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Bismuth(III)iodide of photovoltaic applications

Minimisation of surface defects for maximisation of efficiency
André Cedergren Pettersson

Abstract
In this study, attempts to reduce surface defects in BiI3 were made in an attempt
to accomplish greater PCE from BiI3 -based perovskite solar cells. This was done by
variating film growth conditions, i.e. film growth at room temperature, annealing
the thin film, growth in iodine rich environments and manipulation of the thickness
of the active layer. Furthermore, the effect of etchants on the film surface properties were examined. Lastly film growth by an recrystallisation method was tested.
Absorption of the active layer were examined by UV/vis-measurements and confirmation of the BiI3 crystal structure were done using XRD. Finally solar cells were
constructed from some of the BiI3 film, where P3HT was used as HTM and gold as
electrodes. In order to determine the efficiency of the constructed cells, a solar simulator was used. The highest efficiency were approximately 0.1 %, which is lower than
the record efficiency (0.3 %). This efficiency was achieved from two of the methods;
heat-treatment at 165 o C of the thinner film, and the recrystallisation method with
chlorobenzene (also annealed at 165 o C). The study failed to achieve/exceed the
leading efficiency (0.3 %), but manage to show that the efficiency of BiI3 cells can
be improved through a recrystallisation process with toluene or chlorobenzene during spin-coating, in comparison to an untreated BiI3 solar cell used as a reference.
Furthermore it was shown within the samples that heat-treatment further increased
efficiency. Treatment with iodine gas had detrimental effect on solar cell efficiency.
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Dictionary
• PVD: Physical vapour deposition
• FTO: Flourine doped titanium dioxide
• mTiO2 : Mesoporous titanium dioxide
• P3HT: poly(3-hexylthiophene-2,5-diyl)
• DSC: Dye-sensitized solar cell
• XRD: X-ray diffraction
• MAPI: Methylammonium lead(III)iodide
• DMF: Dimethyl formamide
• ETM: Electron transporting material
• HTM: Hole transporting material
• LUCO: Lowest unoccupied crystal orbital
• HOCO: Highest occupied crystal orbital
• GBL: γ-butorylactone
• DMSO: Dimethylsulphoxide
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Introduction

Amidst a global environmental crisis, the demand for renewable energy is higher
than ever. Governments all around the world is forced to alter their sources of
energy, or else meet their demise in the ever changing climate conditions. In 2013
approximately 81.4 % of the worlds energy were harvested from fossil fuel (including
bio gas), 4.8 % from nuclear fission and 13.8 % from renewable sources, solar cells
making up only a small part (under 1.2 %).[1] With an ever increasing population,
which is predicted to reach 9.7 billion people around the year 2050 [2], and an
inevitably growing energy consumption, the need for a sustainable, efficient and
cheap source of energy is desperately needed. With an CO2 emission reaching over
0.5 Gton per year (2014), it’s of great significance to decrease the amount of emitted
greenhouse gases. While the CO2 emission is predicted to decrease in the coming
years, it’ll still be far to high. [3]
Incorporating solar energy and replace the fossil fuel in a society, whose very
foundation is based on fossil fuel, isn’t trivial. To this day, solar cells in particular,
aren’t efficient enough to fully replace fossil fuel, and is mostly used as a complement to the other energy sources. For the commercial silicon based solar cells, the
efficiency lies between 15-18 %, although much higher efficiencies can be obtained
for the experimental cells.[4] These solar cells are not yet suitable for commercial
use. Though giving relatively good efficiency, the fabrication of these solar cells
are rather expensive, especially if one wish to achieve maximum efficiency, and also
involves environmentally hazardous chemicals, e.g. trichloroethane and ammonia
being some of the most common emissions from solar cell fabrication facilities. [5]
In recent years, great strides have been made in the field of photovoltaic devices.
These efforts have results have resulted in completely new classes of photovoltaic
devices, most name worthy are the DSCs (dye-sensitized solar cells) and perovskite
solar cells. Further development of perovskite solar cells is desirable, since this class
of cells are simpler to produce, as well as far cheaper than the conventional silicon
solar cells. The by far most successful perovskite solar cell is the MAPI (methyl
ammonium lead(III)iodide) solar cell, which have achieved efficiencies reaching as
high as 20 %. [6] Lead and it’s compounds, however, are highly toxic to humans
and many other organisms. Thus can production on a commercial scale lead to
detrimental effects on the environment. Also, it has been shown that lead perovskites
are unstable under humid conditions[7] [8]. Layers of MAPI subjected to humid
conditions dissociate, rendering the cell useless. In order to replace lead, research
has been conducted on various candidates, the most suitable being In+ , Tl+ , Sn2+ ,
Sb3+ and Bi3+ due to their electronic configuration. Of these candidates, tin and
bismuth are the most appropriate ones, due to the toxicity of the other compounds.
[9] Tin based solar cells have been made, but showed lower efficiency compared
to lead perovskites as well as higher instability during standard conditions, due to
the fact that the Sn2+ oxidises into Sn4+ , which leads to collapse of the perovskite
structure. [10]. Some research has been made on BiI3 for photovoltaic applications,
but very little compared to lead perovskites.
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2.1

Aim

During the course of this project, I will attempt to improve the efficiency of BiI3 based perovskite solar cells by reducing the concentration of surface defects. This
will be done by producing thin films under different conditions, e.g. allowing the
thin film to grow in room temperature as well as heat-treating thin-films in an
iodine atmosphere as well as in a dry-box. Furthermore the thickness of the active
layer will altered. Lastly a recrystallisation method during the spin-coating, using
chlorobenzene and toluene, will be attempted.

