot (after Jan Tauc). In a
Tauc plot, the energy E of the light is present as a function of the quantity (αE)1/r. r
determines the nature of the band gap but, as this is not covered further in this work,
one can simply state that r=1/2 is referred to as the direct allowed transition and r=2
as the indirect allowed transition. In a Tauc plot one can make an extrapolation after
the linear regime and see where it crosses the energy axis to get an estimate of the band
gap energy.
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5 Results and discussion
The results will be presented in three sections, the first one will cover Ag-Bi-I com-
pounds and the second one Cu-Bi-I. Each of these parts is divided into subsections for
various experimental methods, SEM, XRD and XPS. The third section covers some
results of studies on films of the BiI3 precursor.

5.1 Ag-Bi-I
As mentioned in the previous section, the Ag-Bi-I solution is made by mixing powders
of AgI with BiI3 in different molar ratios in a solution of butylamine. The two ratios
giving the best solar cell results so far are AgI:BiI3 = 1:2 and 2:1, and will be labeled as
Ag 1:2 and Ag 2:1 in the rest of this report. In figure 18 the experimental IV curves for
some of the best performing solar cells for both compositions are shown. The Ag 2:1
have a significantly greater Voc, Jsc and FF than Ag 1:2, resulting in a PCE of 1, 92%
vs 0, 48%.

Figure 18: IV-characteristics of the two best performing solar cell devices with Ag 1:2
and Ag 2:1 light absorbers. Tabulated values of Voc, Jsc, FF and PCE (η) for the same
measurement.

5.1.1 SEM

All the SEM pictures in this thesis were taken with a LEO 1550 FEG instrument (LEO
Electron Microscopy Ltd., Cambridge, UK) with in-lens detector. Films of Ag 1:2, Ag
2:1 as well as AgI and BiI3 were spin-coated on top of substrates with mesoporous TiO2.
No hole conductor or gold electrodes were deposited on top of the Ag-Bi-I materials, in
order to study directly the material of interest and its crystal film. The SEM pictures
were taken subsequently after recording the XPS data on the same samples. The SEM
pictures of the Ag 1:2 and Ag 2:1 are shown respectively in figure 19a and 19b. In both
pictures, two main regions can be observed. In the foreground, crystal grains with a
diameter of about 0.3 µm are seen while in the background a darker region is observed.
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The crystal grains are some form of Ag-Bi-I crystal structure, however they don’t form
a perfect film and there is a lot of holes where one can see the underlying mesoporous
TiO2 can be observed (the darker region).

SEM images of AgI showed an interesting behavior, during the measurement, evolution
at the surface could be observed over time at higher magnification (when the electron
beam is more focused on the surface). The pictures in figure 20 a) and b) were taken
on the same spot but b) about one minute later and we can see the formation of small
white particles. This behavior can be explained by the fact that when silver halides
such as Ag+I− are exposed to radiation, metallic silver (Ag0) is formed as described in
the reaction formula below.35

Ag+I− + radiation→ Ag+ + I + e−, Ag+ + e− → Ag0 (8)

It is thus expected that a similar reaction is taking place when AgI is exposed to a
bombardment of electrons, and that the white particles taking shape in figure 20 are
most likely the metallic silver being formed.

Figure 19: SEM pictures of a) Ag 1:2 and b) Ag 2:1 films deposited on TiO2.
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Figure 20: SEM picture of AgI deposited on a mesoporous TiO2, a) and b) are taken
at the same spot on the same sample but b) one minute later than a) so that the time
evolution is seen.

5.1.2 XRD

The XRD-data in this thesis was collected using a Siemens D5000 θ − 2θ goniometer
and an X-ray source of AlKα (8, 05 keV). Figure 21 shows the XRD data of Ag 1:2
and Ag 2:1. By comparing to reference data (write ref to 00-034-1372 and 01-074-9842)
the 1:2 composition matches well with a cubic crystal structure with the approximate
lattice parameter a=12.2 Å. However it is difficult to distinguish whether the structure
is of the form AgBi2I7 or AgBiI4 as these two show very similar diffraction patterns.

