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Abstract

Bilz is an n-type semiconductor, synthesized in thin layers through the solution deposition
techniques of spin-coating and thermal annealing. Although the material has a favorable optical
band gap of 1.8 eV, researchers have not yet been able to raise the power conversion efficiency to
a point where it contends with current manufactured semiconductor materials like silicon. We
hypothesize that this is attributed to the high resistivity of Bilscombined with an insufficient carrier
lifetime. To address this, we sought to improve the light absorption and carrier collection by
optimizing the thickness, morphology, and chemical composition of each layer. The Bils cell
contained the following layers, in order: Glass/FTO/TiO2/Bils/ P3HT/Gold, where we optimized
the Bils and TiO> layers. For the TiO> layer optimization, it was found that compact (c) TiO2 with
an additional layer of mesoporous (m) TiO- facilitated charge collection and therefore increased
the short-circuit current density (Jsc) of the cells. As for our semiconductor layer, we found
through experimental results that annealing Bils in air oxidizes its surface, improving open-circuit
voltage (Voc). This benefit of using oxidized Bils as the semiconductor layer was also confirmed
through computational modeling. Additionally, a heat treatment of Bilz using solvent vapor
annealing (SVA) in dimethylformamide (DMF) increased grain sizes, increased carrier mobility
and lifetime, and improved the Voc. Finally, we combined these modifications with an additional
10-minute 100°C post-anneal after the gold evaporation stage, which we found to enhance
interlayer contact and therefore the overall Jsc. Achieving a maximum power conversion
efficiency of 0.23%, we affirm that Bils is a promising material that requires a more in-depth

characterization to better discern areas of improvement.
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1.0 Introduction

This Major Qualifying Project (MQP) is part of a larger effort to characterize and advance
the potential of thin-film selective contact solar cells. Though these photovoltaic (PV) materials
are in their research and development stage, we believe that there is a hopeful and promising future
for them. There are many benefits to pursuing second generation solar materials as global efforts
toward the integration of clean energy practices continues.

In terms of current manufacturing prices, silicon solar cells have high costs due to high
temperature production requirements (~1500 °C), which are required to achieve high efficiency.
Additionally, because the silicon cells are nearly perfected, it is difficult to reduce the associated
pricing beyond lean manufacturing improvements. Therefore, researchers are now focusing on
alternative materials.

Presently, there is relatively little background research focused on second generation solar
cell materials, such as bismuth triiodide (Bils), the material of interest in this research study. As a
semiconductor material, Bils serves as a nontoxic alternative to lead-based thin film solar
materials. It also has many favorable photovoltaic properties, such as a near-ideal band gap of 1.8
eV, and a high optical absorption coefficient of >10° cm™. Another benefit of Bils, addressed more
comprehensively in the background section, includes a theoretical efficiency of ~44% when placed
in tandem with a silicon cell (see Section 2.5.1).

Accordingly, the goal for this MQP is to synthesize Bils thin-film solar cells and analyze
how altering variables in the synthesis process affect solar cell performance. In order to reach this
goal, we had the following objectives:

1. Synthesize Bils solar cells using a reproducible method.

2. Benchmark solar cell layers by measuring cell efficiency.

3. Use experimental data to provide a basis on improving the material and optimizing its
production process.

4. Study the Bils absorber using the density functional theory.

5. Use theoretical data to explain important features of experimental data.



2.0 Background

This section contains background information for understanding methodologies and results
detailed in later sections. It begins more broadly with the larger implications and promising future
of solar energy and then narrows to physical and theoretical terminology and concepts of

photovoltaic (PV) materials such as bismuth triiodide (Bils).

2.1 The Promise of Solar Power

Solar energy was first harnessed over a century ago, but only in the past few decades have
people begun to use it as a viable energy option. As a renewable energy source, solar energy is
environmentally friendly and has seen a steady decline in cost over the past decade. Although solar
energy grows increasingly relevant each year, it still faces the challenge of contending with fossil
fuel energy sources, such as oil and gas. This section aims to address the fundamental challenges
created through current energy practices, and affirms the promise and potential of solar energy.

2.1.1 The Human-Enhanced Greenhouse Effect

The United States and many other first world countries rely heavily on resources such as
coal, oil, and natural gas for their energy needs. Although these resources are inexpensive and
convenient for many, they are finite in nature and tax the environment when used on a large scale.
From petrochemical refineries and oil wells to gasoline-powered vehicles, there are many ways by
which fossil fuels have an adverse effect on the environment. This damaging effect is achieved, in
part, from the retrieval of these resources - for example, the drilling and extraction of natural gases
- however, the most prominent source of environmental harm are the emissions from combustion,
such as greenhouse gases or other toxic pollutants.

Our planet’s atmosphere contains different gases that trap heat, called greenhouse gases;
many of these gases are a result of burning fossil fuels. Carbon dioxide and methane are the most
abundant greenhouse gases - they account for an accumulated 92% of global greenhouse gas
emissions.! Other, less prevalent greenhouse gases include nitrous oxide, ozone, and
chlorofluorocarbons (CFCs). As a result of the presence of these gases, Earth’s transparent

atmosphere undergoes the greenhouse effect. When sunlight warms the Earth’s masses of land and

! Environmental Protection Agency, Overview of Greenhouse Gases (EPA, April 2016).



oceans, these warmed surfaces release infrared radiation, in the form of heat, back into the
atmosphere. Greenhouse gases prevent infrared radiation from passing back through the
atmosphere. They instead absorb this infrared light and prevent it from reflecting back into space.
This trapped heat is emitted as radiation back to the surface of the Earth, which in turn heats the

surface.? The result - planetwide climate change.

2.1.2 Solar as a Renewable Energy Source

According to a Massachusetts Institute of Technology (MIT) research study, The Future of
Solar Energy, researchers believe that the large-scale implementation of solar energy is “likely to
be an essential component of any serious strategy to mitigate global climate change.”® Given that
present day issues like global warming are directly attributed to current energy practices, solar
energy is a promising energy source for the future. Solar power has large scale potential for
mitigation of global climate change and the ability to meet the global energy demand. According
to the United States Energy Information Administration (EIA), the total world energy
consumption, as of 2015, is 575 quadrillion British thermal units (Btu). This number is projected
to grow to 736 quadrillion Btu in 2040, a 28% rise.* Solar energy can keep up with this energy
demand because the sun delivers more energy to Earth in one hour than the world consumes over
the course of a year.®

From Energy Informative, solar energy has the potential to save United States families
thousands of dollars, increase the value of homes, create energy independence, and save the
environment.® Figure 1 illustrates the price of solar power over time, which has traditionally been
a factor which hinders adoption. Based on the graph, the median price of residential, non-
residential, and utility-scale solar technologies has decreased substantially since 2010. The y-axis
of the graph represents values of 2015 $/Watt (W)pc, or dollar value per unit of direct current

power, indicating a tangible decline in price.

Z University of Pittsburgh Physics and Astronomy, Environmental Problems with Coal, Oil, and Gas (The Nuclear
Energy Option, Ch. 3).

3 Massachusetts Institute of Technology, The Future of Solar Energy. (MIT, 2015).

4 U.S. Energy Information Administration, International Energy Outlook 2017 (EIA, September 2017).

> MIT Technology Review. Solar Power Will Make a Difference - Eventually (2009).

6 Meahlum, Mathias Aarre, Top 10 Benefits of Going Solar (Energy Informative, 2017).
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Figure 1. Installment cost of solar electricity (per watt) from 2010 —2015.7

With this decrease in installment price has come an increase in usage, and thus growth of
the solar industry. According to a Science Magazine article, the global solar electricity market is
presently valued at more than $10 billion annually and continues to experience industrial growth
of at least 30% each year.® Figure 2 illustrates the growth of solar energy based on yearly energy
consumption. Based on the graph, there is a promising trend in solar growth rate that is projected
to continue in the future. Each year the adoption of solar grows, but there are challenges that the
industry must overcome to compete with other energy sources, such as petroleum, coal, and natural

gas.

" Weiner, Jon, Median Installed Price of Solar in the United States Fell by 5-12% in 2015 (Berkeley Lab, 2016).
8 Lewis, Nathan S., Toward Cost-Effective Solar Use (Science Magazine, 2007).
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Figure 2. Steady growth of solar PV renewable energy.®

2.1.3 The Challenges of Solar Energy

Although solar energy is growing, fossil fuels continue to serve as the dominant energy
source. Presently, fossil fuels are inexpensive, available, reliable, and convenient. Industries have
been created for the purpose of retrieving underground deposits of these resources. They are
convenient for homeowners to use and provide instant and reliable energy on demand. Finally, in
terms of reliability, the capacity factor, or the average power generated divided by the rated peak
power, is notably greater for fossil fuels than solar energy devices. While coal power stations
operate at 70-80% maximum capacity, solar panels often operate at a capacity factor of around

15%.! This means that solar energy sources are less reliable than fossil fuels, which can be

® Wikimedia Commons, PV cume semi log chart 2014 estimate.svg (Wikimedia Commons, 2014).
10 Distributed Generation Limited, Fossil Fuels - Cheap, Available, Reliable, & Convenient (Dec 2017).
11 Mathiesen, Karl, What is holding back the growth of solar power? (The Guardian, 2016).



attributed to the scarcity of consistent sunlight during different seasons or in different regions of
the globe.

Another challenge that solar energy faces is low usage in many regions of the globe,
especially in developing countries. Only a limited number of first world countries, particularly
those in Europe such as Germany, Italy, and the United Kingdom, utilize solar energy significantly.
The price of solar ($260/m? for silicon PV cells)? far exceeds the economic limits of developing
countries, such as India and those in Africa, where experts argue that the price per unit area would
need to be reduced by one order of magnitude in order to be implemented in widespread fashion.*3
Fortunately, as solar prices decline and growth expands, poorer countries are more likely to begin
implementing PV units.

To expedite solar commercial implementation on a large scale, researchers argue that solar
energy must be captured, converted, and stored in an economically-sound manner.** This would
mean harnessing solar energy in a manner that is comparable to fossil fuels. This is a challenge
that all renewable energy industries are facing; although scientists believe that this will one day be
a feasible objective, there is still much research and collaboration to be done before it becomes a
reality. Fortunately, there are certain realities that benefit the future of solar energy. For instance,
the most obvious and substantial drawback of fossil fuels is that they are not replenishable. In this
sense, solar energy has a fundamental advantage since it is renewable, which serves as its main
selling point. In addition, there is reason to believe that other factors, such as solar cell efficiency
and price will come together to bring about an opportune time for solar power. In order to
understand how to improve these factors, photovoltaics as well as their materials must be

understood as well.

2.2 Governing Principles of Photovoltaic Materials

Photovoltaic devices, also known as solar cells, are made up of materials that are able to
harness light energy from the sun and transform it into electricity. This section articulates these
photovoltaic materials, their importance in the structure of solar cells, and how they allow the cells

to operate.

12 Rao, Pratap, Solar Energy - Photovoltaics. (Worcester Polytechnic Institute Mechanical Engineering, 2017).
13 1bid.
14 bid.



2.2.1 Semiconductors

The main component of a solar cell is the semiconductor material. Semiconductors provide
an efficient system for converting solar energy into electrical energy. This is because
semiconductors absorb light and create photoexcited electrons. The energy of these photoexcited
electrons can be extracted to produce electricity. There are two types of semiconductors based on
whether the dominant charge is a hole (p-type) or an electron (n-type). Holes and electrons are
both carriers within the solar cell, while holes carry a positive charge and electrons carry a negative
charge. Semiconductor materials become p or n type when they are doped or an impurity is added
to it.2> Doping semiconductor materials enhances the electronic properties, therefore allowing it
to be used as a photovoltaic material. These doping techniques are shown below in Figures 3 and
4, where a group 1V element (such as Si) is being doped, for example. In n-type doping group V
elements, such as phosphorus or arsenic, are used because they have five valence electrons and
group 1V has four. In Figure 3, this is shown as the red atom. When the red atom replaces a
semiconductor atom, there is an extra negative electron, creating an n-type material. Although, the
negative electron is also paired with an extra proton from the nucleus of the impurity, so there is
still an overall neutral charge on the material. The extra negative electrons become free electrons
within the material because they are not bound to a nucleus. As a result, n-type materials have an

increased concentration of free electrons.

ron

pV atom

Figure 3. N-Type Doped Semiconductor

15 Honsberg, C. and Bowden, S., Doping, (PVEducation, 2016).



In p-type doping, a group Ill element, such as boron or gallium, is added to the
semiconductor because they have three valence electrons, compared to four electrons of group 1V
elements like Si. In Figure 4 this is shown as a blue atom. Since the dopant atom only has 3
electrons, compared to four electrons of neighboring atoms, there is a deficiency of charge on the
dopant. If a nearby atom donates a charge to the dopant, this leaves behind a net positive charge
on the donating atom, or a hole. These holes are a lack of full electrons on atoms. Similar to n-
type, the material has an overall neutral charge, although in p-type there are an excess amount of

free holes instead of free electrons.'® Holes are positively charged carriers within the cell.

ectron (hole)

Figure 4. P-Type Doped Semiconductor

These materials are important to photovoltaics because when junctioned together, they allow the

flow of electricity necessary for the cell to function.