3
3.1

Background
Current research on the photovoltaic capabilities of
BiI3

Most of the research done on BiI3 have been focused on its potential as a X-ray and
gamma-ray detectors. It is only until recently that its potential as a photovoltaic
device has been realised and investigated. As a result of this, not much research
have been conducted on this interesting compound.
BiI3 is a layered compound with the space group R-3h. That is, it has a rhombohedral/trigonal lattice, with the iodine atoms in the lattice points and with two
thirds of the octahedral holes filled with bismuth cations [11]. Since the trigonal
crystal system is part of the hexagonal crystal family, combining BiI3 unit cells
in three dimensions results in a hexagonal structure. Thus, the structure of the
compound does not adapt to the conventional perovskite structure, but nonetheless
shows similar properties to other perovskite materials (e.g. MAPI). [9]
Attempts to incorporate BiI3 as an active layer in solar cells have so far only
yielded efficiencies around 0.3 %. [12] Its inefficiency is believed to be a result of
surface defects, which results in shallow trap states. These states acts as centra
for charge carrier recombination (non-radiative recombination) [13]. The defects in
question are believed to be Schottky defects, and it would seem as they mainly are
iodine vacancies, although some believe that they might be bismuth interstitials [14].
From computational calculations it has been shown that the characteristics of these
defects most likely depend on the growth conditions (i.e. if it occur in bismuth rich
or iodine rich environments).[15] Since the diffusion rate is temperature dependent,
the migration of species should occur at higher temperature. Furthermore, since the
material is in solid state, the migration of defects in the material should be rather
slow. Considering the volatility of iodine, it’s likely that the defect formation is
thermodynamically stable and thus iodine vacancies would form spontaneously. If
the defects in BiI3 is a result of said mechanism, one would assume that the defect
formation is more likely to occur at the surface, since this is only path of escape of
iodine. [15]
In order to minimise the amount surface defects, one can imagine two routes;
either by increasing the grain size, and by doing so reduce the amount of grain
boundaries. This will minimise the revealed surface area, and thus reduce surface
defects. The other way is to fill the vacancies by performing the experiment in
an iodine rich or bismuth rich environment. These two routes aren’t necessarily
mutually exclusive, therefore it should be possible to combine them. Both of these
3

methods will be evaluated in this project.

4

Theory

4.1
4.1.1

Material chemistry
Defects

Defects are present in all materials and may be a result from the material synthesis,
or they may have been deliberately ”placed” there (i.e. doping). Defects can be
grouped into two distinct areas:
• Intrinsic defects: Defects occurring in the pure material, e.g. vacancies in the
crystal lattice or dislocations.[16] [17]
• Extrinsic defects: Defects affecting stochiometry, induced by dopants.[16] [17]
Intrinsic defects does not affect the stochiometry of the material, examples of
these are vacancies (atoms missing) or atoms that have switched place in the structure. These kind of defects are thermodynamically stable, and will form spontaneously. Furthermore is the formation of said defects promoted by elevated temperatures. Examples of these includes ”Frenkel” defects, where atoms in the lattice
have switched place in the structure. Another example is the ”Schottky” defect, were
atoms of the structure is missing, i.e. vacancies in the structure, in such manner
that the overall charge in the structure is zero. [16] [17]
Extrinsic defects, on the other hand, affect the stochiometry of the material.
These defects occur naturally in minerals and other solids, and are commonly used in
material synthesis, where small amounts of another atom or molecule is incorporated
into the crystal structure in order to enhance the properties of the material. This
process is commonly referred to as ”doping”, and the incorporated specie is called
”dopant”.[16] [17] An example of doping in industrial applications is the doping of
steel with chromium, in order to improve the corrosion resistance of the material.[18]
In nature, these defects can be found in e.g. minerals. The dopant can either
substitute the corresponding atom in the original lattice, or be placed in between
atoms. The latter case is referred to as an interstitial, and for that to be possible the
dopant has to have a significantly smaller radius than the atoms in the lattice.[16]
[17]
Furthermore, there exist defects in all spatial dimensions. Defects constricted to
one point in the crystal lattice (0D) is referred to as point defects, whilst defects
which continues throughout 1D, 2D and 3D is referred to as extended defects. some
of the most common examples of these are stacking faults (2D), dislocations (2D),
extended surface defects (3D), to name a few. [16] [17].
4.1.2

Band structure

The electron configuration of solids is represented by a so called band structure,
instead of the orbital model used for single atoms. Each band in the structure
represents an discrete energy state which is, or can be, occupied by the electrons
of the system. The empty space separating each band is referred to as a band gap,
which is the forbidden energy states.[19]
4

When observing the band structure for semiconductors, the focus usually lies on
the HOCO and LUCO states (crystal orbitals), which is more commonly referred to
as the valence band and conduction band respectively.[20]
4.1.3

Semiconductors

A semiconductor is defined as a material whose conductive properties lies in between
that of the insulator and a conductor. Semiconductors can be divided into two
groups; intrinsic and extrinsic semiconductors. As the names implies, the semiconducting abilities in intrinsic semiconductors is an inherent property of the material,
while it is due to dopants in extrinsic semiconductors. [21]. An illustration of the
2-dimensional structure of respective type of extrinsic semiconductor can be seen in
figure 1