The data for Ag 2:1 is not too different from that of a cubic structures, but a clear
difference can be observed around 2θ = 42◦ compared to Ag 1:2. For the 1:2 com-
position one peak is observed while for the 2:1, two peaks are very clearly observed.
The double peaks of the 2:1 matches better with the reference (REF 00-035-1025) for a
hexagonal Ag2BiI5 structure with lattice parameters a=b=4.34 Å and c=20.77 Å. Al-
ternatively the 2:1 data also matches quite well with reference data (REF01-075-5443)
for a Rhombohedral structure with a=b=4.35 Å and c=20.81 Å, corresponding to the
stoichiometry Ag2,154BiI6.
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Figure 21: XRD patterns of Ag 1:2 and Ag 2:1 with the main diffraction planes marked
out.

5.1.3 XPS

Two different facilities were used to perform the XPS measurements. A classical in-
house XPS (Al Kα x-ray source of 1486.7 eV) was used with a beam size of about
500µm×1mm. Data were also collected at the Diamond Light Source (UK) synchrotron
facility at the I09 beamline station. Measurements were done with two different x-ray
energies: 758 eV and 2200 eV, the beam size on sample being around 40µm×20µm for
758 eV and 0.5mm×a few mm for 2200 eV.

Figure 22: IMFP for var-
ious kinetic energy, from
the universal curve (fig.
12), and corresponding es-
cape depth for 96% of elec-
trons estimated roughly
from eq. 4.

All spectra were energy calibrated using a gold sample of
where the Au 4f7/2 peak was set to 84 eV and correspond-
ing calibration was done for all samples. In this way 0 eV
in binding energy corresponds to the position of the Fermi
level of metallic gold, which will also be the position for the
samples unless they are charged. Different sample batches
were used while doing XPS in-house compared to the one
investigated at the synchrotron facility and it should thus
be kept in mind that the sample structure might differ when
comparing measurements at 1486 eV with the ones at 758
eV and 2200 eV, especially for the Cu-Bi-I samples which
have proven less reproducible. To get a very rough estima-
tion of how deep the different energies can penetrate into
the sample, we can estimate the IMFP from figure 12 and
using equation 4 find the depth within which 96% of the detected photoelectrons orig-
inate (where I/I0 = 0.1). These values are seen in figure 22 for the electron kinetic
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energies 700, 1500 and 2200 eV, keeping in mind that this is a rough estimate to get a
feeling for the length scales present.

Overview spectra

At the start of every measurement an overview spectrum ranging from 0 to 1000 eV
in binding energy is recorded to check if all expected elements are detected and that
nothing unusual is seen. The peaks or regions of greater interest are then selected and
scanned at a much lower energy step (0.1-0.05 eV), yielding higher resolved peaks for
analysis. In figure 23 the overview spectra of Ag 1:2, Ag 2:1, AgI, BiI3, all deposited
on top of mesoporous TiO2, as well as a sample with only TiO2 can be seen, collected
in house with a X-ray source of 1486.7 eV.

The fact that Ti2p (around 460 eV) and O1s (around 531 eV) peaks are always observed
confirms that the dark areas seen in the background of the SEM pictures (fig. 19) are
indeed originating from TiO2. If the film completely covered the TiO2 then no Ti or O
core levels would be detected due to the film being much thicker than the XPS probing
depth. Each sample also shows a C1s peak around 285 eV due to contamination from
the outside environment when making the samples and it is difficult to completely
avoid this as carbon can be found almost anywhere. The TiO2 sample also shows a
very small amount of iodine through the I3d3/2 and I3d5/2 peaks at 630.7 and 619.2 eV
respectively, this must be contamination either during the manufacturing process or as
vaporization from neighboring samples inside the vacuum chamber. Note that Auger
lines from oxygen are also observed around 980 eV binding energy.