2.2.2 Semiconductor Junctions

Semiconductors harness light energy from the sun and transform it into electricity by
converting electromagnetic energy of the photons from the light into electrical potential energy.
The potential energy is raised when the electrons are excited and then allowed to move from the

ground state to the excited state, as shown in Figure 5 below. In the ground state, there is an

16 Honsberg, C. and Bowden, S., Light Generated Current, (PVEducation, 2016).



electron hole pair, which is a positive and negative charge together, and in the excited state they

separate.

Photon

Ground State Excited State

Figure 5. Sunlight in the form of photons increase the electrons in the cell to an excited state therefore
increasing the electrical potential energy. Only light with a certain wavelength (the difference in energy
between the two electronic states) is able to excite the electron.

In order for the light to generate electrical power, a voltage across the cell must be
produced. Solar cells are made up of materials with different concentrations of free holes and
electrons, creating an electric field at the junction of the materials. The electric field is created
when the electrons diffuse into the other material and leave behind ion cores. This concept of
electron deficiency in p-type and n-type materials to create an electric field which is like a
concentration gradient, shown in Figure 6 below. Electrons diffusing from the n-type to the p-type
material leave behind uncompensated donor ions (Nq¢*) and holes diffusing from the p-type to n-

type material leave behind uncompensated acceptor ions (Na*).!” However, because of the

17 valkenburg, Mac E. VAN, Reference Data for Engineers: Radio, Electronics, Computer, and Communications
(Technology & Engineering, 2001).



fundamental concentration gradient that exists in the semiconductor material, an electric field at

the junction is generated.
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Figure 6. The formation of an electric field can be thought of as a concentration gradient. Once there is
motion of the charges, the holes leave behind positive ion cores on the n side and the electrons leave
behind negative ion cores on the p side, forming the electric field.

If there is no difference in concentration among the carriers in the semiconductor, then
there is no net motion of charge through the material. However, in n-type materials like Bils,
electrons are the majority carrier (while holes are the minority carrier) and therefore there is a
difference in concentration between the n-type and the p-type materials. Accordingly, a larger
difference in concentration between p-type and n-type materials results in a greater amount of

diffusion, which in turn, yields a stronger electric field. Inversely, a smaller difference in

10



concentration ultimately results in a weaker electric field. As electrons diffuse across the p-n
junction, there is a point where the electric field’s negative charge repels any further diffusion. The
electric field acts as a barrier, and is referred to as the depletion region. This phenomena can be
used to explain the behavior of electrons and holes as they diffuse through semiconductor
materials, such as ours. The potential difference needed to move electrons through the electric field

is called the barrier potential. Equation 1 outlines the equation of the barrier potential.

kT
=L (22)
q Pn

Equation 1. Barrier Potential

In the above equation, kT is equal to room temperature thermal energy (~0.025 eV) and q
represents the electron charge, while variables p, and pn are the hole concentrations on the p and
n-side, respectively. Qualitatively, this means that the higher the concentration of holes on the p-
side of the material, the greater the barrier potential. Because n-type materials have a low
concentration of holes that when placed in tandem with a p-type material, which has a higher
concentration of holes, the strength of the electric field would increase with increasing amount of
holes. The difference in electrical potential of the electrons and holes across these materials creates
the voltage.

The electric field at the junction between these materials drives the electric current in one
direction, allowing for the operation of the device. The general operation of a solar cell starts with
the light entering the cell, and exciting electron-hole pairs. The electrons then diffuse in the
direction of the electric field. Once the electrons diffuse to the current collector layer, they move
horizontally toward the external circuit. The electrons move through the external circuit and
dissipate their energy into the load, and then they move back to the cell, entering through the
transparent current collecting layer. An electron meets back with a hole in the cell to complete the

circuit.!® This is known as the photovoltaic effect.

18 Honsberg, C. and Bowden, S., Solar Cell Structure, (PVEducation, 2016).
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2.2.3 Structure of Solar Cells

In order for solar cells to operate as described above, the cells must have the correct
structure. The most common structure of photovoltaics contain p-n junctions, although this is not
the only existing structure of a solar cell. An alternative structure is a selective-contact solar cell,
which is the structure that we will be studying in this report. Both structures follow the same
general operation as described in 2.2.2, although there are a few differences depending on the

layers included in each structure which will be outlined within this section.

2.2.3.1 P-n Junction Solar Cells

The most common structure of a solar cell includes a p-n junction. A p-n junction is formed
when p-type and n-type semiconductors are placed next to each other. The p-type and n-type
materials are the main component in the structure of these types of cells and are located in the
middle of the cell. A common semiconductor for these layers is silicon. Just as was shown in
Section 2.2.1, silicon can be doped to become p-type or n-type. On top of the p-type semiconductor
is a transparent current collector layer. This is transparent to allow light through and into the
semiconductor layers. Below the n-type material is the current collector layer, where the electrons
are collected before they move into the external circuit. Some other examples of p-n junction solar
cells are thin-film cells including cadmium telluride (CdTe) and copper indium gallium selenide
(CIGS) cells. In CdTe cells, the p-type material is the CdTe and the n-type material is Cadmium
Sulfide (CdS). In CIGS solar cells, the p-type material is the CIGS and the n-type material is also
CdS. The general structure of a p-n junction cell is shown in each step of Figure 7 below.

12
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Figure 7. A p-n junction is created when p-type and n-type materials are next to each other. Once the
light enters the cell, the electron hole pairs get excited and the electric field forces the charge to flow in
one direction. The solid line show how the electrons and holes diffuse through the cell and the dotted line
in this figure shows how the charge flows through the circuit. When the electrons meet back with a hole in
the transparent current collector layer, the circuit is completed.
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As described in 2.2.2, an electric field occurs because of electron diffusion between a p-
type and n-type material. Because of this, the electric field occurs at the junction between the p-
type and n-type material. The electric field forces the charge to flow in one direction, allowing
electricity to flow through the cell. As shown in Figure 7, p-n junction solar cell operation starts
with light energy from the sun entering the cell at the top. Once the electron hole pairs are excited,
the electrons will diffuse through the n-type material towards the current collector layer, then
horizontally to the external circuit. The electrons will re-enter through the transparent current
collecting layer and then meet with a hole there to complete the circuit. The hole reached the
transparent current collector layer by first diffusing through the n-type, then the p-type material.
The carriers diffuse by moving in random straight lines until they hit defects or atoms in the cell
to cause them to bounce in a different direction. This diffusion continues, as shown in the top of
Figure 7, until they reach their respective destinations.

2.2.3.2 Selective-Contact Solar Cells

Another type of solar cell structure is a selective-contact solar cell, which is illustrated in
Figure 8 below. Figure 8 shows the cell in the orientation that it is built, although it operates with
the glass layer as the top contact in relation to the sun. These photovoltaics contain a semiconductor
in the center of the structure, where the absorption of light occurs. They also include Hole
Transport Layers (HTLs) and Electron Transport Layers (ETLs), and these layers serve the same
purpose as the p-n junction. The HTL, which is the layer directly below the semiconductor layer,
is usually made of PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), Spiro-
OMeTAD (2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene), or P3HT
(poly(3-hexylthiophene-2,5-diyl)). This layer is selective, meaning that it only allows holes
through. Additional polymers that the HTL can be made up of include poly-triarylamine (PTAA)
or poly-indacenodithiophene-difuorobenzothiadiazole (PIDT-DFBT).X® On the top side of the
semiconductor is the Electron Transport Layer, or the ETL. This layer is usually made of TiO, and
it is also selective in order to only allow electrons through. It is important that the HTL and the
ETL are selective because otherwise, recombination of the electrons and holes could occur at the
interfaces. Below the HTL is a 100 nm thick layer of gold, which a current collector layer. Above

the ETL is a transparent conductive electrode layer which is usually made up of fluorine doped tin

19 |_ehner, Anna, et al, Electronic structure and photovoltaic application of Bils, Applied Physics Letters (2015)
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oxide (FTO) or Indium Tin Oxide (ITO) or. The final layer on the top of the solar cell is a 2 mm

=

layer of clear glass.

Semiconductor

ITO
FTO

Figure 8. The structure of a selective-contact solar cell shown in the orientation that it is built. The
sunlight entering the cell excites the electron-hole pairs in the semiconductor layer. The charges separate
and diffuse toward their own selective layers, the HTL (hole transport layer) and ETL (electron transport

layer). These layers only allow their respective charges to diffuse through them. The electrons reach the
transparent conductive electrode layer then move through an external circuit and recombine with the
holes in the current collector layer. Selective contact solar cells also include a glass layer which is the
substrate that the cell is built upon. It is transparent to allow light into the cell.

The operation of the selective-contact solar cells begins with light entering the top of the
cells through the transparent glass. Once the light reaches the semiconductor layer excited electron
and hole pairs are created. Once the pairs are separated they diffuse around the semiconductor
layer until they find their selective layers. This diffusion of charges creates electric fields at the
interfaces between the semiconductor and the selective layers. The ETL serves as the n-type
component, the HTL serves as the p-type component, and the semiconductor can be either p-type
or n-type. In the case that the semiconductor is more n-type, a series of p-n-n would be created,
with electric fields at both of the junctions. Both of these fields are pointing in the same direction,
which makes the ETL selective to only electron carriers and the HTL to only hole carriers. The

electrons move through the ETL, then toward the transparent conductive layer, as shown in Figure
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8 above. Once they reach this layer, they start moving horizontally toward the end of the cell.
Meanwhile, the holes diffuse through the HTL and into the gold layer. The electrons move through
the external circuit, re-enter the cell through the gold layer and meet a hole here. This re-pairing
of an electron and hole completes the circuit, allowing for the electricity to be produced.?°

One very important feature of the electrons and holes in the semiconductor material are
their diffusion lengths. Depending on the wavelength of the light that is entering the cell, the
excited electron hole pair will be created in different locations of the semiconductor layer. For
example, light with a long wavelength will travel deeper into the cell before photoexcitation occurs
and in this case the electron in the pair will be farther away from the ETL, but the hole will be
close to the HTL. On the other hand, light with a shorter wavelength will land at the top of the
semiconductor layer, so the electron will be very close to the ETL, while the hole will be farther
away from the HTL. In order for these carries to reach their respective transport layers, the carrier

must have a long enough diffusion length.?* This is illustrated below in Figure 9.

D <

[ ETL
ﬁ Semiconductor
Y] Layer
°e
HTL

Figure 9. Different wavelengths of light will absorb into the cell at different depths. Longer wavelengths
will be closer to the HTL and shorter wavelengths will be closer to the ETL.

Other properties of the carriers as well as the material itself are important in determining how

well the cell will operate. These properties will be discussed further in the next section.

20 Rao, Pratap, Engineering Light Absorption and Charge Transport in Nanostructured Solar Energy Conversion
Materials (Rutgers Mechanical and Aerospace Engineering, 2017)
21 |pi

Ibid.
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2.3 Critical Optoelectronic Properties of Solar Cell Materials

To best approach how to optimize the efficiency of a solar cell, the nature and relation of
its optical and optoelectronic properties need to be understood. To facilitate this understanding,
the next section discusses different optical and optoelectronic properties involved with the
composition of a solar cell, such as the band gap, lifetime, carrier mobility, and the absorption
coefficient. Knowledge about these characteristics will allow the the analysis of trends and how

semiconductor modification can occur.

2.3.1 The Shockley-Queisser Limit and Band Gap

The most important feature of semiconductors as solar cell materials is their band gap. The
band gap is the minimum energy required to excite an electron in its bound state into a free state
where it can participate in conduction.?? Semiconductors have band gaps within a certain range,
from 0 to about 3 eV. The Shockley-Queisser Limit, also known as the detailed balance limit,
indicates the maximum theoretical efficiency of a solar cell with one semiconductor based on its
own band gap. As shown in Figure 10, the most efficient solar cells contain semiconductors with
a narrower band gap in the range of about 1.1 to 1.3 eV. The band gap is important because it
determines the overall efficiency of the cell, therefore determining how well the cell will perform

and how efficiently it will be able to turn light energy into electrical energy.