(a) An illustration of a p-type silicon
semiconductor

(b) An illustration of a n-type silicon semiconductor

Figure 1: Illustrations of the two kinds of extrinsic semiconductors, using silicon as
an example. In a), the structure of a p-type semiconductor is shown. It’s a result
of doping silicon with an atom with less valence electrons, resulting in an electron
deficiency in the structure (i.e. holes). In b) the structure n-type semiconductor
is shown. The silicon is doped with an atom who has more valence electrons than
silicon, which results in excess electrons in the structure
Depending on the identity of the dopant, extrinsic semiconductors can be divided
into two subgroups: p- (positive) and n-type (negative) semiconductors. In p-type
semiconductors the dopant is an atom which has fewer valence electrons than the
atom in the original material. This results in electron deficiencies throughout the
lattice, which is referred to as holes. The current from p-type semiconductors is a
result of neighbouring atoms donating electrons in order to fill these holes, which
induces a flow of holes (when an electron fills one hole, the initial position of the
electron becomes a hole itself). In n-type semiconductors, the dopant is an atom
with more valence electrons than the atoms in the original material. This results in
an excess of electrons in the structure, which migrates through the structure. [21]
In figure 2, the band gap configurations for respective semiconductor kind can be
seen.
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(a) Band structure of a p-type semiconductor

(b) Band structure of a n-type semiconductor

Figure 2: Band gap structures for the two kinds of extrinsic semiconductors. a)
shows the donation of an electron in to a band gap state, resulting in hole formation
in the valence band of a p-type semiconductor. b) shows the donation from a band
gap state into the conduction hole, resulting in an extra electron in the structure in
a n-type semiconductor.

4.2
4.2.1

Photochemical theory
Fundamentals of solar cells

Solar cells can have various compositions, depending on the type of solar cell. For
perovskite solar cells, the common components is: a glass substrate, ETM (electrontransporting material), active layer, HTM (hole-transporting material) and electrode. An illustration of this kind of cell can be seen in figure 3

Figure 3: General schematic for perovskite solar cells, showing the glass substrate,
electron-transporting material, active layer, hole-transport material and the gold
electrode.
The active layer is the light absorbing component of the system. The absorption
of photons results in charge carriers being generated. In figure 4 an illustration of
the formation of charge carriers is shown. These charge carriers can either be transported away from the active layer by an electric field, or be cancelled out through
recombination processes. Charge carrier recombination can primarily happen in
three different ways: radiative recombination, defect recombination and Auger recombination.
6

(a) Absorption of a photon by the
active layer

(b) Formation, and transportation
of charge carriers (hole and electron)

Figure 4: An illustration of the generation of charge carriers in the active layer of
the solar cell. In a), an incident photon is absorbed by the active layer of the cell,
resulting in generation of charge carriers (holes and electrons), which is shown in
b), along with their movement to the respective pole in the cell.
Radiative recombination occurs when a hole and an electron meets, and thus
cancel each other out. As a consequence of the recombination, a photon is emitted.
Defect recombination involves a charge carrier being trapped in a defect induced
state within the band gap. The charge carriers are recombined if an exciton of
opposite charge enters the same state. Auger recombination differs from the other
cases in the manner that the energy of the recombinated charge carriers neither is
emitted as a photon, nor is it transformed into thermal energy. Rather, the recombinated charge carriers transfer their energy to a third electron in the conduction
band. This electron is excited into a higher energy state within the conduction band.
[22]
The driving force which drives the charge carriers are due to the contact potential
in the junctions between the layers (HTM/active layer interface and ETM/active
layer interface), which creates an electrical field in the cell, the positive end being
the HTM/active layer junction and the negative end by the ETM/active layer. This
electrical field drives the holes to the HTM and the electrons to the ETM. The
charge carriers then travel through the ETM/HTM to the respective electrode. [23]

5
5.1

Techniques
XRD

XRD is a useful tool for structural analysis, which is founded on the diffraction of
light. X-ray radiation has a wavelength on the order of 10−10 m, which is in the same
order of magnitude as chemical bonds. Thus the X-ray radiation is able to penetrate
the crystal planes. By altering the angle of the incident radiation, the path the X-ray
can travel before being refracted by an atom is changed. The refracted beams are
7

then recorded by detectors, which then gives information about the crystallinity of
the sample. [24] Various information can be gained from this method , for instance
the crystal structure, crystal data and presence of contaminants to name a few,

5.2

IV-curve and efficiency

In order to determine the efficiency of the cell, an IV-measurement is performed.
The cell is connected to a generator, and then illuminated by a lamp, and the
generator applies a voltage and a current on the cell. Throughout the measurement,
the voltage is increased, while the current is decreased. The generated current is
plotted against the applied voltage, thus obtaining an IV-curve (current-to-voltage),
whose intercepts are VOC (open-current voltage) and JSC (short-circuit current).
From the intercepts of each axis, the so called ”fill-factor” (FF) can be calculated.
The fill factor is a measurement of the ”squareness of the IV-curve, and also gives an
indication of the cell performance. For a photovoltaic device, a fill factor exceeding
0.8 is desirable. With the intercepts, fill factor and the incident power known, the
efficiency of the cell can be calculated by:
η=

VOC ISC F F
Pin

Where η is the solar cell efficiency, VOC is the open-circuit voltage, JSC is the
short-circuit current and Pin is the incident power. [25]

6
6.1

Method
Production of active layer

The thin films of bismuth iodide will be produced through a solution process, since
it is both quicker and more inexpensive than e.g. PVD (physical vapour deposition) or sputtering techniques. More exactly: a solution of BiI3 in DMF (dimethyl
formamide) will be applied on a FTO (flourine-doped titanium(II)oxide) coated
glass substrate, with a layer of mTiO2 (mesoporous titanium(II)oxide) through spincoating. No equipment to measure the thickness of the layers were available at the
time, thus it wasn’t possible to qualitatively determine the layer thickness. Instead
films produced at a lower spin-coat rate (2500 rpm) is refereed to as thicker layer,
while films produced at higher spin-coat rate (4000 rpm) is refereed to as thinner
layer.