"Extended" valence band region (0-80 eV)

Figure 24 shows a higher resolved (smaller energy steps and lower pass energy) mea-
surement of the region close to the valence orbitals, 0-80 eV. A more detailed view on
several peaks of interest can be seen here, i.e. I4d, Ti3p, Bi5d and the valence band.
The valence orbitals consist of a mixture of valence orbitals from all elements that to-
gether form new so-called molecular orbitals. The valence levels can however be used to
get information about the valence band edge of semiconductors and give information on
the electronic structure of the investigated materials. An interesting aspect to observe
is that the Bi5d peaks seem to consist of four peaks, in contrast to two which would be
expected due to spin-orbit splitting. To see this clearer, the Bi4f peak will be shown as
it has a much higher intensity than the 5d and greater spin-orbit split energy.
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Figure 23: XPS overview spectra recorded between 0 to 1000 eV binding energy.

Figure 24: Higher resolved spectra of the near valence region, 0-80 eV binding energy
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Bi4f core level spectra

A detailed scan of the Bi4f region for Ag 1:2 and Ag 2:1 samples, is shown in figure 25.
The data is intensity normalized after the 4f7/2 peak at 158.9 eV. Here it is clear that we
have two types of bismuth (each forming a doublet peak) and they are chemically shifted
with respect to each other. One pair of Bi4f5/2 Bi4f7/2 is positioned at 162.5 eV and
157.2 eV respectively and these values match with tabulated values for pure (metallic)
bismuth. The other pair is positioned at 164.2 and 158.9 eV so they are shifted by
approximately +1.7 eV in binding energy, to be expected if the Bi is partaking in a
bond where it is "giving away" some of its valence electrons and becomes a cation.
It can thus be concluded that these shifted peaks represent the Bi that partakes in
forming the crystal structure of Ag-Bi-I. The metallic Bi atoms are not taking part in
forming a Ag-Bi-I crystal structure as then they would experience a chemical shift. It
was not concluded with certainty whether the presence of metallic Bi is beneficial or
disadvantageous for the final solar cell device performance, however it can be speculated.
Higher crystal quality is usually connected with better charge transport properties in
semiconductors, as defects in the crystal lattice can introduce intermediate band levels
inside the band gap, causing a higher recombination rate before electron-hole pairs can
be separated and thus lowering the current. The XPS data of figure 25 shows that the
proportion of metallic bismuth in Ag 1:2 is much greater than in Ag 2:1. At the same
time the short circuit current density, Jsc, was observed (fig. 18) to be significantly
greater for the Ag 2:1 compared to the Ag 1:2 sample, pointing towards the possibility
that presence of metallic Bi is lowering the current of devices.

To investigate whether the presence of metallic bismuth is similar within the bulk of
the sample, Ag 1:2 and 2:1 samples were measured using synchrotron radiation with
two different energies: 758 eV and 2200 eV. In figure 26, Bi4f5/2 peaks for both samples
are seen for the two different energies, normalized after the non-metallic 4f5/2 peak.
In both samples the metallic peak is seen to decrease when measured with 2200 eV
compared to at 758 eV. That is, the proportion of metallic Bi is higher at the extreme
surface and drops quite quickly just a few nm deeper into the sample. This suggests
that the majority of Bi atoms not taking part in forming the Ag-Bi-I crystal structure
has somehow diffused/migrated to the surface, perhaps leaving a more pure Ag-Bi-I
crystal structure in the bulk. One could speculate for example that if such a layer
of metallic Bi still remains on the surface when the hole transport material (HTM) is
deposited on top of the light absorber, it could make it more difficult for holes to be
transported between the Ag-Bi-I and the HTM. If time permitted it would have been
of interest to perform measurements with even more energetic x-ray sources to probe
deeper into the material and see if the trend of decreasing metallic Bi holds.
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Figure 25: XPS spectra of Bi4f peak from Ag 1:2 and 2:1 recorded with a photon energy
of 1486.7 eV.