22 Honsberg, C. and Bowden, S., “Band Gap”, (PVEducation, 18 September, 2017).
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Figure 10. The Shockley-Queisser Limit shows the maximum efficiency of a solar cell in percent versus
the band gap of the semiconductor in electron volts.?

Photons with energy less than the band gap cannot be absorbed by the solar cell so they do
not contribute to the energy produced.?* Each absorbed photon can only contribute one electron to
the conduction band so high energy photons can only contribute a fraction of their energy to the
cell. Two other properties that are significant to the function of a solar cell are discussed in the

next section.

2.3.2 Introduction of Lifetime and Carrier Mobility

A property which affects the overall efficiency of a semiconductor material is that of
diffusion length. For this project, modifications will be made on other optoelectronic properties of
Bilz to optimize the diffusion length and other properties of the semiconductor material. Diffusion
length is primarily determined by carrier lifetime and mobility, as described below. This is given

23 Shockley-Queisser limit (Wikipedia, 2017)
24 Friedlein, Jake, “The Shockley-Queisser Limit”, (2012)
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by the diffusion equation derived from Einstein relations where L, is the diffusion length, p
represents carrier mobility, k is the Boltzmann constant, T is room temperature, e is the charge of

the carrier, and Tiire IS the carrier lifetime:

Equation 2. Diffusion Equation

The carrier mobility represents how quickly a charge carrier (electrons or holes) can move
through a semiconductor or metal.?® The farther a carrier can travel in a specified period of time,
the greater the diffusion length will be. Carrier lifetime indicates the amount of time an excited,
mobile positive or negative charge carrier—either a hole or electron— will travel before
recombining with their counterpart, which makes them lose their excited energy and become
immobile. The longer the carrier lifetime is, the more ideal because this gives the hole or electron
more time to travel, (i.e. diffuse) and reach their respective transport layers; otherwise, they would
simply recombine and give off heat or emit the photon as wasted energy. Therefore, if the diffusion
length is increased, the carrier lifetime will correspondingly increase.The electron/hole pair will
separate where and when the photon is absorbed by the material and begin to diffuse towards the
ETL and HTL, respectively.?® As stated previously, these transport layers provide electric fields
that selectively collect the charges and deliver them to the current collectors, which lead the
charges to the load being supplied with the energy. Decreasing defects in the material improves
the carrier lifetime. This further allows for optimization of the diffusion length. >’ The concepts
regarding carrier lifetime and the relationships associated with the property are discussed in the

following section.

25 «Electron and Hole Mobility”, (Physics and Radio Electronics, n.d.)

6 Rao, Pratap, Engineering Light Absorption and Charge Transport in Nanostructured Solar Energy Conversion
Materials (Rutgers Mechanical and Aerospace Engineering, 2017)

2T “Understanding the Implication of Carrier Diffusion Length in Photovoltaic Cells”, The Journal of Physical
Chemistry Letters” (American Chemical Society, 2015), 4090.
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2.3.3 Carrier Lifetime

This project investigates the optimization of what is known as an n-type semiconductor.
An n-type semiconductor inherently has a concentration of electrons in the semiconductor layer of
the solar cell higher than the concentration of free holes. In an n-type semiconductor, the carrier
lifetime--more specifically, the hole lifetime--is affected by the greater concentration of free
electrons in the cell. Since the ratio of electrons to holes is greater within the solar cell, the
probability of a hole pairing up (i.e. recombining) with an electron is greater than the probability
of an electron pairing up with a hole, therefore. If the hole recombines with an electron before it
reaches the HTL, then it will give off wasted energy because it will either recombine and give off
heat or it will emit the energy as radiation.

Therefore, to maximize the lifetime of holes in an n-type semiconductor, the recombination
rate should be minimized. In an n-type semiconductor, the recombination mechanism is known as
“band-to-band recombination”. This entails the electron, which occupies the conduction band,
settling directly into the valence band, with a loss in energy equivalent to the band gap.?® The
electron transitions directly into the valence band because there is no third party catalyst. In an n-
type semiconductor the minority carriers are the holes, and the recombination rate of the majority
carrier depends upon the excess-minority-carrier-density (i.e. the holes). For this recombination
mechanism and type of semiconductor, the expression for the recombination rate of holes and

electrons is as follows:

Up—p = b(np — n?)

Equation 3. Band-to-band Net Recombination Rate of Holes and Electrons in an n-type Semiconductor?®

In the above expression, the thermal equilibrium that is present during band-to-band recombination
is represented by the capture coefficient, b, multiplied by the difference in the product of the
concentration of electrons, n, and the concentration of holes, p, with ni?, the electron concentration
in intrinsic semiconductors at the equilibrium temperature. The expression represents the concept

that although the concentrations of electrons and holes are different in an n-type semiconductor,

28 B, Van Zeghbroeck, “Band-to-band recombination” Principles of Semiconductor Devices (Boulder, August 2007).
29 |pi
Ibid.
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the net recombination rate is 0. That is, the rate of generation is equal to the rate of recombination.
This is a result of the back process of the energy of the electrons falling down to the valence band
from the conduction band occurring at the same rate as they are being generated by the thermal
energy, establishing equilibrium. This generation can occur through thermal energy or light which
would result in more electrons in the conduction band and more holes in the valence band. Without
the light, the concentration of the holes and electrons would be static, however, new pairs are
always being created as a result of the thermal energy.

When the recombination rate is discussed individually, however, the concentration of the
electrons and holes do affect it. The concentration of the charge carriers, n and p, and
recombination rate, R, as demonstrated above in Equation 3 and Equation 4 below, are directly
correlated. Equation 4 also demonstrates how an increase in charge carrier concentration indirectly
affects the lifetime of the charge carriers. That is, as the concentration increases, the lifetime

decreases.

Equation 4. Band-to-band Recombination Equation Including Lifetime=°

Although the recombination rates for electrons and holes are not equal in trap-assisted
recombination, the effects of increasing charge carrier concentration still apply. Trap-assisted
recombination involves a defect that provides energy between the conduction and valence band to
catalyze the recombination of the electron and hole. The following equation summarizes the effects
affiliated with net trap-assisted recombination:

Uspyp = pn —ni’ N,v, 0
SHR El' Et tVith

p+n+ 2nicosh(k_—T)

Equation 5. Net Recombination Rate for Trap-Assisted Recombination®

30 Volovichev, I. N. “Recombination and lifetimes of charge carriers in semiconductors” in Journal of Applied
Physics (© 2004 American Institute of Physics, 15 April 2004), 4495.
31 B. Van Zeghbroeck, “ Trap assisted recombination” Principles of Semiconductor Devices (Boulder, August 2007).
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While the above equation presents multiple variables and relationships that determine the net
recombination rate with traps, there are particular variables that are of primary concern. The
numerator, with p and n again representing the charge carrier concentrations, indicates that more
electrons or holes will increase recombination as they are directly proportional. The variables E;
and E: denote the halfway energy between the valence and conduction bands, and the actual energy
of the trap, respectively. If E: is close to E; then it will serve as a recombination site, and if the E;
is close to the conduction or valence band then it will serve as a trapping site. Additionally, due to
how it will increase the trap-assisted recombination rate, it will also decrease the lifetime of the
charge carriers. The faster the charge carriers are trapped, the less time they have as excited
electrons and unpaired holes. Another property that contributes to the lifetime of the charge carriers
is the charge mobility which will be discussed in the next subsection.

2.3.4 Carrier Mobility

Another factor to consider with an absorber material is the mobility of the electrons and
holes. For n-type, however, hole mobility is more of a focus because it is the minority carrier (i.e.
the more frequently unpaired carrier) and therefore, the limiting carrier. It is important to note the
electron and hole mobility is dependent on the collision time, or the mean time between collision
of particles. If the amount of electrons within the semiconductor is large, then the amount of time
between collisions of the particles will decrease. With more electrons, the collision time for
electrons will decrease. This is due to electrons colliding with each other, stationary atoms, and
defects more often. A small time between collisions indicates greater collision frequency and
lower electron mobility. This relation can be demonstrated below where q is the charge, tc is the

collision time, and mn is the mass of the electron or hole:

qx*Tc
Hnp _Z*mnp

Equation 6. Mobility of an Electron or Hole®?

32«Carrier Transport” in Semiconductor Physics (I1) (Massachusetts Institute of Technology, Spring 2007), 5.
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If the carrier mobility can be optimized, the diffusion length can be improved. The diffusion factor
(or diffusivity) for diffusion length is directly proportional to the carrier mobility as shown before
in Equation 2.

Before charge carrier mobility can be considered, however, the absorption of the incoming
photons must be considered. The relationship between that principle and solar cell performance is

discussed in the next section.

2.3.5 Absorption Coefficient

The absorption coefficient of a semiconductor material is indicative of the degree of a
specific wavelength of light being absorbed into the material. The lower the absorption coefficient,
the greater the absorption depth of that wavelength of light.®® This can be explained by the relation
of the absorption coefficient to the absorption depth; the depth (i.e. the average distance the photon
penetrates into the material prior to absorption) is the reciprocal of the absorption coefficient as

shown below in Equation 7.

Equation 7. Relationship between Absorption Depth and Absorption Coefficient

Quantitatively, this translates to the lesser the divisor, (absorption coefficient) the greater the
quotient (absorption depth).3* This optic property has an impact on the thickness of the
semiconductor layer in the solar cell. The specifics of this impact is discussed in the following

section.

2.3.6 Absorption Coefficient and Semiconductor Material Thickness

If the energy of the photon(s) is at or above the band gap, then there is adequate energy to
excite the electron from the valence band of the material into the conduction band,
correspondingly.®® The absorption coefficient and energy of the photon and gap are directly

proportional as demonstrated by the relations for direct and indirect band gaps below:

33 Honsberg, C. and Bowden, S., “Absorption Coefficient”, (PVEducation, 18 September, 2017).
3 Skorupska, K., “Optical Properties of Semiconductors”, (University of Wyoming).
% Honsberg, C. and Bowden, S., “Band Gap”, (PVEducation, 18 September, 2017).
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a(hv) « A(Ephoton - Eg)z
Equation 8. Direct Semiconductors’ Absorption Coefficient Dependence on Photon and Band Gap

Energy

a(hv) « B(Ephoton - Eg)z
Equation 9. Indirect Semiconductors’ Absorption Coefficient Dependence on Photon and Band Gap

Energy>®

The larger the energy of the photon is compared to the energy of the band gap, the higher the
absorption coefficient. Since the absorption depth is the inverse of the coefficient, the absorption
depth is also going to be less. If the semiconductor material is too thin, then the light of long
wavelengths will perceive it as being transparent.®’

The absorption coefficient, along with the other optical and optoelectronic properties that
have been discussed and are involved in a solar cell, impact the electric properties that are
indicative of solar cell efficiency. Such electric properties include the open circuit voltage and

short circuit current. These relationships are discussed in the following subsections.

2.3.7 Current-Voltage Curves

Current-voltage (I-V) curves provide insight on solar cell conversion ability and efficiency.
These curves will be useful for assessing how synthesized Bilz cells respond to light. Figure 11
illustrates a standard I-V curve. When light shines on a solar cell, both a current and a voltage are
produced that yield electric power. The current is produced via the absorption of photons to create
electron-hole pairs and the collection of carriers by the p-n junction.®® As for the voltage, it is
essentially a potential difference, or pressure, that directs the motion of electrons through the

external circuit.

36 Skorupska, Katarzyna, “Optical Properties of Semiconductors”, (University of Wyoming).
3" Honsberg, C. and Bowden, S., “Absorption Depth”, (PVEducation, September 18, 2017).
3 Honsberg, C. and Bowden, S., “Solar Cell Structure”, (PVEducation, Dec 2017).
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Figure 11. 1-V curve depicting open-circuit voltage and short-circuit current.®

2.3.7.1 Short-Circuit Current

Short-circuit current density, Jsc, is the current through a solar cell when the voltage across
the device is zero.*° The graph above depicts this phenomenon; short-circuit current is attributed
to the generation and subsequent collection of light-generated carriers. In fact, the short-circuit
current and light-generated current are often identical in value.*!

Short-circuit current is dependent upon the following factors: the area of the solar cell, the
number of photons, the spectrum of the incident light, the optical properties, and the collection
probability of the cell.*? Equation 10 may be used to calculate the short-circuit current of a PV
device.

Jsc = qG(Ln + Lp)

Equation 10. The short-circuit current expressed as a function of the generation rate and the electron and

hole diffusion lengths.

39 “Solar Cell I-V Characteristic”, Alternative Energy Tutorials.