6.2

Improvement of film growth

Since it’s believed that the defects are iodine vacancies, crystallisation will be attempted in an iodine atmosphere. Growth in room temperature as well as at 165o C
will be investigated as well. Films grown in room-temperature serves as a point of
reference, to see whether the effect of the methods is detrimental or beneficial. One
can imagine that a rough surface could spread the propagation of light, which in
turn results in fewer photons being able to penetrate the surface. As a result, exciton generation would be reduced, and a larger portion of the incident light would
be reflected from the surface. Thus by making the surface smoother, the amount
8

of refracted light might be enhanced, and thus absorption capabilities improved.
Thus an experiment were the surface of BiI3 is etched with ethanol will be performed Lastly, a recrystallisation process will be examined, where a second solvent
is added during the spin-coating process. The produced films will be heat-treated,
to see whether heat-treatment in combination with recrystallisation can enhance the
efficiency. Recrystallised samples without heat-treatment will be made to act as references, to determine whether or not the recrystallisation is effective in comparision
to the untreated reference.

6.3

Solar cell

Solar cells will be made from the optimised BiI3 layers. These cells will use mTiO2
as the electron transporting layer, BiI3 as the active layer and P3HT (poly(3hexylthiophene-2,5-diyl)) as the hole transporting layer. the electrodes for the cell
will be gold. To produce them, P3HT will be spin-coated onto the BiI3 films. Then
gold will be deposited onto the sample using a silver evaporator, thus forming a 80
nm thick layer.

6.4

Characterisation

The effect of the experimental conditions on the absorption of the BiI3 -layer will
be tested using UV/vis-spectroscopy. In order to determine the crystallinity of the
samples, and by doing so the success of the experiments, parallel beam geometry
XRD (grazing incidence) will be used. Efficiency will be tested on the complete
solar cells by using a solar simulator. The samples will be evaluated using forward
and reverse scan, as well as with different light intensities.

7
7.1

Experimental
Creation of thin film

Substrates, which had previously been deposited with FTO, were prepared by spincoating mTiO2 , with a particle size of 18 nm, with a rate of 4000 rpm.
Solutions were prepared by dissolving 0.235 g BiI3 (99.9 %, Sigma-Aldrich) in 1
mL of anhydrous DMF. In order to dissolve the BiI3 , the solution had to be heated
for a couple of seconds. The BiI3 solution were applied on the substrates through
spin-coating at a rate of 4000 rpm for 30 s. Samples with a thicker active layer were
also produced for some batches by reducing the spin-coating rate to 2500 rpm.
7.1.1

Reference

In order to test the significance of heat-treatment, samples were prepared according
to the standard method stated in 7.1, and then left to crystallise in room temperature
inside a dry-box. Both thicker and thinner films were produced in this manner.
7.1.2

Annealing

Samples were placed on a hotplate, whose temperature was approximately 165 o C.
The hotplate was located in a dry-box to minimise exposition to moisture. A piece
9

of aluminium foil separated the sample from the heat-source to avoid contamination
of the sample. The samples remained on the hotplate between 5-10 minutes. For one
batch, the time for which the sample were exposed to the heat-source was reduced
to 5 minutes instead. For these samples both thicker and thinner samples were
produced.
7.1.3

Iodine treatment

Different samples were heated in the same manner as described in section 7.1.2,
with the exception of being in an iodine atmosphere. In order to create the iodine
atmosphere, an arbitrary amount of solid iodine was placed beside the sample on the
aluminium foil, and with a beaker placed on top. These samples were only produced
with the thinner thickness.
7.1.4

Recrystallisation

The recrystallisation was performed by applying the BiI3 solution to the substrate
as previously performed. After approximately six seconds, 0.25 mL toluene was
dripped onto the spinning glass. This was followed by heat-treatment at 110 o C
for one sample, and 165 o C for another, in the dry-box. One of the samples wasn’t
heat-treated, in order to be used as a reference. The same procedure was repeated,
but with chlorobenzene as the second solvent. All of the above mentioned samples
were produced once more with a thicker active layer, with the exception for the one
that was heat-treated at 110o C.
7.1.5

Etching

The effect of etchants on the thin-film were tested on samples prepared according to
section 7.1.1-7.1.3. Before measurements were performed, ethanol (99.9 %, SigmaAldrich) were dripped onto the sample using a micro-pipette. The ethanol covered
the sample for 5 seconds and then rinsed using distilled water. After etching, the
sample was heated at 100o C in order to evaporate any remaining etchant.

7.2

Solar cell

Solar cells were constructed from samples prepared according to 7.1.1-7.1.4. 15
mg/mL P3HT were spin-coated onto the BiI3 films at a rate of 2000 rpm in 20
seconds. The samples were put in a silver evaporator (Leika EM Med020), and
approximately 125 mg of gold were put in the chamber. Before evaporating, the
pressure in the chamber was lowered to 10− 5 mbar, followed by applying a current
of 56 A. The deposition rate was kept at 0.01 nm/s until a 20 nm layer of gold had
formed. The voltage was then elevated to 0.08 nm/s. When the deposited layer had
reached a thickness of approximately 80 nm, the deposition was terminated. For
each sample 4 cells were obtained.