Figure 26: The Bi4f5/2 peaks (metallic and ionic) of Ag 1:2 and 2:1 samples, collected
with synchrotron radiation of two different photon energies
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Stoichiometry

To get an estimation of the relative amount of various elements present in the sample,
the various peaks can be curve fitted and subsequently the area under those curves
compared for various elements, while compensating for the varying photoelectric cross
section for each peak. In this project all curve fitting was performed using the software
Igor Pro 6.3. To investigate the stoichiometry of the samples, the area under fitted
Ag3d, Bi5d (metallic and ionic peaks fitted and treated separately) and I4d were com-
pared. These peaks were chosen as they lie close to each other in terms of binding
energy and hence photo emitted electrons from the different orbitals will have simi-
lar kinetic energy and thus similar IMFP. In figure 28 the curve fits of Bi5d, I4d and
Ag3d peaks for data collected with Al Kα 1486 eV x-ray radiation are shown. Same
procedures were performed for data collected at 758 eV and 2200 eV. For some data
two or several peaks are seen to overlap each other so in order to get an as physically
correct fit as possible several restrictions had to be imposed on these peaks. The area
ratio between the spin-orbit doublets for any d orbital is according to theory fixed to
j = 3/2:j = 5/2 → 2 : 3 and this parameter was fixed during the fits. The separation
between doublets can be compared to reference data and set as a fix parameter as well.

Figure 27: The relative ratios of Ag, Bi and I estimated respectively in Ag 1:2 and Ag
2:1 when measured with 758, 1486.7 and 2200 eV photon energy, Bi (Ag-Bi-I) refers to
the Bi which is not of metallic form.
The resulting ratios between different elements are shown in the table of figure 27 for
Ag 1:2 and Ag 2:1. These ratios are calculated from fits of Bi5d, I4d and Ag3d peaks
(as shown in fig. 28), taking into account photoelectric cross section. In both cases we
seem to see overall trends where the amount of metallic Bi decreases deeper into the
samples, the relative amount of Ag increases and the relative amount of I goes down.
For the Ag 1:2 sample the experimental stoichiometry was estimated to AgBi2,04I7,68 at
2200 eV which seems to be approaching the AgBi2I7 structure rather than the AgBiI4,
both of which were predicted as potential structures by the XRD. For the case of
Ag 2:1, the stoichiometry is Ag1,51BiI5,03 at 2200 eV. This seems to be approaching
a stoichiometry of Ag2BiI5 which was seen as the most likely crystal structure in the
XRD data. In general, there seems to be a high amount of both I and metallic Bi at
the extreme surface, possibly a sign of surface defects. Surface defects can affect the
charge transport properties negatively but it is hard to say what will happen to the
surface structure when the hole conducing material (P3HT) is deposited on top of the
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light absorbing material. The hole conductor might affect the surface morphology but
such effects would be hard to detect with XPS due to the high surface sensitivity. With
XRD one might be able to study such changes however.

Figure 28: XPS data collected at 1486.7 eV photon energy, with curve fits. a),b),c)
show Ag 2:1 and d),e),f) show Ag 1:2. a) and d) show the Bi5d peaks, b) and e) I4d
peaks, c) and f) Ag 3d peaks.
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5.1.4 UV-Vis spectra

The UV-Vis spectra of Ag 1:2 and 2:1 samples were collected and can be seen in figure
29. Both compounds show very similar absorptance with about 80% above the bandgap
and close to zero beneath it. In figure 29b, c Tauc plot of the indirect respectively direct
allowed optical transitions are shown with a linear extraction to estimate the band gap
energies. Notice that αdE is plotted instead of αE as the thickness d was hard to
estimate and is thus treated as a constant here. This should not affect the shape of the
curves but means that no conclusions can be drawn regarding the relative strength of
the absorption coefficient between the different compounds. From the linear extraction
it is estimated that the indirect optical transition is 1.71 eV for Ag 1:2 and 1.66 eV for
Ag 2:1. Similarly the direct optical transitions are estimated to 1.94 eV and 1.90 eV for
Ag 1:2 and Ag 2:1 respectively. As the indirect transition have a lower energy they are
referred to as the band gaps of the corresponding compounds. The band gap energy
of Ag 1:2 and 2:1 lie very close to each other, differing with less than 0.1 eV, and thus
the band gap position does not seem to be the reason for the difference in efficiency of
the devices. If the thickness of the films were known, it could be seen whether either
of them has a significantly higher absorption coefficient than the other.

Figure 29: UV-Vis spectra measured from samples with Ag 1:2 and Ag 2:1. a) The Ab-
sorptance, b) indirect allowed optical transition and c) direct allowed optical transition.