40 Honsberg, C. and Bowden, S., “Short-Circuit Current”, (PVEducation, Dec 2017).
1 Ibid.

“2 | bid.
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In the above equation, the variable G represents the generation rate of carriers in the cell,
and Lnand Lp are the electron and hole diffusion lengths. As more pairs are generated in a solar
cell via photon absorption and subsequent carrier excitation, there is more opportunity for carrier
diffusion and collection, and thus increased light-generated current. Additionally, higher diffusion
lengths correspond to longer carrier lifetimes, and therefore an increase in short-circuit current.
Increasing the diffusion length via altering the material structure or thickness of a cell may prove

to be beneficial to improving the solar cell.

2.3.7.2 Open-Circuit Voltage

The open-circuit voltage, Voc, is the maximum available voltage from a solar cell that
occurs when there is zero net current.*® It is used in the equation to determine overall solar cell
efficiency, which can be found in Appendix C5. Equation 11 can be used to determine the open-

circuit voltage of a given PV device.

Voo = KT (IL + 1)
=—Inl=
ocC q I()

Equation 11. The open-circuit voltage expressed as a function of the saturation and light generated

current.

In the above equation, IL and I, represent the light-generated and dark saturation current,
respectively. Light-generated current is the current achieved based on the generation and collection
of light-generated carriers, mentioned previously. As for dark saturation current, this is the
measure of the recombination in a PV device. Thus, as light-generated current increases via the
creation of electron-hole pairs or the collection of carriers at the p-n junction, the open-circuit
voltage increases. However, as more recombination takes place, the open-circuit voltage decreases.

Breaking this down to other terminology introduced in this section, the open-circuit voltage
of a PV device increases with increasing band gap.** This is because recombination is less frequent
in devices with larger band gaps, and thus the saturation current decreases. Accordingly, open-

circuit voltage increases with increasing carrier mobility and lifetime.

3 Honsberg, C. and Bowden, S., “Open-Circuit Voltage”, (PVEducation, 18 September, 2017).
* 1bid.
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2.4 Promising Trends in Solar Cell Efficiency

Like any manufactured products, the scientific community is interested in increasing the
efficiency of photovoltaics. The National Renewable Energy Laboratory has compiled extensive
data that shows while some types of solar cells have leveled off with regard to efficiency, newer
types indicate a significant increase in efficiency over a short period of time.* Therefore, a closer
look at each type of solar cell is important in understanding where future research could be

effective and meaningful to the advancement of photovoltaics as a means for energy production.

2.4.1 Generations of Solar Cells: Comparing Cost and Efficiency

Solar cells are generally classified into three generations.*® The first generation
encompasses crystalline silicon cells, which currently dominate the solar panel market due to their
high stability and achieved efficiency of 20%. One major drawback to this generation of solar cells
is the high energy required in production. First generation solar cells, such as silicon, must be
manufactured at very high temperatures (~1500°C) which equates to a high cost and energy
demand. Conversely, second generation solar cells can be manufactured in room temperature
conditions, greatly reducing the energy demand during production. First generation solar cells have
reached costs of about $0.30/Watt, which is an incredible improvement from the initial cost of
$76/Watt in 1977.4” More information on the price of silicon solar cells over the past four decades

can be seen below in Figure 12.

45 “Cost of Solar Panels Over Time”, (2017, May 31).
%6 Green, Martin A. Third Generation Photovoltaics Advanced Solar Energy Conversion, (Springer, 2006).
47 Solar Cell (Wikipedia, 2017).
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Figure 12. Shows the trend in cost for silicon solar cells from 1977-2015. The cost of silicon solar cells
has dropped from $76/Watt to $0.30/Watt over this period of time.*?

Although the cost has significantly decreased to its current value of $260/m?, the cost is
still a barrier preventing solar cells from being more widely used across the globe. Therefore, a
material with similar efficiencies to silicon, but at a lower price, would be a pivotal factor in solar
cell development. This gap in solar cell advancement brought about second generation solar cells
called thin-film solar cells. Amorphous silicon, CIGS, and CdTe are thin film solar cells and make

up the second generation of solar cells. Thin film solar cells have a higher absorption coefficient

48 Solar Cell (Wikipedia, 2017).
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than first generation solar cells. This allows them to be thinner than crystalline silicon solar cells,
and can be created with less material. Additionally, thin film cells can be manufactured at a much
lower cost than crystalline silicon due to the fact that they are deposited on a substrate at low
temperatures,*® unlike crystalline silicon, which is manufactured at high temperatures (>1500
°C).>® However, the commercialization of the second generation of solar cells is limited by the
scarcity and toxicity of the elements required for production (Cd, Te, Ga). While second generation
solar cells were meant to have a lower cost of manufacturing than first generation solar cells, the
scarcity of elements such as cadmium, tellurium, and gallium used in thin film cells keeps their
cost high. [associated with energy consumption.] Finally, the third generation is characterized by
multijunction solar cells. Multijunction solar cells have two or more absorbing semiconductors in
order to combat the loss of energy as heat associated with photons that have an energy greater than
the band gap, as well as the loss of low-energy photons with energies below the band gap. By
having both a high-energy and low-energy band gap in the same solar cell, the overall efficiency
can be increased beyond that of just one band gap energy-level.>!

As seen in Figure 13, silicon solar cells require a large increase in cost in order to obtain
incremental increases in efficiency. Solar cells made from amorphous silicon, CIGs, and CdTe
have yet to reach an efficiency greater than silicon. Alternatively, third generation solar cells have
the potential to greatly increase their efficiency with only a small increase in their cost per square
meter, based on the fact that they have more than one junction.®® Third generation solar cells
include tandem and multijunction units. These types of photovoltaics can overcome the limitations

of a single layer by increasing the utilization of each solar photons.>?

49 Dirjish, Mat, “What's The Difference Between Thin-Film And Crystalline-Silicon Solar Panels?”, (May 16,
2012).

% |bid.

51 “photovoltaic Research”, (National Renewable Energy Laboratory, n.d.).

52 Madsen, M. V. “Solar Cells — The Three Generations”, (DTU Energy, n.d.).

53 Esfandyarpour, Rahim. Multi-Junction Solar Cells, (Stanford University, 12 Dec. 2012).
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Figure 13. Multi-generational comparison of theoretical solar cell efficiency and cost. Predictions of
second and third generation efficiencies.>
2.4.2 Efficiency Over the Years
The National Renewable Energy Laboratory has compiled efficiency data for all
generations dating from 1975 to the present. Shown in Figure 14, it becomes clear that the rate of

improvement in silicon efficiency (blue lines in the plot) has essentially been zero since the turn
of the century.

%4 Sohrabi, Foozieh, et. al,“Optimization of Third Generation Nanostructured Silicon- Based Solar Cells”, Solar
Cells: Research and Application Perspectives, (6 March, 2013).
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Figure 14. NREL graph depicting efficiency of different types of solar cells from 1975 to the present.
Steeper slopes represent rapid rates of increase in efficiency.

Looking at generation two solar cells represented by the green lines, it is apparent that they
closely follow the same trend as silicon solar cells. However, perovskites, represented by the
orange lines, show tremendous increases in efficiency in just two decades. This rate of
improvement is extremely promising. However, their toxicity and poor stability limits their
practical use in commercial solar cells. Multijunction solar cells, shown in purple, display the
highest achieved efficiency, approaching 30% for a two-junction solar cell, and 40% for a three-
junction solar cell. However, continuing research on thin-film solar cells such as Bils will allow
for additions to the NREL chart that can be used to direct future research. Based on these concepts,
it is of interest to compare the material properties of Bils to the widely used semiconductor, silicon,
and to the material of much interest, methylammonium lead iodide. To narrow these concepts

down to the focus of this project, specific semiconductor materials were reviewed.
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2.5 The Current State of Knowledge on Relevant Semiconductor Materials

As a means to gain insight on the current materials used in the application of photovoltaic
solar cells, the following section discusses three different semiconductor materials: first generation
silicon (Si), second generation methylammonium lead iodide (CH3sNH3sPbl3)--a type of perovskite-
-, and second generation bismuth triiodide (Bils). Each were selected to elaborate on as they are
each representative of a different generation in the types of solar cells. Furthermore, to put the
materials in perspective with one another, their optical and optoelectronic properties will be
discussed. The comparison and contrast of three semiconductor materials consequently creates a
greater context to consider upon analysis of each semiconductor material individually.

Considering the abundance of it in the earth’s surface, silicon is a readily available
semiconductor material. Silicon is the second most abundant material in the earth’s surface.
However, in order to manufacture the element into wafers for solar energy applications, the
element has to be treated and deposited at higher temperatures. This further implies that a greater
amount of energy is needed to produce silicon solar cells than with bismuth triiodide. Since there
are some properties of silicon that are not as optimal, this further indicates the need to look towards
other materials as alternatives.

The perovskite methylammonium lead iodide, as stated previously, has shown a similar
efficiency to silicon but at a faster rate of improvement. That is, in just 17 years, the power
conversion efficiency of methylammonium lead iodide increased from approximately 4% to
almost 15% efficiency. Considering the classification of the two semiconductor materials to be the
same, and the research of methylammonium lead iodide being successful over the past 17 years, it
was deemed a good comparison to understand the favorability of the optical and optoelectronic
properties of bismuth triiodide.

Furthermore, research has been conducted on methylammonium lead iodide which yielded
promising results that indicate the material has optimal characteristics regarding its quantum
mechanics. For example, there have been studies which have resulted in the perovskite having
long charge carrier diffusion lengths. It was proposed that the long diffusion lengths were most
likely due to a low recombination efficiency of the electrons and holes in the material.

The found increase in efficiency for methylammonium lead iodide is what establishes
bismuth triiodide as a suitable semiconductor as well. Methylammonium lead iodide has been

found to have efficient transport properties even in the presence of defects (e.g. dislocations,
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interfaces, volume defects, etc.). Accordingly, methylammonium lead iodide is currently being
considered as a viable option to improve solar cells. The transport properties of methylammonium
lead iodide have been previously attributed to the partially oxidized Pb?* cation.>®

Bismuth triiodide also has a partially oxidized p block cation which keeps a lone pair of
electrons. This lone pair creates an ionic radius which facilitates the maximum s orbital character
for the valence band of the material.>® Therefore, Bils was chosen to be investigated for this project
due to its relative characteristics and lack of toxicity in contrast to the lead cation in
methylammonium lead iodide. Additionally, to differentiate Bils from silicon, it has been found
that Bils can be produced as a “thin-film” semiconductor at a lower cost than silicon because of
deposition at lower temperatures. To investigate relationships like this, the optical and

optoelectronic properties of the three materials from literature were compared quantitatively.®’

2.5.1 Bilz and its Application in Multijunction Cells

Perovskites, such as methylammonium lead iodide, have achieved a PCE of over 22%,®
which is similar to the achieved efficiency of single crystal silicon solar cells.>® However,
perovskites show an increased rate of improvement over single crystal silicon solar cells.®°
Advanced processing development has led to this increased efficiency, however, there are still
concerns regarding the commercialization of methylammonium lead iodide. The toxicity of lead
IS a major reservation with using these solar cells on a large scale. Bils, the nontoxic alternative,
has shown promising results for a second generation photovoltaic with a measured band gap of 1.8
eV as a spin-coated thin film.%* More information about the material structure of Bils can be found
in Appendix A.

Bismuth triiodide has potential applications as a third generation photovoltaic when used
in a tandem or multijunction cell. These types of solar cells increase efficiency because they have

% Brandt, Riley E., et. al, “Investigation of Bismuth Triodide (Bils) for Photovoltaic Applications”, The Journal of
Physical Chemistry Letters
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%8Hamdeh, U. H., Nelson, R. D., Ryan, B. J., Bhattacharjee, U., Petrich, J. W., & Panthani, M. G. (2016). Solution-
Processed Bils Thin Films for Photovoltaic Applications: Improved Carrier Collection via Solvent Annealing.
Chemistry of Materials, 28(18), 6567-6574. doi:10.1021/acs.chemmater.6b02347
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Processed Bil; Thin Films for Photovoltaic Applications: Improved Carrier Collection via Solvent Annealing.
Chemistry of Materials, 28(18), 6567-6574. doi:10.1021/acs.chemmater.6b02347
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two or more materials with different band gaps in order to cover a wider range of the spectrum.®?
Tandem solar cells are constructed by having two or more cells connected in series, while
multijunction solar cells have more than one junction within the cell.®® The band gap of silicon is
reported to be 1.12 eV, whereas the band gap of Bils is approximately 1.8 eV. Therefore, if these
two photovoltaic materials were combined in either a tandem or multijunction solar cell, the
absorption of solar photons would increase due to the decrease in losses associated with photon
energies too high or too low from the band gap. A theoretical plot of solar cell efficiency for two

materials in tandem can be seen in Figure 15 below.
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Figure 15. Theoretical efficiency plot of Bils in tandem with a silicon solar cell based on experimentally
found band gaps of Bil; and the accepted band gap of silicon.®

62 Esfandyarpour, R., “Multi-Junction Solar Cells”, (2012, December 12).

8 Bremner, S. P., Levy, M. Y., and Honsberg, C. B., “Analysis of tandem solar cell efficiencies under {AM1.5G}
spectrum using a rapid flux calculation method”, Progress in Photovoltaics: Research and Applications, vol. 16, pp.
225-233, 2008.