7.3

Characterisation

The absorption of the active layer was measured by UV/vis-spectroscopy (Perkin
Elmer Lamda 800/900) in the range of 300-900 nm. Samples produced according to
7.1.1-7.1.4 with the thinner layer were examined with this method.
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Structural analysis was performed by using parallel beam geometry XRD (Siemens
X-ray diffractometer D500, equipped with an parallel-plate collimator). The scans
were made between 10 and 70 2θ. The cell parameters were determined by using
the software EVA. Samples prepared according to 7.1.1-7.1.4 with the thinner layer
was tested with this apparatus.
In order to measure efficiency, the samples were measured in a solar simulator.
The samples were analysed with an absorbance of 100 mW/m2 using forward as well
as reversed scan. Furthermore, different light intensities will be examined (85 %,
46%, 32 % and 11 % sun light intensity). For all measurements, the scan rate were
kept at 50 mV/s. Each cell was measured 4 times, giving a total of 16 measurements
per sample.

8
8.1

Results and discussion
Annealed and untreated samples

Figure 5: Thin films produced using method 7.1.1-7.2.3
When heating samples directly on the hotplate at 165 o C outside the dry-box, the
dark colour of the perovskite film changed to yellow in a couple of minutes. This
might be due to collapse of the perovskite structure, probably induced by the high
temperature. Another possible explanation for this colour transition may be a reaction between the BiI3 and oxygen or water.This colour change was not observed
when heating at the same temperature, but inside a dry-box and aluminium foil in
between the sample and the heat-source. In figure 5, the annealed thin films can be
seen, as well as the samples prepared according to 7.1.1 and 7.1.3.
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Figure 6: XRD-diffractograms of the thinner BiI33 films, produced according to 7.1.17.1.3. Peaks, which has been verified with a reference provided by Ruck et.al. [11]
marked with a black line
Measurements in XRD of the first batch (see figure 6) showed patterns with great
similarity of the characteristic diffractogram of BiI3 , but with some differences. The
main differences, which could be observed in all of the samples, was an intense peak
at approximately 42 o , which is far more intense than in the reference diffractogram.
Furthermore can two peaks be seen between approximately 25 and 28o . One of these
can be found in the reference, while the other isn’t. This may be a ”mirror” peak,
which are results of kα 2 radiation. Furthermore, the low-intensity peaks following
the one at 42 o is similar to the reference, with the exception of being distorted to
a higher angle. Thus it’s uncertain whether they arise from the BiI3 , or are a result
of contaminants. The peaks which have been verified have been marked with black
in figure 6.
The intensities of the peaks differed for each sample. This is hard to explain, since
the intensity arise from various different factors. One such factor would be differences
in preferred growth direction (i.e. the more often the plane occurs, the higher its
peak gets). For the annealed BiI3 sample, a fewer amount of peaks could be seen, a
phenomenon which indicates a higher degree of crystallinity of the thin film. This
result indicates that the heat-treating step of the procedure is of utmost importance
in order to achieve improved crystallinity of the thin film. One would have expected
larger difference in the obtained diffractograms, since it has previously been noted
that different annealing temperatures results in the preferred growth direction being
changed. [9] The obtained UV/vis-spectra for thinner samples prepared according
to 7.1.1-7.1.3 can be seen in figure 7 below.
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The absorbance for the reference film were much lower than the ones that were
heated. This is not surprising, since the crystal growth in room temperature is far
lower and thus it isn’t likely that the growth had gone to completion in the short
period of time that went by between film application and UV/vis-measurement.
The loss of absorbance begins at approximately 520 nm, and starts to converge to
0 absorbance at approximately 750 nm. Furthermore, the spectrum also showed a
plateau at approximately 610 nm which wasn’t observed in any of the other samples.

Figure 7: UV/vis-specttra for the active layers prepared according to 7.1.1-7.1.3 with
the thinner layers
The spectrum obtained for the annealed sample shows the greatest absorbance
in the visible area among the the different samples. A drop in absorbance can be
seen at approximately 660 nm, which flattens out at 800 nm. Between the annealed
sample, iodine treated sample and the reference, the annealed sample shows by far
better absorbance. The difference in absorbance between the annealed BiI3 film
and the reference film might be to the higher degree of crystallinity in the annealed
sample. A more amorphous structure could affect the optical properties of the film
negatively. Furthermore, the heat-treatment may have given a more homogeneous
surface, which would reduce light spreading, allowing more light refracting into the
material, thus allowing more photons to be absorbed.
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(a) Solar cell from BiI3 films produced according to 7.1.1-7.1.3 with
the thin layer, with the gold electrodes clearly visible. Each of the
gold square is one cell

(b) Schematic of the prepared solar cells, showing each of the components
within the cell