5.2 Cu-Bi-I
The Cu-Bi-I solutions were made by the same process as the Ag compounds except for
replacing AgI with CuI. The samples are labeled in the same way, e.g. Cu 1:2 stands for
a mix of CuI:BiI3 with the molar ratio of 1 to 2. Cu-Bi-I is a less investigated compound
than Ag-Bi-I and few references are found on the topic. For this study, Cu 2:1, 1:1,
1:2 and 1:3 were investigated. In figure 30 the measured IV-characteristics for some
of the best performing solar cells for each compositions, is shown together with their
corresponding Voc, Jsc, FF and PCE (η). The Cu 1:1 composition shows the greatest
PCE at 0, 32% as well as the highest Voc and FF. The best Jsc comes from Cu 1:3 which
however has a low FF as well as Voc, thus placing it second in PCE at 0, 22% PCE.
Over all the Cu-based devices is seen to perform lower than the Ag-based devices.

33



Figure 30: IV-characteristics of the best performing solar cell devices with Cu 2:1, 1:1,
1:2 and 1:3 light absorbants. Tabulated values of Voc, Jsc, FF and PCE (η) for the same
measurement

5.2.1 SEM

Films of Cu 2:1, 1:1, 1:2 and 1:3 as well as CuI and BiI3 were deposited on top of
TiO2 substrates and studied using SEM shown in figure 31 and 32 respectively. For
the 2:1 composition two different types of bright objects with size just below a µm are
seen, one type looks like planes standing up on the surface and the other resembles a
sort of sprawling structure. In the background the darker TiO2 is also seen. The 1:3
composition shows a bit darker crystals that appear more well ordered. In the 1:1 and
1:2 compositions there seems to be a mixture of darker and flatter crystals with smaller,
brighter objects. To better understand what is seen, SEM pictures of pure CuI and
BiI3 were also collected and can be seen in figure 32. The BiI3 crystals clearly resemble
those seen for the Cu 1:3 composition in figure 31. The picture of the CuI sample shows
many smaller, brighter objects clumped together. These small bright crystals resemble
those seen especially in the Cu 1:1 and Cu 1:2 samples, and many of the objects in the
Cu 2:1 sample seem to be made of congregations of smaller bright objects. At the same
time, some crystals don’t resemble those of CuI or BiI3 very much. This suggests that
some type of new crystal phases have been formed (possibly of Cu-Bi-I nature) while
also a part of the BiI3 and CuI does not seem to have mixed up very well as they are
forming CuI and BiI3 crystals separately.
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Figure 31: SEM pictures of Cu 2:1, 1:1, 1:2 and 1:3 films deposited on TiO2.

Figure 32: SEM pictures of CuI and BiI3 films deposited on TiO2
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Figure 33: XRD data of Cu 2:1, 1:1, 1:2, 1:3 and CuI

5.2.2 XRD

Figure 33 shows XRD data of samples with Cu 2:1, 1:1, 1:2 and 1:3 as well as pure CuI.
The data was normalized after the peak with highest intensity of each corresponding
sample. As Cu-Bi-I is not a well studied material for semiconductor applications there
are few reference XRD-data to compare the results with. The only recorded crystal
structures found were reported by Fourcroy et. al36 in 1991. The group reported XRD
data for two crystal structures, cubic CuBiI4 and hexagonal Cu2BiI5. The reference data
was collected by powder diffraction and the peaks observed for these two structures as
well as CuI (cubic) and BiI3 (rhombohedral) can be found in the tables of figure 34. For
all the Cu-Bi-I samples, peaks that match both with the CuI and with the BiI3 reference
data can be seen, as well as peaks that match with either of the cubic or hexagonal Cu-
Bi-I reference data. This seems to confirm what was seen in the SEM pictures (fig. 31),
that several different crystal phases are present which means the synthesis hasn’t been
very successful in mixing the CuI with BiI3 and form a pure Cu-Bi-I crystal structure.
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Figure 34: Reference XRD data for cubic and hexagonal Cu-Bi-I37 structures as well
as cubic CuI38 and Rhombohedral BiI339.