64 Adapted from Honsberg C. and Bowden S., Tandem Cells (PVEducation, 2016).
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Using the band gaps of silicon and Bils previously stated, silicon would ideally be the bottom cell
material, and Bils would be the top cell material. This would result in a theoretical efficiency

~44%, which is nearly double the current efficiency of crystalline silicon on its own.

2.5.2. Quantitative Comparison of Silicon, Methylammonium lead iodide, and bismuth
triiodide’s Optical and Optoelectronic Properties

To develop more context for the comparison of the three materials, the qualitative
relationships are represented by numerical quantities in this subsection. A comprehensive table
can be found below in Table 1 that outlines previously obtained quantitative data for the three
materials. Additionally, an extensive version of the table, including qualitative information, can

be found in Appendix B.

Table 1. Quantitative Comparison of the Properties of Silicon, Bils, and CHsNHsPbls.

COMPARISCN OF SILICON, Bll3, AND PEROVSKITE PROPERTIES
Property Silicon Bil3 Methylammeonium Lead lodide

1)1.67 (optimal- 1.8 &V) indirect bandgap of 60meV and

Band gap 118 +/-0.03 eV 2)1.79+/-0.05 and 1.80 +-0.05 )
3)1.82eV direct bandgap of 1.51 eV
0.5 micrometers 100nm/ 1 micrometer (Bil3, HTL, ETL) |200nm- efiiciency= 31% at this
Thickness thickness
Electron Mobility 1400 cm”2/ (V*s) 260 +/- 50 or 1000 +/- 200 cm*2/(V*s) | ~BBcm”2/(W*s)
Hole Mobility 450 cm?2/ (V*s) 260+/- 50 cm*2/\s ~322 e 2V
Hole Effective Mass 0.57/0.81 (m(h dos)m(0)) 10.39|mh* = 0.29m0
Electron Effective Mass 1.08 1.85\me™ = 0.23m0
Electron Diffusion Lengths | 100-300 micrometers 1.9 or 4.9 micrometers =1000nm or Tmicrometer

at 550nm, 1.5e+4 cm™-1, at

' . . For wavelength 800nm, 16800 and 20,000 cm™-1 absorption T00nm, 0.52+4 cm”-1
Light Absorption Coefficient apsorption depth=1.0x10"-3 |doublet other absorption bands C and | abserption coefficient= ~10"4
cm®-1 D at ca. 23500 and 27500 cm®-1 (600nm)
recombination of first 180-230 ps for PVT films

surface=1000cm/s... Ts= ) )
Lifetime 1.49e-5 s and Teff=1.46e-5 | 190-240 ps- solution processed films - 1 microsecond
s

160-260 ps for single-crystal sample

1ns to 1ms
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As stated in Section 2.3.2, the charge carrier mobility also contributes to the diffusion
length of the charge carriers. The three semiconductor materials (i.e. silicon, CHzNH3sPbls, and
Bilz) discussed previously have carrier mobilities that differ. The electron and hole mobility for
silicon is greater than those of methylammonium lead iodide and bismuth triiodide. This further
implies that silicon has a greater diffusion length than methylammonium lead iodide and bismuth
triiodide. Therefore, there is potential for additional research in optimizing the materials, especially
Bilz as it has a substantially lower diffusion length.

In addition to the mobilities, the carrier lifetimes of the materials contribute to the
determination of the material diffusion lengths. Carrier lifetimes vary greatly depending on the
methods used to produce solar cells. For silicon solar cells the carrier lifetime can range anywhere
from 1 nanosecond to 1 microsecond.®® Methylammonium lead iodide has an average carrier
lifetime of 1 microsecond. % This comparison establishes methylammonium lead iodide as a
promising material for photovoltaic applications as it is comparable to the carrier lifetime of a
material that has been used in industry for decades. In regards to bismuth triiodide, it has been
found experimentally that it has carrier lifetimes of 160-260 picoseconds for single-crystal
samples. ®7 Although the carrier lifetime for bismuth triiodide is about six orders of magnitude less
than that of silicon and methylammonium lead iodide, the values are still promising considering
how much less it has been researched than silicon.

Different experimental data proves this implication true. The diffusion length of
methylammonium lead iodide has been found to be >1000nm or 11:m.%8 The diffusion length for
Bils has been determined to be 1.9 or 4.91/m®; and Silicon has been found to have a diffusion
length of 100 to 30001m°. That is, the diffusion length of Silicon can be over 100 times the length

of that for methylammonium lead iodide and bismuth triiodide.

8 Meroli, Stefano, “The Minority Carrier Lifetime in Silicon Wafer. Bulk and Surface Recombination Process.”,
(n.d.).

% 1bid.

67 Brandt, Riley E., et. al., Investigation of Bismuth Triiodide (Bils) for Photovoltaic Applications (American
Chemical Society, 2015), 4299.

88 Caraballo, F., Kumano, M., Saeki, A., Spatial Inhomogeneity of Methylammonium Lead-Mixed Halide Pervoskite
Examined by Space-and Time-Resolved Microwave Conductivity. (American Chemical Society, 2017).

% Brandt, Riley E., et. al., Investigation of Bismuth Triiodide (Bils) for Photovoltaic Applications (American
Chemical Society, 2015), 4297.

"0 Honsberg, C. and Bowden, S., “Diffusion Length”, (PVEducation, September 2017).
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The band gaps for silicon, methylammonium lead iodide, and bismuth triiodide all vary.
Silicon has the lowest band gap with a value of 1.18 +/- 0.03 eV.’! Methylammonium lead iodide
(CH3NHsPbl3) and bismuth triiodide have band gaps of 1.51 eV and approximately 1.82 eV,
respectively.’? These band gap values indicate that there is more energy necessary for an electron
to be sent from the conduction band to the valence band for methylammonium lead iodide and
bismuth triiodide than for silicon. Defects can be employed to optimize different optical,
electronic, or optoelectronic properties.

Currently, methylammonium lead iodide has a greater absorption coefficient than silicon
which implies it isn’t as strong at absorbing photons and thus exciting electrons into the conduction
band. These values can also be found in Appendix B. As a result of methylammonium lead iodide’s
higher absorption coefficient, the semiconductor layer doesn’t have to be as thick due to a smaller
absorption depth.’# Bismuth triiodide has been proven to have an even larger absorption coefficient
in the visible region of the solar spectrum.” This indicates the necessary thickness of bismuth
triiodide as the semi-conductive layer in a solar cell could be less than both silicon and
methylammonium lead iodide.

These discussed quantities put in perspective the current status of bismuth triiodide in
comparison to other semiconductive materials. They highlight the material’s potential applications

and improvements, which will be discussed in the following sections.

2.5.3 The Need for Research and Development

There has been minimal research and published material regarding the photo-optical
properties of Bils. As a result, our own efforts will be used to better understand the functional
nature of this semiconductor material. This serves as the basis of our research project -- much of
the data and knowledge attained through this research project will build on what little

contemporary understanding there is of Bils.

I Low, Jeremy J., et. al. “Band Gap Energy in Silicon”, American Journal of Undergraduate Research, vol. 7 no. 1
(Millersville University, April 16 2008).

2Garg, A., Tomar, M., Gupta, V., “Synthesis of Characterisation of Thin Films of Bismuth Triiodide for
Semiconductor Radiation Detectors” in Conference Papers in Science, ed. P Mandal, R. K. Shivpuri, and G.N.
Tiwari vol. 2014 (Hindawi, 2014).

3 Rudolph, Peter, Fundamentals of Defects in Crystals, vol. 916, Issue 1 (AIP Conference Proceedings, June 2007).
" Honsberg, C. and Bowden, S., “Band Gap”, (PVEducation, September 2017).
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Chemical Society, 2015), 4299.
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A 2015 study of Bils from Brandt, et al., Investigation of Bismuth Triiodide (Bils) for
Photovoltaic Applications, showed some promising results regarding the future use of this
material. In the study, the researchers grew thin films of phase-pure Bils using a sublimation
furnace over a range of temperatures and then spin-coated the material. They found some of the
most useful properties of Bils to be room temperature photoluminescence, its near-ideal band gap
of 1.8 eV, and its absorption coefficient of >10° cm™, which indicates that it can achieve high
photocurrents at a very low thickness (<1 um).’® Each of these properties demonstrate potential
for the material in terms of photovoltaic application.

The research study also articulated some areas of improvement for Bils - these areas will
serve as the basis of our own research study. For instance, the carrier lifetime must be improved
for this thin-film material in order for it to produce effective and high-performing PV devices.”’
Bilz intrinsically has a high resistivity and thus requires a longer lifetime to yield a better fill factor;
the series resistance is governed by photoexcited carrier concentration, a value proportional to
carrier lifetime.’® The researchers assert that “improved controls of phase purity, elemental purity,
and intragranular structural defect density will prove essential to increasing lifetime.”®

In order to improve phase purity, it may be useful to explore annealing temperatures that
are cooler and do not approach the Bils sublimation point (250 - 300°C). At these higher
temperatures, the material will begin to dissociate and evaporate, which hinders the natural
stoichiometry of Bils.8 Additionally, researchers have suggested that the physical structure of Bils

may be a factor that actually influences structural defects and decreases lifetime.

2.6 Influence of Thermal and Chemical Treatments on Photovoltaic Properties

A number of different thermal and chemical treatments could be used to enhance and
modulate the electrical properties of semiconductor materials such as Bilz. These treatments have
the capability of improving the band gap, diffusion length, carrier lifetime, and other material
properties. This section explains the role of defects as well as different techniques which will likely

play a role in our research project methodology.

76 Brandt, Riley E., et. al., Investigation of Bismuth Triiodide (Bils) for Photovoltaic Applications (American
Chemical Society, 2015), 4299.
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2.6.1 Defects of n-type doping

Given that there are a number of intrinsic material defects that are present in n-type
photovoltaics, it is ultimately important to understand these very defects in Bilz. There are several
different conditions of defects required in effective n-type semiconductors. The first -- the
concentration of donors must be high, meaning that dopant formation must have a low formation
enthalpy.®® In terms of Bils, the formation enthalpy is low for both Bi-rich and I-rich conditions,
and therefore the defect is abundant.®? Another intrinsic condition for n-type doping is that the
donors must have shallow levels, meaning that they are easily and readily ionizable.®® This
phenomenon is illustrated in Figure 16, which depicts a conceptual electron energy diagram. Upon
excitation, electrons ideally obtain enough energy to move from the valence band to the conduction
band. However, in n-type semiconductors, donors will lie closely (a shallow level) to the
conduction band, where room temperature thermal energy is sufficient to free an electron to the
conduction band.

A
Conduction Band
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Figure 16. Conceptual energy diagram of electron movement from valence to conduction band.

Thus, Bils is n-type at Bi-rich conditions because the Bi interstitial, Bii (donor), is supplying the

electrons. A final rule or condition for n-type doping is that a material’s electron affinity cannot

81 Zunger, A, Killic, C., Wang, L., Defects in Photovoltaic Materials and the Origins of Failure to Dope Them
(National Renewable Energy Laboratory, 2002).

8 bid.

8 |bid.

39



be too small. If this is the case, the electron-killer defects will be generated and replace the

electron-producing agent.%

2.6.2 Extrinsic Doping

Extrinsic doping is the process of introducing an outside chemical material as treatment to
enhance electrical properties. One modern method of extrinsic material doping is ion implantation.
Through this technique, the dopant materials are ionized, brought to high energy, and then fired at
the material. After this, the material surface is heated quickly and then cooled slowly, or annealed,
to rectify the damage caused by the ion implantation.®® This method is common and useful as it
provides the advantage of precision.