Figure 8: Figure showing the solar cells from films produced using method 7.1.1-7.1.3
(left hand picture) and a schematic showing the composition of the cell (right hand
picture)
Solar cells were constructed from the samples which had been prepared according
to section 7.1.1 and 7.1.2 as well as the iodine treated samples from section 7.1.3 and
can be seen in figure 8a above. A general schematic of said cells can also be seen in
figure 8b. In table 1 below, the mean values of the measurements is shown. The best
results by far was achieved by the samples which had been annealed at 165 o C with a
thinner active layer. Those samples had a mean maximum efficiency of about 0.11 %,
which is about a third of the current record. All of the samples showed great stability
in efficiency when subjected to different light intensities, see table 3 in the appendix.
Only at the lowest intensity (11 % sun intensity) the efficiency was significantly
lowered. From the obtained efficiencies, it can be stated that the efficiency of the
solar cell is strongly affected by whether or not the spin-coated sample was subjected
to heat-treatment or not. This is most likely due to the difference in the structure
of the surface. The annealed samples are more likely to have achieved a more
homogeneous surface, giving a better interface between the HTM and/or ETM, thus
making charge carrier extraction more effective. Furthermore is there a possibility
that the heat-treatment was successful in reducing the surface area, thus giving
less sites for vacancy formation. This would however most likely not affect the
concentration of surface defects, and therefore is the first scenario more likely. It was
also shown that film growth in an iodine atmosphere didn’t improve the efficiency.
Rather it significantly lowered it compared to the samples which had been heated
in a glove box. The obtained IV-curves for the first batch of solar cells can be found
in figure. 9
Thicker solar cells were produced from 7.1.1 and 7.1.2 layers. The mean values of
the measurement data can be seen in table 1, below. When comparing the obtained
data from the thicker films to the cells obtained from the thinner films, one can
see that the obtained efficiencies are lower when the active layer was made thicker.
When comparing the obtained data shown in table 1, one can see that switching to
thicker layers for the annealed sample resulted in an approximately 34 % reduction in
efficiency. Similarly, the efficiency for the reference is also lowered as the active layer
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is made thicker. The reduction in efficiency might be due to the longer path between
the centre of the active layer and the HTM/ETM. Intuitively, one would imagine
that when making the layer thicker, the distance the charge carriers has to travel
before getting extracted gets longer. This likely statistically increase the chance for
charge carriers to meet and thus recombine. However, in the study conducted by
Lehner et.al., which currently holds the record efficiency for Bi3 , they used a far
thicker film than mine [12]. When comparing my study to others it would seem
that mine films are thinner than the ones commonly used. Furthermore, the general
trend, that the annealed active layer gives higher efficiency, still applies, further
strengthening the hypothesis of the significance of heat-treatment. The obtained
IV-curve can be seen in figure 10 below.

Figure 9: IV-curve obtained from the solar cells, produced according to section 7.1.17.1.3, thinner layer

Figure 10: IV-curve obtained from solar cells prepared according to 7.1.1 and 7.1.2,
thicker layer
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Table 1: Mean values of the data obtained from the annealed BiI3 solar cells of both
thicknesses as well as their respective reference. Also contains data for the iodine
treated sample
Efficiency (%)
FF
Jsc (A/cm2 )
Voc (V)

8.2

Heat (thin)
0,11
0,49
-1,2
0,18

Iodine (thin)
0,078
0,54
-0,50
0,22

Ref (thin)
0,040
0,41
-0,54
0,15

Heat (thick)
0,072
0,32
-0,23
0,92

Ref (thick)
0,018
0,35
-0,10
0,44

Iodine-treatment

Treatment with iodine gas rendered the film less transparent than the sample that
only had been heat-treated. UV/vis-measurements also showed that the sample
which had been heat-treated under iodine atmosphere had lower relative absorbance
than the one that had undergone the same treatment with the exception of iodine
atmosphere. It is possible that the period of time in which the sample were heated
wasn’t enough for iodine to diffuse into the vacancies. Furthermore, it’s possible
that a rather large amount of the iodine gas condensed on the sides and roof of
the beaker. Since the sample is in solid state, the diffusion rate should be rather
low. However, as previously stated the main defects are located at the surface.
Thus, the diffusion length is very short, and it should be possible to incorporate
iodine into the structure. Higher temperatures will make formation of defects more
thermodynamically stable, so it is possible that the elevated temperature stimulated
formation of iodine vacancies. However, since the atmosphere in the beaker was
saturated with iodine, it’s possible that an equilibrium between vacancy formation
and vacancy filling was formed. In an attempt to circumvent this, the experiment
was repeated in the same manner, but with a piece of glass placed between the
sample and the heat-source. This did not, however, seem to have any significant
effect, which will be made clearer in the sections to come.
Diffractogram obtained for the thinner Bi3 film, which had been heat-treated
at 165 o C under an iodine atmosphere can be seen in figure 6 above. It shows
similarities to the patterns of the other samples in the series, the main difference
being peak intensities and more peaks than the annealed BiI3 sample, albeit very
weak in intensity. This indicates that the procedure, to which the sample had been
subjected to, resulted in a somewhat more amorphous film. The additional peaks
may also arise from iodine, which had not been introduced into the structure. It is
a possibility that the iodine condensed on the surface of the film, thus hindering the
growth of the film. This would result in smaller crystallites on the surface
The UV/vis-spectrum for the BiI3 which had been heat-treated under an iodine
atmosphere showed higher absorbance than the sample which hadn’t received heattreatment between 400 & 620 nm. After 620 nm, a drop in absorption can be seen,
which flattens out around 690 nm. The spectrum can be seen in figure 7 above. The
lower absorbance of the iodine treated film would be explained by the hypothesis
stated above, i.e. iodine condensing on the surface, hindering the film growth. As
stated, this would result in smaller crystallites, and thus resulting in more grain
boundaries.
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8.3