5.2.3 XPS

XPS data was collected for Cu 2:1, 1:1 and 1:2 with an in-house XPS (1486.7eV). Cu
1:1 was also measured at the Diamond Light Source (758 and 2200 eV x-ray source).
Different sample batches were used in-house and at the synchrotron facility. All data
was calibrated after the Au 4f7/2 peak.

Overview spectra

An overview scan of the Cu 2:1, 1:1, 1:2 as well as CuI and BiI3 samples deposited on
mesoporous TiO2 is presented in figure 35. Except for Cu orbitals replacing Ag orbitals,
all other peaks observed are the same as in previous section for Ag-Bi-I samples.

Extended valence region (0-80 eV)
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Figure 36 shows the region of 0-80eV, close to the valence region. In addition to what
was seen for the Ag samples, the Cu3p peaks are also observed. The Bi5d is seen to
consist of four peaks just as was the case for Ag, corresponding to metallic Bi0 and
cationic Bix+ of unknown valency.

Bi4f core level spectra Figure 37 shows the Bi4f peaks for Cu 2:1, 1:1 and 1:2,
normalized after the non-metallic (cationic) 4f7/2 peak. In all samples a high rate of Bi0
is observed just as was the case for Ag-Bi-I samples, a bit lower for Cu 2:1 than Cu 1:1
and 1:2. A Cu 1:1 was measured at the synchrotron and the data for Bi4f5/2 measured
at 758 eV and 2200 eV is seen in figure 38. The data is normalized to the non-metallic
4f5/2 peak at higher binding energy. Just as for Ag-Bi-I, a decrease in metallic bismuth
is clearly seen for a higher photon energy i.e. deeper into the sample.

Figure 35: Overview spectra of Cu samples, collected at 1486,7 eV.
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Figure 36: Spectra of the near valence region, collected at 1486,7 eV.

Figure 37: Spectra of Bi4f peak in Cu 2:1, 1:1 and 1:2, collected at 1486,7 eV.
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Figure 38: The Bi4f5/2 peaks (metallic and ionic) of Cu 2:1, 1:2 and 1:21 samples,
collected at 758 and 2200 eV.

Stoichiometry As the X-ray beam spot size at the surface of the sample is rela-
tively large (much bigger than the whole area shown in the SEM pictures), the relative
amounts of various elements detected in the XPS will be an average over all compounds
found in that spot. The SEM pictures and XRD data showed that the Cu-Bi-I sam-
ples contain several different types of crystal structures with various composition and
stoichiometry. Before a film of better quality, with one dominating type of crystal
structure, can be manufactured the XPS data thus won’t say much of interest about
the stoichiometry. Never the less, the stoichiometry was investigated for the Cu samples
mainly out of curiosity but without the expectation of clear conclusions. The Cu2p,
Bi5d (both the metallic and non-metallic peak, separately) and I4d peaks were curve
fitted, fits for Cu 1:1 data collected at 1486.7 eV is shown in figure 41. The area un-
der the fits was used to estimate the relative ratio of different elements. The table in
figure ?? shows the ratios for Cu 2:1, 1:1 and 1:2, measured in-house with 1486.7 eV.
In figure ?? a similar table is shown for Cu 1:1 collected with 758 eV respectively 2200
eV synchrotron radiation. The stoichiometry of Cu 1:1 measured at 1486 eV shows
the stoichiometry Cu1.05BiI4.02, close to the CuBiI4 which is one of the known crystal
phases of Cu-Bi-I so one might be tempted to make assumptions that this structure is
indeed formed on the film. However when looking at the data measured at 2200 eV,
a stoichiometry of Cu1.97BiI5.84 is instead observed. The stoichiometries don’t seem to
follow any clear pattern and doesn’t help shed light on which compositions have been
formed.
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Figure 39: The relative ratios of Cu, Bi and
I found in Cu 2:1, 1:2 and 1:2 measured in-
house at 1486 eV photon energy.

Figure 40: Ratios for Cu 1:1 measured
with 758 and 2200 eV photon energy at
the synchrotorn facility.