In terms of our study of Bils, previous research has suggested that extrinsic doping with
antimony (Sb) has potential to enhance PV properties.® This is surprising because antimony is in
the same group as bismuth, where usually materials are doped with elements that are in the group
before or after it, as discussed in Section 2.2.1. Antimony has potential to be a successful dopant
in this case because Sb** has shown to be soluble in in Bils. In a study testing Sb doped Bils, a 5%
doping level resulted in optimal properties.®” It was shown that doping with antimony increased
the electron mobility by about 70%, increased the resistivity of the material, and reduced the

formation and the migration of iodine vacancies.®

2.6.3 Thermal Annealing

Thermal annealing, as mentioned previously, is a heat treatment in which a material is
heated rapidly and then cooled gradually to enhance its chemical properties. People use thermal
annealing because it is a simple yet effective procedure that enhances properties such as grain size
and thus facilitates electron and hole diffusion. In a previous research study of bismuth (I11) sulfide
(Bi2Ss), researchers examined a similar nontoxic n-type semiconductor material with the objective

of optimizing its efficiency through different annealing methods. According to the researchers, by

8 Zhang, S.B., Wei, S.H., Zunger, A., Intrinsic n-type versus p-type doping asymmetry and the defect physics of
ZnO (National Renewable Energy Laboratory, 2000).

8 Pparthavi, Uma M., Doping by Diffusion and Implantation (Indian Institute of Technology Delhi, n.d.).
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sulfur annealing solution-deposited Bi.Ss at 445°C, they were able to increase grain size, and thus
carrier lifetime, internal quantum efficiency, among other features.®® This method also enabled
them to achieve carrier diffusion lengths similar to the light absorption depth, “which makes it
promising for photovoltaic and petrochemical energy conversion applications.”®

In another study, it was found that annealing Bils in solvent vapor, especially
dimethylformamide (DMF) vapor, increased the grain sizes of the material. This thermal annealing
was performed at 100 °C for 10 minutes.®* When Bils is annealed the temperature of the material
increases. This increase in temperature causes the grains that make up the Bils to increase in size.

This is shown in Figure 17 below.

Bil; grains before Bil; grains after
solvent annealing solvent annealing

Figure 17. When Bils is annealed though solvent vapor annealing, the increase in temperature increases
the size of the grains.

The larger grains result in less grain boundaries, which make less obstacles for electrons
and holes to move across while diffusing through the Bils layer. More grain boundaries would
increase the carriers’ chances of getting trapped in the semiconductor layer thus decreasing the
carrier’s lifetime and mobility. Decreasing the lifetime and mobility will inhibit carriers from

reaching their respective layers. This is essential to the operation of the solar cell, so decreased

8 Zhehao Zhu, et al. Enhancing the Solar Energy Conversion Efficiency of Solution-Deposited Bi,Ss Thin Films by
Annealing in Sulfur Vapor at Elevated Temperature. (Sustainable Energy Fuels, 2017, 1, 2134).
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boundaries should increase the efficiency of the cells. This was confirmed in the study that tested
DMF as the vapor solvent while annealing. They were able to make cells that had a power

conversion efficiency of 1%, which is the highest reported efficiency for Bils cells.%

2.6.4 Intrinsic Composition Tuning

A final procedure that may be used to modulate and enhance the chemical properties of a
semiconductor material, such as Bils, is composition tuning. This technique can be used to generate
a more p-type or n-type material composition of a thin film semiconductor material, such as Bils.
With Bils, this will likely be done through intrinsic doping with bismuth or the removal of iodine.
Explained previously in Sections 2.2.2 and 2.2.3, the process begins via a concentration gradient
between electrons and holes, subsequent diffusion to respective layers, and a resultant electric field
generated through this diffusion process.

There are positive and negative consequences of creating a more n-type or p-type material.
For Bils, if iodine atoms are removed, the electric field at the interface (in the Bils) will become
stronger, which will effectively result in a weaker electric field at the ETL. This may either
facilitate the diffusion of electrons or hinder the process completely because holes are still the
minority carrier. Conversely, if the material is made more p-type, it is possible that recombination
will occur more frequently because the concentration gradient is reduced, and thus the material
will become more neutral. If there is no concentration gradient, there is no net motion of carriers,
and similarly, if there is a small concentration gradient, the movement of carriers is increasingly
hindered.® This would ultimately depend upon how p-type the material becomes - if hole diffusion
is facilitated while maintaining a substantial concentration gradient, then this may prove to be a
useful technique for our project methodology.

While outside research has determined Bils to be a promising PV material, there are also a
number of areas needing improvement, such as carrier lifetime and phase purity. Our research
study serves to examine and rectify these areas needing improvement via some or all of the

techniques mentioned throughout this section.

92 Hamdeh, U. H., Nelson, R. D., Ryan, B. J., Bhattacharjee, U., Petrich, J. W., & Panthani, M. G. (2016). Solution-
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Chemistry of Materials, 28(18), 6567-6574.
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3.0 Design of Experiments and Modeling

This section first outlines our methodology for synthesizing and characterizing Bils solar
cells. Then, a discussion follows which details possible procedural modifications that can be made
to enhance the photovoltaic properties of the benchmark cell. Finally, these experimental
modifications are examined in conjunction with computational modeling to better assess the

validity of our hypotheses, outlined in Section 3.2.3.3.

3.1 Synthesizing and Characterizing Benchmark Bilz Solar Cells

There are five primary steps in the synthesis of a benchmark Bils cell, each corresponding
to depositing the different layers: glass and FTO etching, TiO», Bils, P3HT, and gold evaporation.
The following subsections outline the procedures used to create or deposit each layer of the
benchmark solar cell. The benchmark cell is that which corresponds to the unmodified
standardized synthesis procedure outlined from laboratory training sessions for a Bilz thin-film

solar cell.
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Figure 18. Diagram showing the top view of the cell during Bils synthesis. The detailed procedures for

each step are found in Sections 3.1.1-3.1.5.

3.1.1 Glass and FTO Etching
The first step in synthesizing a solar cell was to create a designated area for the electron

transport layer (ETL). This step began by cutting fluorine doped tin oxide (FTO)-glass sheets into

2 cm x 2.5 cm rectangles. Only one side of the glass contained a layer of FTO, therefore only one

side of the sample was conductive. Once the desired amount of samples were cut out, the

conductive sides were identified using a multimeter. The next step was to etch enough of the FTO

off of the sample in order to leave a 0.8 centimeter strip left in the middle of the rectangle. In order

to do this a 0.8 centimeter wide piece of tape must be put on top of the FTO, shown above in step

1 of Figure 18. Tape is placed on the FTO sample before etching to protect the FTO during the

etching process. The tape is used to ensure that the FTO under the tape is not etched away.
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The FTO was etched using zinc powder and 6M hydrochloric acid (HCI). The zinc powder
was placed via spatula on the two outside strips of the glass sample that were not covered by tape.
The strip in the middle covered by the tape was the section of FTO that remained on the glass.
After the reaction occurs between the zinc and HCI, and the FTO is effectively etched, the residual
zinc was cleaned off with DI water. The tape was then removed, revealing an 0.8 cm strip of FTO.
Next, the samples undergo three more cleaning procedures including a soap and water rinse, a
boiling water rinse, and finally a rinse in a 1:1:1 solution of isopropyl alcohol, acetone, and DI
water. Once the samples were cleaned and dried they were ready for the next stage. A detailed

procedure for cutting, etching FTO, and cleaning the samples can be found in Appendix C1.

3.1.2 Compact TiO; Electron Transport Layer

The next component vital to the operation of a solar cell is synthesizing solutions of
titanium oxide (TiO.) to apply to the sample. Two solutions of different molar concentrations were
used in the construction of the compact TiO> layer and were both applied directly to the now-
etched FTO-glass of each sample. A 0.15M solution as well as a 0.3M solution were created. These
solutions were made from diisopropyl titanium oxide and 1-butanol. Through the techniques of
spin-coating and annealing the layer is effectively deposited, as shown above in step 2 of Figure
18. One strip of the sample was covered in tape to prevent the solution from covering all of the
FTO and glass during the spin-coating process. A small part of the FTO must be exposed to be
used as a conductive contact in the testing procedure once the sample was completed. The
application of a TiO> layer on top of the etched glass was necessary as it served as the electron
transport layer (ETL) explained previously in Section 2.2.3.2. The specifications involved in the

application procedure can be found in Appendix C2.

3.1.3 Bilz Semiconductor Layer

The next step in order to build this solar cell was to create a semiconductor layer, that is,
the Bils layer. This layer was vital because it is the layer that absorbs the light and where the
operation of the solar cell begins. This stage started with making a 300 mg/mL solution of Bils
solution in dimethylformamide (DMF). This solution needed to be stirred for 2-3 hours before it
could be deposited onto the sample. Once the solution was mixed, it was deposited onto the sample

through spin-coating and annealing. Tape was used again to ensure exposure of the FTO contact.
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Step 3 in Figure 18 details the top view of the deposition of the Bils layer. A more detailed

procedure for synthesizing the Bils layer can be found in Appendix C3.

3.1.4 P3HT Hole Transport Layer

The next layer when creating the solar cell was the hole transport layer. For this layer, we
used poly(3-hexylthiophene-2,5-diyl), or P3HT. 15 mg of P3HT was weighed out and placed into
avial. Next, 1 mL of 1,2-dichlorobenzene was added to the vial using a syringe. The vial was then
stirred with a stir bar for 30 minutes. The next step in establishing the P3HT layer was spin-coating,
which adds a thin layer of P3HT atop the surface of the sample. After the spin-coating process, the
sample was annealed for 20 minutes and then allowed to cool. Again, tape was used to maintain
the exposed FTO contact. This process is diagrammed in step 4 of Figure 18. More detailed
instructions for creating this layer can be found in Appendix C4.

3.1.5 Gold Current Collector Layer

The final layer of the solar cell was the gold layer, which is known as a current collector
layer. Upon deposition of the P3HT layer, the samples were covered in aluminum foil and two
small rectangular strips of aluminum foil were cut out, exposing the P3HT. This is shown in step
5 of Figure 18 below. The entire layer of P3HT was not covered in gold in order to ensure defined
cells and gold contacts and to allow area for more than one cell on each sample. Once the two
strips of P3HT were exposed, gold was deposited onto the surface of the aluminum foil using a
gold evaporator. Following this step, the aluminum foil was removed and the cells were ready for
testing.

This setup allowed for only the areas with exposed P3HT to be evaporated with gold,
creating two separate cells per sample. These cells should theoretically have the same
optoelectronic properties since they are part of the same sample. The areas that were covered in
gold and intersected the 0.8 centimeter FTO strip in the middle were considered the solar cell. The

gold strip was used as a contact for testing the cells.
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Solar Cell

Figure 19. This diagram shows a top view of a finished sample. The top section of glass and FTO have
been preserved by placing tape over the section during all rounds of spin-coating. The cells that are
tested are at the intersection of the gold and FTO strips, as designated by the bolded solar cell
boundaries. The cell closest to the exposed glass and FTO was designated as cell 1, and the cell farthest
from the exposed glass and FTO was designated as cell 2.

Figure 19 shows what the sample looks like after the gold evaporation step. The diagram
also outlines the cell boundaries. The cell areas were measured with a ruler and reported in

square centimeters.

3.1.6 Solar Cell Performance Testing

Once the samples were completely synthesized, they were ready to be tested for their
optoelectronic performance. This was measured by testing each cell’s open circuit voltage, short
circuit current, and then calculating the resultant cell efficiency. This data was gathered using an
EC Lab program®*. The first step in obtaining these results was to suspend and position the sample
13 centimeters away from the lamp using the clamp and ring stand setup pictured in Figure 20

below. This distance ensured the light intensity of one sun.

% “Electrochemistry: EC-Lab”, (Bio-Logic Science Instruments, 2016).
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Figure 20. These image show the equipment necessary for testing samples. Image (a) shows the solar
simulator, potentiostat, and the computer where the results are sent to. Image (b) shows the sample setup
for testing and image (c) is a closer up shot of the apparatus that is built to ensure that the sample is
secured in place for testing. Images (b) and (c) also show the probes that are used to touch the FTO and
gold contact, which are connected to the potentiostat to collect the data.

In this setup, one end of the red probe had to touch the FTO contact and one end of the
black probe had to touch the gold contact. The other ends of the probes had to be clamped to the
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contacts that are connected to the potentiostat which writes data to the computer program. Next,
the computer program had to be open and the lamp had to be turned on. When the cell was ready
to test, the lamp cover was opened up to allow light to shine on the cell and the data collection to
start. When the test was finished, the data was saved and the test was repeated for the next cell.
The data collected here makes a graph, more specifically a J-V curve as explained in Section 2.3.7.
The x-intercept of the graph was the open circuit voltage, the y-intercept was the short circuit
current, and using these numbers the efficiency could be calculated. A more detailed procedure on

how to set up and run these tests can be found in Appendix C5.