Recrystallisation

Figure 11: Thin films produced by recrystallisation. Top row showing samples crystallised from chlorobenzene, and bottom row crystallised from toluene
In figure 11, samples produced by the recrystallisation can be seen. All of the
samples, with the exception of the chlorobenzene treated reference sample, shows
the characteristic dark colour seen in the BiI3 perovskites. The samples which had
been produced using the recrystallisation process showed immediate darkening upon
applying the second solvent. In case where chlorobenzene was used, a much more
intense dark colour were seen, with the exception of the first sample, which only
achieved a darker shade of orange. This is likely due to experimental circumstances.
One likely parameter is that the second solvent were applied to early or to late.
According to Xiao et.al, the second solvent would then have little to no effect,
if the critical stage hadn’t been reached or had passed. According to them, the
process consists of three stages; a first one, where excess solution is removed through
spinning, a second one (which also is the critical one) where the evaporation of the
first solvent occurs, which results in concentrating the perovskite. It is in the last
stage where crystallisation commences.[26] In all of the other cases, an almost black
shade was immediately achieved upon applying the second solvent (regardless of
solvent used). In the second produced batch, the spin-coated layer of BiI3 was
made thicker by using a spin-coat velocity of 2500 rpm. The resulting films showed
similar results upon applying the second solvent. One major difference, however
could be spotted in the samples produced with chlorobenzene. In this batch, both
of the films obtained a yellow colour. During the fabrication, extra care was used
in order to ensure that the application of the anti-solvent occurred 4-6 seconds into
the spin-coating process.
Diffractograms from the samples produced through recrystallisation showed very
peculiar results. At 38 and 46 o , two intense peaks can be seen. The intensity of
said peaks are so high that all other peaks disappear in the noise in comparison. At
angles lower than 38 o , only peaks with very low intensity can be seen. When comparing the resulting peaks to the PDF-database (powder diffraction database), the
only compounds which slightly resembled the experimental was either titanium or
tungsten. Since there’s neither tungsten or titanium present in none of the samples,
and the XRD sample holder most likely doesn’t consist of titanium/tungsten single
crystals, this sounds very odd. If the incident light hits the sample at a to high
angle, the substrate will be hit as well. This would result in TiO2 showing in the
diffractogram. Cross referencing with the PDF-database, however, did not imply
the presence of TiO2. Furthermore, the maximum incident angle at which a peak
could be seen was 45o , which shouldn’t be high enough to penetrate the film. An
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example of obtained diffractograms can be seen in figure 12, which is representable
for all of the measurements on all of the similar samples. Whether or not the result
lies in machine malfunction or in the sample is hard to tell.

Figure 12: Diffractogram obtained from the film recrystallised with toluene, and
annealed at 165 o C. Made from thinner film
The UV/vis-spectra from the various recrystallised samples all showed great
similarities to each other, especially within the respective group. All of these spectra
were significantly different in comparison to those obtained and presented in section
7.1.1 and 7.1.2. In all of the cases, the absorbance doesn’t drastically drop, in
contrast to the spectra in 7.1.1 and 7.1.2. Instead, it evenly decreases until reaching
600-620 nm (depending on sample), were it makes a small drop. The curve then
converges to a non-zero absorbance, which proceeds beyond 800 nm. The difference
of these spectra compared to the ones in figure 13 and 14 are most likely due to
the surface of the samples. In the samples produced by recrystallisation, the film
surface should be more homogeneously distributed than in the sample produced
by conventional spin-coating (as reported in studies conducted on recrystallisation
during spin-coating of lead perovskites. [26] Thus, on could assume that mean
thickness of the recrystallised films would be lower than the conventional samples.
For BiI3 -films produced through regular spin-coating, the BiI3 is known to form
islands on the substrate [31], thus forming thicker areas on the film, which will affect
the light absorption capabilities of the sample. For the recrystallised samples, where
chlorobenzene had been used, and hadn’t undergone heat-treatment, the obtained
spectrum showed strange results. The spectrum showed barely any absorbance in
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the visible area, which most likely are due to failure to apply the second solvent
during the critical time period (4-6 s).

Figure 13: UV/vis-spectra of samples recrystallised with chlorobenzene and annealed
at 110o C (green line) and at 165o C (red line)
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Figure 14: UV/vis-spectra of samples recrystallised with tolueneand annealed at
110o C (green line) and at 165o C (red line) and reference (blue line)
The second solar cell measurement were conducted on the recrystallised samples,
which were prepared from the thicker BiI3 film. The resulting IV-curves can be
found in figure 15. In table 2 below, the mean of the results are tabulated. The
achieved efficiency of the sample which had been recrystallised using chlorobenzene
and heated at 165o C was significantly higher than that of the others in the measured
series, giving almost as high efficiency as the thinner annealed bismuth sample. In
contrast, the sample which had been recrystallised from toluene and heat-treated at
165o C did not differ significantly compared to the thicker annealed BiI3 sample. The
largest difference could be seen between the samples which had crystallised at roomtemperature, i.e the recrystallisation references and the untreated references. Of
these, the ones produces using the recrystallisation showed higher efficiency than the
untreated references. This might be due to a more homogeneous surface structure
in the samples produced using recrystallisation, which in turn would give a smaller
exposed surface area. A reduced surface area would in turn result in less surface
defects, due to less surface being exposed to the air (less material/air contact would
lead to less iodine being able to evaporate from the structure).
The results from the second series of solar cells indicates that recrystallisation
indeed can be used to achieve higher efficiencies for BiI3 solar cells, given an appropriate second solvent. In an article by Jeon et.al., they state that an appropriate anti
solvent not only should have a higher boiling point than the first solvent, but also a
very low vapour pressure. In their article, they used a solvent mixture of GBL (γbutorylactone) and DMSO (dimethylsulphoxide) for preparation of lead perovskite
solar cells. [32] Optimisation of BiI3 may be accomplish by using a similar method,
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although the composition of the solvent mixture might be completely different.