Figure 41: Curve fits of XPS data collected at 1486.7 eV, from Cu 1:1, a) Bi5d peaks
b) I4d and c) Cu 3p.
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5.2.4 UV-Vis spectra

Figure 42 shows the UV-Vis spectra of Cu 1:2,1:1 and 2:1. For wavelengths lower than
approximately 700 nm all compounds show an absorptance slightly higher than 80%.
After the absorption edge, especially the Cu 2:1 compound but also the other two are
showing a "tail" with higher absorption than was seen for the Ag compounds. This
might be a sign of states within the band gap where excitation of electron/hole pairs
can take place. Figure 42b and c shows the Tauc plot of indirect respectively direct
allowed optical transitions. All of the indirect transitions are seen to occur at about
1.70 eV while the direct transitions about 1.84 eV. The band gap for all compositions
thus lies at approximately 1.70 eV and no real variation is seen. We see clearly for the
indirect transition (fig. 42b) that there are many intermediate states because of the
fairly large tail seen after the linear region.

Figure 42: UV-Vis spectra measured from samples with Cu 1:2, 1:1 and 2:1. a) The
Absorbance, b) indirect allowed optical transition and c) direct allowed optical transition.

5.3 Investigation of the BiI3 precursor: effect of the annealing
time and temperature

BiI3 was spin-coated on TiO2 substrates and annealed at 3 different temperatures, 110◦
C, 130◦ C and 150◦ C for two different times, 15 minutes and 30 minutes. Figure 43
shows the SEM pictures of these samples and it is clear to see that the crystal size
increases with temperature. There also seemed to be a minor increase in crystal size
for 30 minutes annealing time compared to 15 min, but the change was not as obvious.

XPS spectra were also collected for the BiI3 films were annealed at different temper-
atures and times, 110◦ C for 30 minutes, 130◦ C for 30 minutes and 150◦ for both 15
and 30 minutes. The Bi4f peaks for the 4 samples are shown in figure 44, the intensity
is normalized after the 5d7/2 peak. The ratio of metallic bismuth is notably higher in
the samples prepared at 150 ◦ compared to the others, but no major difference between
the 110◦ and 130 ◦ samples can be observed. These data can be compared with the
SEM pictures in figure 43 where it is seen that the crystal size of BiI3 notably increases
with higher temperature. One can speculate whether there is a connection between
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bigger crystal size and greater amount of metallic bismuth. Deciding a good annealing
temperature seems to be a compromise between crystal quality on one hand and ratio of
metallic bismuth present on the other, it is a topic of interest for further investigation.

Figure 43: SEM pictures of the BiI3 precursor on top of TiO2 annealed at a) 110◦C for
30 min, b) 130◦C for 30 min, c) 150◦C for 15 min and d) 150◦C for 30 min.

Figure 44: Bi4f peak of BiI3 samples annealed at different time and temperature
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6 Conclusions
Ag-Bi-I and Cu-Bi-I compounds was investigated for its potential as light absorbing
materials in solar cell devices for power conversion. Functional devices were successfully
fabricated employing various compositions of Ag-Bi-I respectively Cu-Bi-I. The two
different molar ratios of AgI:BiI3 = 1:2 and 2:1 was observed to form crystalline films
with one crystal phase. The most likely crystal structure for Ag 1:2 was a cubic AgBi2I7
structure with an estimated band gap of 1.71eV, while for Ag 2:1 a hexagonal Ag2BiI5
was found with a band gap of roughly 1.66 eV. The record PCE detected for Ag 1:2
devices was 0.48% while Ag 2:1 devices showed a record PCE of 1.92%. For Cu based
devices the molar ratios of CuI:BiI3 = 2:1, 1:1, 1:2 and 1:3 were investigated but neither
were successfully synthesized to form a homogeneous film, but rather consisting of a
mix of various crystal phases. As a result of the unhomogeneous films, neither XRD,
XPS or UV-Vis data showed results from which many conclusions could be drawn with
high certainty. All Cu compounds investigated seemed to have a band gap at around 1.7
eV but with many states within the band gap that most likely result from the various
crystal phases and many defects observed. The record PCE:s measured for Cu devices
were 0.14%, 0.32 %, 0.15 % and 0.22% for Cu 2:1, 1:1, 1:2 and 1:3 respectively. A main
reason for the lower efficiency in Cu devices compared to Ag devices is attributed to
the lower crystal film quality.