3.1.7 Scanning Electron Microscope (SEM)

After the solar cells were tested for open-circuit voltage (Voc), short-circuit current density
(Jsc) and power conversion efficiency (PCE) using the EC-lab software and the lamp, select
samples were cut for examination of both the top layer and cross-sectional views of the cells under
the scanning electron microscope (SEM). This allowed for the composition of the solar cell,
namely layer thicknesses and grain boundaries, to be investigated. The images allowed for
correlations between the composition of the solar cells and their performance to be inferred. This
was done by adhering the samples into the bracket designated for SEM imaging. A diagram of this

setup is pictured below in Figure 21.
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Figure 21. These images show (a) a diagram of samples that are cut out and then secured to the metal
bracket and (b) and a picture of an example setup of samples to be examined through scanning electron
microscopy.

3.2 Investigation of potential modifications for optimizing Bils photovoltaic cells

Given the procedures outlined for the synthesis of a benchmark Bilz cell, there were several
possible procedural modifications that could be made to optimize the Jsc, Voc, and the resultant
efficiency of the cell. In this section, we discuss potential modifications that we used to change
and assess the photovoltaic properties of the Bils cell. The purpose of this section is to examine
these ideas more closely and discern which of these methods could have the largest effect on the

performance of our cells.

3.2.1 Compact and Mesoporous combinations of TiO;
As a means to optimize the surface area of the Bils layer, various combinations of compact

and mesoporous layers of TiO, were applied.®® The combinations of compact and mesoporous
layers of TiO> in this research project include samples with one layer of compact TiO2, samples
with one compact layer and one mesoporous layer of TiO, and samples with one layer of compact
and two layers of mesoporous TiO». Therefore, all samples included one run through of the process

95 Kovalsky, A. and Burda, C., “Optical and Electronic Loss Analysis of Mesoporous Solar Cells” (IOP Publishing,
2016).
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corresponding to the application of a compact layer, which was outlined previously in Section
3.1.2.

For the samples designated to have mesoporous layers in addition, a separate process was
conducted which called for different components for the solution, different parameters for
sonicating and spin-coating, as well as only calling for one temperature and a different time to
anneal the samples at. The samples which needed two layers of mesoporous TiO, were left to cool
prior to conducting the process again. The specifications for this procedure can also be found in
Appendix C2.

3.2.2 Altering the frequency of rotation of spin-coat instrument

Spin-coating is a techniqgue commonly used for the application of thin-films. It involves
the deposition of fluid onto some surface or substrate followed by the spinning of the substrate at
very high speeds. Through centripetal acceleration, the applied fluid was spread uniformly across
the surface of the substrate, creating a thin-film.% In this study, the frequency of rotation (in rpm)
of the spin-coat instrument was altered for the Bilz layer to examine the effect on the PV properties
of our cells. We hypothesized that a decreased frequency of rotation would create a thicker Bils
layer giving the absorption length and charge collection the potential to be improved, thus
improving the resultant Jsc.

To assess this, we examined different Bilz sample cells spin-coated at 500, 1000, and 1500
rpm. The spin-coating was conducted at the three different speeds for each type of TiO> layer
synthesized. By discerning the rpm and TiO> layer combination that corresponds with the top
performing samples, we were better able to optimize our benchmark cell. Table 2 outlines the

specifics of this assessment.

% «gpin Coating Theory”, (University of Louisville: Micro/Nano Technology Center, Oct. 2013).
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Table 2. This table gives the sample combinations synthesized to optimize TiO; layer combination and
spin-coating speed. ¢ indicates compact TiO2 and m indicates mesoporous TiO2.

TiO2 Layers Spin-coating Speed (rpm)
c-TiO2 500
c-TiO2 1000
c-TiO2 1500
c-m-TiO; 500
c-m-TiO2 1000
c-m-TiO: 1500
c-m-m-TiO; 500
c-m-m-TiO; 1000
c-m-m-TiO2 1500

3.2.3 Intentional Oxidation and Additional Modifications
Following the application of the Bils layer, intentional oxidation was executed via multiple
annealing methods in air. A variety of annealing procedures and parameters were tested in order

to determine which method would yield the best performance.

3.2.3.1 Box Furnace Annealing

One annealing method that was investigated was annealing in the box furnace. Select
samples were annealed in the box furnace in air at 250°C, 200°C, 150°C, or 100°C. At each
temperature, the time in which the samples were in the box furnace was also varied, exposed to
these temperatures for 10, 15, or 20 minutes. This experimental procedure is outlined in Table 3

below.
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Table 3. This table gives the combinations of samples heated in the box furnace at different temperatures
and durations of time.

Box Furnace Temperature (°C) Duration (min)

10
100 15
20

150 10
15
20

200 10
15
20

250 10
15
20

After investigating the effects of the three different temperatures mentioned above, we
found the optimal time duration to be 10 minutes. We believe that time durations above 10 minutes
caused sample overexposure to the heat treatment, especially at the higher temperatures.
Accordingly, we continued to investigate alternative temperatures of 40°C to 110°C at increments

of 10°C for 10 minutes each. This experimental setup is detailed in Table 4 below.
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Table 4. This table gives the combinations of samples heated in the box furnace at an additional set of
temperatures for 10 minutes.

Box Furnace Temperature (°C) Duration (min)
40 10
50 10
60 10
70 10
80 10
90 10
100 10
110 10

Overall, the purpose of the box furnace approach was determine an optimal annealing temperature
for the samples.

3.2.3.2 Dimethylformamide (DMF) Solvent-Vapor Annealing

One deviation from the benchmark annealing procedure is the method of solvent vapor
annealing (SVA). The advantage of the SVA approach, as demonstrated in Section 2.6.3, is that it
has the capability of increasing grain sizes and therefore the mobility and lifetime of charge
carriers.

Procedurally, SVA annealing is relatively simple, illustrated in Figure 22 below. A hot
plate was first preheated to 100°C and then two samples were placed onto the surface of the hot
plate. The sample on the right, illustrated below, is the sample of interest, with layers deposited up
to the Bils semiconductor layer. The sample on the left is FTO-glass with 20 pL of
dimethylformamide (DMF) solvent deposited onto the surface. Following the placement of these
two samples onto the hot plate, an inverted petri dish was carefully placed on top of the samples
so that the samples were located on opposite ends of the petri dish. The inverted petri dish allows
for the DMF to stay as a vapor in that closed system while the sample of interest is annealing.

Finally, the samples were removed from the hot plate after ten minutes.
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100°C

Figure 22. Top view of solvent vapor annealing (SVA) procedure, where the Bils sample (right) and DMF
solvent sample (left) are placed atop a hot plate with a petri dish covering both samples on opposite ends
for ten minutes at 100°C.

Using the approach described, we tested different samples to determine if SVA heat treatment

helped or hindered the synthesis process.

3.2.3.3 Additional Post-Annealing
A final alteration to our benchmark annealing procedure was an additional anneal after all

layers were deposited. Essentially, after the final gold evaporation procedure, we tested our
benchmark samples for Jsc, Voc, and PCE. Then, we annealed the completed samples for an
additional ten minute “post-anneal” at 100°C on a hot plate to discern if this would improve the
cell performance. We hypothesized that the additional anneal would improve overall interlayer
contact and therefore the Jsc and resultant PCE. This was also a suggested procedure from prior

literature.®’

%"Hamdeh, U. H., Nelson, R. D., Ryan, B. J., Bhattacharjee, U., Petrich, J. W., & Panthani, M. G. (2016). Solution-
Processed Bils Thin Films for Photovoltaic Applications: Improved Carrier Collection via Solvent Annealing.
Chemistry of Materials, 28(18), 6567-6574. doi:10.1021/acs.chemmater.6b02347
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3.2.3.4 Experimental Hypotheses
The methodologies described in the previous subsection were used to assess four different
hypotheses detailed below in Figure 23. These assessments were crucial to characterizing the

nature and optimizing the optoelectronic properties of the Bilz cell.
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Figure 23. Potential synthesis and optimization approaches used to enhance the properties of a Bils cell.

Hypotheses 1-4 guided our research. The left portion of the schematic outlines the different layers of the

solar cell and how they were deposited. The right portion of the schematic shows how two of the methods
(adding mesoporous TiO, and SVA) in our hypotheses changed the composition of the solar cell.

We also examined hypothesis 1 more thoroughly by performing computational molecular

modeling procedures, which will be discussed in the next section.

3.3 Molecular Modeling of Bils

This section outlines the procedure for modeling Bilz with and without oxidation. All of
the calculations were performed on Vienna Ab initio Simulation Package (VASP)® using density
functional theory on a linux operating system. After optimizing the lattice constants for Bilz, we
added defects to Bils, and then created density of states plots for each system. The following
sections will explain how we ran these calculations. The calculations were performed using the

following command lines on WPI’s ACE computer system:

% VASP, “What is VASP?” (RocketTheme, LLC., 2009).
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module load vasp/5-3
svasp N 1 -n 18 -t 24:00 -I INCAR

The time argument (-t 24:00) can be changed depending on the calculation being done, although
the maximum time is shown here as 24 hours. Additionally, a memory argument (-m 128000) can

be added for larger calculations.

3.3.1 Modeling bulk Bils without atomic level defects

Bils is a layered, hexagonal structure, as shown in Figure 24a. The unit cell contains 6
bismuth atoms and 18 iodine atoms, shown in Figure 24b. The Perdew-Burke-Ernzerhof (PBE)
exchange and correlation functionals were used in these calculations.®® Additionally, the electron-
ion interactions were modeled with the projector augmented-wave (PAW) method.® Dispersion

interactions between the Bils layers were modeled with the Grimme D3 dispersion correction. %

9 Ernzerhof, M. and Scuseria, G., Assessment of the Perdew-Burke-Ernzerhof exchange-correlation functional,
(Journal of Chemical Physics, vol. 110, no. 11, 15 March, 1999).

100 BJochl, Peter, et. al., Projector augmented wave method: ab initio molecular dynamics with full wave functions,
(Indian Academy of Sciences, vol. 26, no. 1, Jan. 2003), pp. 33-41.

101 caldeweyher, E., et. al., Extension of the D3 dispersion coefficient model, (The Journal of Chemical Physics, July
2017).
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(a) (b)

Figure 24. lllustration of Bils that we modeled, where (a) shows the layered structure of Bils and (b)
Shows the unit cell of Bils, containing 6 bismuth atoms and 18 iodine atoms. In both images, bismuth
atoms are shown as light purple atoms where iodine atoms are shown as a darker purple.

When modeling Bils, the ENCUT was first optimized by testing values of 200, 300, 400,
500, and 600 eV for bulk Bils. The ENCUT value determines how big the basis set is and therefore
determines how long each calculation could take. A graph was made with the calculated energy at
each ENCUT value, and the point where the energy began to level off or reach a constant value
was the ENCUT value we used in the project. This graph is given in Figure 25 below, which shows
the optimal ENCUT as 300 eV. We used a k-point mesh of 331 for these calculations.
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Figure 25. ENCUT values versus total calculated energy for bulk Bils. This graph is used to find the
optimal value of ENCUT. An ENCUT value of 300 eV shows little change in energy compared to higher
ENCUT values and was used for this project.

The next step in the modeling was optimizing the KPOINTS. This calculation was carried
out using the obtained ENCUT from the previous step (300 eV). The KPOINTS we tested were as
follows: 221, 222, 331, 441, 442, 444, 664, 666, 884, 888. Similar to the ENCUT procedure, a
graph was made with the obtained energy and tested KPOINTS. The corresponding KPOINTS
when the energy leveled off was used as the optimal values. The graph and the optimal set of
KPOINTS, 331, is shown below in Figure 26.
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Figure 26. Energy of bulk Bil; compared to the k-point values. This graph is used to find the optimal sent
of KPOINTS which is found at the minimum value or where the line starts to level off. The k-point set of
(3 3 1) is indicated.

The final step in modeling bulk Bils was optimizing the lattice parameters of the unit cell.
The unit cell has two lattice parameters that can change, a and c-values. The lattice parameter b
was equal to the a-value. All the calculations performed in this step used the optimal values of
ENCUT and the optimal set of KPOINTS. A variety of lattice parameters were tested and these
parameters were changed for each calculation in the POSCAR file. The first range we used were
a-values 7.03 - 8.13 A with a/c ratios of 0.31 - 0.37. Calculations were run at each of these
combinations and a graph was made of the energy versus the corresponding a-value at each ratio,
shown in Figure 27 below.
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Figure 27. The total energy of bulk Bil; compared to different a values and a/c ratios. This graph is used
in finding the optimal lattice parameters for Bils at different ratios of a/c. The minimal value was
explored further to find the global minimum of lattice parameters.