Figure 15: IV-curve obtained from the solar cells obtained from recrystallisation with
chlorobenzene and toluene, as well as their references

Table 2: Mean data obtained from the solar cell measurements, of the samples
which had been recrystallised and heat-treated with toluene (”tol”) and chlorobenzene (”cbz”) respectively, and their references (i.e. not heat-treated). All of the
forementioned samples were made from thicker layers
Efficiency (%)
FF
Voc (V)
Jsc (A/cm2 )

8.4

Tol
0,051
0,36
1,0
-0,16

Tol ref
0,037
0,43
0,423
-0,21

Cbz
0,11
0,53
0,86
-0,23

Cbz ref
0,035
0,42
0,36
-0,21

Etching

Fornaro et.al. has shown that a surface treatment with ethanol reduces the resistivity
of the surface. [27] Since the power loss of he cell is directly proportional to the
resistivity [28], it would be expected that reducing the resistivity would lead to
higher efficiency. Sadly enough, an amount of only 10 µL ethanol quickly dissolved
the film all down to the substrate. Thus this method is likely not appropriate for
thin films produced through solvent methods, since these films may be to thin. A
possible way to circumvent this problem might be to add the etchant during the
last seconds of spin-coating, though only a very small quantity. the problem may
also be solved by using an aqueous etching agent, where the solubility can controlled
by diluting the etchant agent further. For this purpose one could examine HCl as
etchant, which haven’t been examined in this particular purpose (i.e. etching of
BiI3 thin films). Another potential etchant that could be used in future endeavours
is potassium iodide (KI). Whether or not BiI3 is soluble in this solution is not
tabulated, but since it is aqueous, BiI3 should be less soluble in KI than in ethanol.
Previous studies on this topic has been made on the isostructural α-HgI2 . They
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are, however, quite contradictory, since some articles say that etching improves the
surface while some say that it’s detrimental. According to Ponpon et.al., addition
of alkali halides might create hard dissolvable alkali salts at the film surface [29].
However Levi et.al. showed that this could be prevented by using small quantities
of diluted KI, which had been cooled to an temperature interval of 0-5 o [30].
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Conclusion

In conclusion, during the course of this project, experiments have been conducted
in order to investigate the effects of different growth parameters on the crystallinity
of BiI3 in order to be able to minimise surface defect concentrations. The maximum
achieved efficiency was 0,11 %, which was obtained from the thinner annealed BiI3
solar cell as well as a solar cell constructed from BiI3 recrystallised from chlorobenzene and annealed at 165o , made from a thicker layer of BiI3 . This efficiency is lower
than the record efficiency of BiI3 solar cells, which is 0.3%, obtained by Lehner et.al.
Thus the study was unable to significantly improve the efficiency of BiI3 solar cells.
The main hypothesis on which the study was based on was to test whether or not
the efficiency could be improved by iodine treatment of the BiI3 film. At the end
of the study it was concluded that this couldn’t be done using the experimental
procedure presented herein.
A short summary over the achieved results:

• It has been shown that the heat-treatment of the samples is highly critical to
achieve higher efficiency. This have been proven by comparing annealed BiI3
films with untreated BiI3 films (references)
• The most significant result of this study is that it has been proven that recrystallisation can be applied to BiI3 solar cells to improve its efficiency. This
was shown by recrystallising samples with two different solvents (chlorobenzene and toluene). These cells were compared to solar cells produced from
untreated BiI3 films, which showed positive results. The results indicates that
heat-treatment combined with recrystallisation can further enhance the efficiency of the cells, which is indicated when comparing the recrystallised cells
which had been heat-treated with the heat-treated BiI3 solar cells of similar
thickness. Chlorobenzene proved to be the better solvent.
• Iodine treatment proved detrimental when conducted according to the description in 7.1.3, lowering absorbance properties as well as solar cell efficiency.
• Etching of film surface failed, pure ethanol dissolved the film surface.
.
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Future aspects

There are still various different experiments which may be of interest for this material. For instance, the effect of different annealing temperatures would be of great
22

interest to examine. Furthermore, the effect of varying the thickness of the active layer would also provide useful insights in the production of these films. A
recommended follow up for vacancy reduction path of the experiment would be to
synthesise the BiI3 in an abundance of iodine, instead of using prefabricated BiI3 .
Also, it would be interesting to see if the film could be improved by producing it from
a mixture of BiI3 and BiCl3 . The last of these experiments could provide an insight
in the identity of the surface defects. While the solar cells produced by recrystallisation showed good efficiency compared to the references. it could be further used
by using a different second solvent, or perhaps a mixture of two. The experiment
mentioned last would be tried at with different solvent ratios. Regarding the unsuccessful attempts of etching the film, future studies could investigate other etchants,
like KI or HCl. Etchants could potentially have a significant role in the process of
incorporating BiI3 as an active solar cell layer, since the roughness of the surface
affects how much light that is reflected or refracted and thus how much light that
will be absorbed. Due to the fact that these methods may be combined in numerous
ways, there are plenty of experiments which can be conducted. Most important is
to find the optimum annealing temperature as well as layer thickness. It would also
be useful to have access to an electron microscope to examine the surface structure
of the samples. During this study I have only been able to speculate and make
assumptions regarding the structure of the surface, based upon observations found
in previous studies. Lastly, the reproducibility of the methods has to be tested to
verify whether or not they are dependable.
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Appendices
A

Measurement data

Table 3: Efficiencies at different light intensities for the solar cells that had been
annealed, iodine-treated and the reference, all made from thinner layers
Efficiency
11 %
32%
46 %
85 %

Heat
0,091
0,14
0,14
0,15

Iodine
0,023
0,041
0,043
0,045

Ref
0,021
0,032
0,032
0,033

Table 4: Efficiencies obtained from different light intensities for solar cells produced
from annealed film and its reference, and the cells from the recrystallised films and
their references (chlorobenzene and toluene), all produced from thicker films
Efficiency
11 %
32 %
46 %
85 %

Heat
0,075
0,091
0,088
0,084

Ref
0,026
0,030
0,028
0,026

Tol
0,040
0,039
0,051
0,050

i

Tol ref
0,044
0,056
0,057
0,060

Cbz
0,10
0,14
0,13
0,13

Cbz ref
0,030
0,037
0,037
0,038