XPS measurements were performed both in-house with a X-ray source of 1486.7 eV and
at the Diamond Light Source synchrotron facility with 758 and 2200 eV respectively.
Due to the various IMFPs of photo electrons with various kinetic energy, this meant
that the sample compositions could be measured at various depths into the surface. In
all samples of Ag-Bi-I, Cu-Bi-I and BiI3 films respectively, Bi atoms with two different
chemical environments were observed. One type of Bi atoms were chemically shifted
by approximately +1.7 eV, corresponding to a cationic form, to be expected if Bi is
partaking in forming a crystal structure, the other type corresponding to metallic Bi
(Bi0). In all cases, the amount of Bi0 was observed to be highest at the extreme
surface and significantly decrease just a few nm deeper into the surface. It was not
concluded which role the Bi0 plays for the efficiency of final devices, but its believed to
effect it negatively. The high amount of Bi0 suggests that the crystal structure is far
from perfect and this is expected to affect the charge transport properties negatively
as it could introduce many defect states. The fact that most Bi0 was found near the
surface could mean that either the Bi0 migrate/diffuse to the surface, "pushed away"
by the crystal structure form, or that they are appearing at the surface. In the later
case perhaps various methods could be applied during the fabrication to avoid this
formation, for example the deposition of the hole transport material (HTM) on top of
the light absorber might have a stabilizing effect. When producing BiI3 films, it was
observed that applying a lower annealing temperature resulted in a lower ratio of Bi0.
Unfortunately lower annealing temperature was also observed to result in less crystal
formation thus further investigation to find the optimal annealing temperature is of
interest.
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Quantification was also performed and a stoichiometry of Ag 2:1 was estimated to
Ag0.76BiI5.23 and Ag1.51BiI5.03 with 758 eV respectively 2200 eV x-ray energy, corre-
sponding for Ag 1:2 being AgBi4.14I43.37 and AgBi2.04I7.68. The detected photo electrons
originating from deeper within the surface (measured at higher photon energy), suggest
that the stoichiometry is getting close to the Ag2BiI5 and AgBi2I7 predicted by the
XRD data in the bulk. However at the surface there is not only a high presence of Bi0
but also a higeer ratio of iodine and a deficiency in silver compared to bismuth. All
in all, this supports the idea that there are many defect states at the surface of the
crystal structures which is predicted to have a negative effect on the charge transport,
both due to higher recombination rates and more difficulty for holes to be transported
between the light absorber and the HTM. For Cu compositions, quantifications did not
give much useful information as the films were far from homogeneous and consisted of
a mix of various crystal phases.

One aspect of metal bismuth halide that can be lifted as advantageous for photovoltaic
applications is the possibility of varying the choice of elements as well as stoichiome-
try to tune the band gap of the light absorbing material. However for the materials
investigated in this work no great change in bandgap was observed for different com-
positions. To investigate this further one could study the choice of halide anion and
metal cation and possibly even mixed structures with two or more different halide/metal
atoms present. Band gap tune-ability is highly valued in photovoltaic materials as it
could be used to match the bandgap to absorb in different regions depending on the
application such as indoors solar cells or in tandem devices.

As a final conclusion and outlook, both Ag-Bi-I and Cu-Bi-I showed to in principle
work as light absorbing materials in solar cell devices, with indirect band gaps of about
1.6-1.7 eV. To investigate Cu devices further, the first thing to focus on is still to find
a synthesis method which works relative well so that homogeneous crystal films can
be produced. Before that is proven possible, other aspects of Cu devices seem less
relevant. Ag based devices on the other hand were synthesized to form homogeneous
and relatively well covering films. With now recorded PCEs above 2%[17] (Zhu et al.),
one can start looking further into device optimization aspects such as HTM and contact
material while furhter optimizing the synthesis. Because of its bandgap around 1.7 eV,
one could imagine Ag-Bi-I to be used as a cheap material in combination with present
silicon devices, which has a bandgap around 1.1 eV, to make tandem devices which in
theory can boost their efficiency above the Shockley-Queisser limit of 31%. There are
still many questions to answer but the potential applications of metal bismuth halides
as light absorbing materials highly motivates further investigation.
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