This graph was used to determine the minimum energy, or optimal ratio of a/c, which we found to
be about 0.36. In order to further refine our results around the minimum point and ensure that the
global minimum was found a new set of parameters were tested. These parameters were in an a-
value range of 7.50 - 7.58 A and a c-value range of 20.60 - 20.90 A. A graph was made showing

the energy versus the corresponding a-value at each c-value.
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Figure 28. This graph is used to find the optimal lattice parameters of bulk Bils based on the minimum
energy for the corresponding a and c value.

Using Figure 28, a global minimum was determined at an a-value of 7.55 A and a c-value of 20.65
A so therefore the optimal lattice parameters were found. After finding the optimal ENCUT value,
set of KPOINTS, and lattice parameters, the files containing all of these optimal parameters were
saved for use in further calculations. The files we used in modeling Bils are given in Appendix
D1.

3.3.2 Modeling Bils with Substituted and Interstitial Oxygen Atoms

As discussed in Section 3.2.3, we worked to understand how oxidation affected Bils. In
order to better explain the experimental results we modeled the oxidation of Bils. Three different
types of oxidation were modeled, including substituting one oxygen for two iodines, substituting
one oxygen for one iodine and adding in an interstitial oxygen. These resulted in unit cells
containing Bisl160, Bigl170, and BiglisO respectively. The first step in modeling these oxidized
systems was to introduce the oxygen atom into the unit cell. This was done using the POSCAR
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file from the perfect Bils calculations and a modeling software called Avogadro!, For each type
of oxidation, the appropriate amount of iodine atoms were deleted and an oxygen atom was added
in. This new geometry was exported into a POSCAR file and used in the calculations for each
oxidized system. The calculation run for this step was done using the same command lines in
Section 3.3 above with the input files INCAR, KPOINTS, POSCAR, and POTCAR. These files
can be found in Appendix D2.

3.3.3 Analyzing Modeling Data through Density of States Graphs and Reaction Energies

In order to understand and compare the modeled perfect Bils to the oxidized Bils we created
density of states (DOS) graphs and calculated energies of the oxidation reactions. DOS graphs are
made by running a DOS calculation (using the lorbit = 10 keyword) and then using a script to
create the graph. This script is given in Appendix D3. This script uses pymatgen which is an open-
source Python library for material analysis.*®® DOS calculations were run with the same type of
input files as mentioned in Section 3.3.2 and commands as described in Section 3.3 although
additionally the file CHGCAR from the geometry optimization calculation was used for this
computation along with the INCAR keyword ICHARG = 11. A few lines of the INCAR file were
altered to ensure a DOS calculation rather than the geometry optimization calculations discussed

previously. These lines are indicated below.

ISMEAR = -5
NSW =0
IBRION = -1

EMIN = E-Fermi - 6
EMAX = E-Fermi + 6

NEDOS = 1200
LORBIT =10
ICHARG =11

102 Hanwell, M., et. al., “Avogadro: An advanced semantic chemical editor, visualization, and analysis platform”,
(Journal of Cheminformatics, 2012).
103 “pymatgen”, (The MIT License, 2011 — 2012).
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The E-Fermi value is necessary to determining the EMIN and EMAX values above. This
value can be found in the OUTCAR file of the geometry optimization calculation. Once the DOS
calculation was completed, the script was used to generate the graphs. This was done for each of
the different oxidation substitutions and interstitials and compared to the perfect Bils. The other
way to assess the oxidation is the energy of reaction. This is determined using the computed energy
from a geometry optimization calculations. Using these energies and the stoichiometric

coefficients in the reactions below, the energy of each type of reaction was determined, outlined
in Figure 29.
(a) Biglig+ 50, > Biglis0 + I
(b) Biglig+ %02 - Bigl;;0 + %12
(¢) Biglhg+ %02 — Bigl;0

Figure 29. Reactions representing the (a) substituting one oxygen for two iodines (b) substituting one

oxygen for one iodine and (c) addition of an interstitial oxygen.

The reaction energy indicates how likely each defect is to occur.
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4.0 Results and Discussion

This section reports and explains the results obtained using the experimental and theoretical
procedures described in the methodology.

4.1 Experimental Results

This section describes the experimental results that were obtained throughout the timeline
of our project. It starts with the original benchmark cell, and then shows how the procedural
modifications enhanced the performance of our cells. Appendix E contains a table outlining all
raw data pertaining to all samples, including the benchmark samples.

4.1.1 Benchmark Bilz Cell

In order to complete our first objective, which was to synthesize Bils solar cells using a
reproducible method, the procedures outlined in Section 3.1 were used. After synthesizing
approximately 25 samples using these procedures, we determined that the best performing sample
was Sample 22 Cell 2 with the benchmark Bils setup. Some of the other benchmark cells failed or
did not perform as well. Prior to modifying the procedure several samples were synthesized and
tested to practice the procedures as well as to ensure we could consistently synthesize working
cells. The benchmark Bils cell derives from the standardized synthesis procedure for a Bils thin-
film solar cell. The sample achieved a short circuit current (Jsc) of 0.14 mA/cm?, an open circuit
voltage (Voc) of 0.0066 V, and a resultant efficiency of 0.0021%. Although this is a low efficiency,
it was used as a basis for improvement throughout the next steps of our experimental procedures.
The efficiency of this sample, along with subsequent samples, was measured to address our second

objective which sought to benchmark the solar cell layers.

4.1.2 Optimized Bilz Cell

Based on our results from the benchmark Bilz cell, we made several procedural
modifications to develop an “optimized” Bils cell. The main procedural modifications we made,
as described in Section 3.2, were altering the composition of the TiO: layers, the spin-coating
speeds of Bils, and the Bils annealing procedures. The results from each of these modifications are
discussed in the following sections and the compiled data set for all modifications can be found in
Appendix F1.
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4.1.2.1 Investigation of Alternative TiO2 Layer Combinations

We investigated different combinations of TiO> to observe the effect on sample PCE.
Accordingly, the compact (c) TiO2 layer was assessed in combination with mesoporous (m) TiOs.
Mesoporous was investigated specifically because according to previous research, the increase in
surface area would increase the contact between the Bils layer and the TiO> layer, which would
facilitate the transfer of electrons.'® The mesoporous layer may be more effective due to the
reduced recombination of charges within the Bils layer. This combination allows for improved
charge collection prior to charge carrier recombination.

The results of our investigation of compact only (c-TiO2), compact with one layer of
mesoporous (c-m-TiO), and compact with two layers of mesoporous (c-m-m-TiO2) are shown
below in Figure 30. The graph shows that c-m-TiO: gives the top performing combination of TiO>

layers at a spin-coating speed of 1000 rpm.

104 Kovalsky, A. and Burda, C., “Optical and Electronic Loss Analysis of Mesoporous Solar Cells” (I0OP Publishing,
2016).
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Figure 30. This graph represents the set of samples that were used to optimize the combination of TiO;
layers as well as the spin-coating speed of the Bils layer. It clearly shows that compact and one layer of
mesoporous TiO; obtained the best results.

This figure shows that the combination of compact and mesoporous TiO2 layers improved the
performance of the cells. We believe this is due to the porous material increasing layer contact
between the TiO, and the Bils, and therefore increasing carrier extraction which increases Voc,
proving our second hypothesis. We believe that two layers of mesoporous was less effective
because it caused too substantial of a distance between the TiO2 and Bils layer, reducing carrier
transport. Carrier transport may have decreased due to there being greater probability of charge
carrier recombination at the interface between the mesoporous layer and the Bils layer. As for c-
TiO», previous research indicated that it is much more effective when treated via solvent vapor
annealing, so we proceeded with testing c-TiO2 with SVA only.1% The data for these tests can be
found in Section 4.1.2.2.2.

1%5Hamdeh, U. H., Nelson, R. D., Ryan, B. J., Bhattacharjee, U., Petrich, J. W., & Panthani, M. G. (2016). Solution-
Processed Bil3Thin Films for Photovoltaic Applications: Improved Carrier Collection via Solvent Annealing.
Chemistry of Materials, 28(18), 6567-6574. doi:10.1021/acs.chemmater.6b02347
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4.1.2.2 Modified Bils Annealing Procedures

We hypothesized that annealing samples in air led to an oxidized film on top of the Bils
layer. Hamdeh et al confirmed the presence of oxidized Bi on the surface of the semiconductor
layer using XRD.1% The oxidized layer facilitates hole extraction because BiOl is a p-type
semiconductor that increases the valence band maximum, thus decreasing the band gap.°” Since
the measured band gap of Bils is 1.8 eV, a slightly shorter band gap would increase the potential
efficiency according to the Shockley-Queisser Limit discussed in Section 2.3.1. Although, this
layer of oxidized Bils may be too thin to absorb enough light to make this the reason for increased
cell performance. To investigate this further, oxidized Bils was modeled and analyzed in Section
4.2 to come. This increased performance from oxidation could also be caused by the oxidized 6p
cation, Bi**. This compound has a lone pair of electrons around the cation, thus increasing the ionic
radius. The increased ionic radius leads to a more disperse valence band which increases the

valence band maximum.10®

4.1.2.2.1 Box Furnace Annealing Temperature versus Efficiency

The annealing temperature of each sample on the hot plate, particularly during the Bils
layer annealing procedure, could affect the sample’s performance. We predicted that, due to heat
loss via conduction, the surface of the sample would be substantially less than the surface of the
hot plate. To assess this, we conducted a simple experiment in which we set a hot plate to 100°C,
the desired annealing temperature of Bils, and then placed a thermocouple in contact with the
surface of an FTO-glass sample atop the hot plate. We found that, although the surface of the hot
plate was approximately 100°C, the surface of the sample achieved a maximum temperature of

only 77°C during the annealing procedure.

106 1hid.

197 Lju, Guigao, et al. “Band-Structure-Controlled BiO(CIBr)(1a™"x)/21x Solid Solutions for Visible-Light
Photocatalysis.” Journal of Materials Chemistry A, vol. 3, no. 15, 2015, pp. 8123-8132., doi:10.1039/c4ta07128;.
108 Brandt, Riley E., et al. “Investigation of Bismuth Triiodide (Bils) for Photovoltaic Applications.” The Journal of
Physical Chemistry Letters, vol. 6, no. 21, 2015, pp. 4297-4302., doi:10.1021/acs.jpclett.5b02022.
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This prompted us to begin annealing samples in a box furnace, where the temperature
reading of the box furnace was accurate because the sample was exposed to the temperature
displayed in a closed environment as opposed to that of the surface of the hot plate in an open
system. Essentially, convection is the more prominent mode of heat transfer in the box furnace
whereas conduction is more prominent on the hot plate, where the material dictates the degree of
conduction. We examined the effect of annealing the Bilz samples at different box furnace
temperatures, ranging from 40°C to 250°C. The efficiency graph for this temperature range is

pictured below in Figure 31.

Effect of Box Furnace Annealing Temperature on Power Conversion
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Figure 31. Power conversion efficiency for samples annealed in box furnace, demonstrating that 100°C is
the likely optimal annealing temperature.

Based on the above graph, we see that samples performed poorly on the extreme ends of
the temperature range (40°C and 250°C). For the case of 40°C, we believe that this can be attributed
to insufficient annealing of the Bilsatop the surface of the TiO layer, rendering its semiconductor
properties ineffective. If the temperature was not high enough, then the material will not solidify

and expand, which limits interlayer contact of the cell. As for annealing at 250°C, we believe that
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the poor PCE is a product of overexposure to temperatures that cause sublimation of Bils. We also
observed discoloration of the Bilz solution at higher temperatures, and in some cases little or no
visible solution upon removing the sample from the box furnace. Because of the poor performance
of most samples in the Box Furnace, this modification proved to be ineffective in increasing the
performance of our cells. This is shown in the statistical analysis graph in Appendix F2. Narrowing
in on the graph from the outer temperature ranges toward 100°C, we see that sample efficiencies
began to improve. Figure 31 indicates that the optimal annealing temperature of Bils was near
100°C, with the four best samples outperforming samples at all other temperatures. Figure 30 also
indicates whether each data point was tested before or after the anneal once all of the samples were
deposited (i.e. pre-anneal and post-anneal). As shown in this graph, generally the post-anneal data
points outperform the pre-anneal data points. We believe this is due to the increase in interlayer
contact that the additional anneal allows for between all of the samples layers. The increased
interlayer contact would then increase the diffusion of charges through the cell which increases
the Jsc, therefore proving our third hypothesis. Adding a post-anneal step was one of the most
impactful modifications made in our research, and this can be shown in the statistical analysis
graph in Appendix F.

4.1.2.2.2 Solvent Vapor Annealing

The SVA experimental results are illustrated below in Figure 32. Overall, we found that
SVA annealing of Bils in DMF improved the optoelectronic performance of the samples compared
to the benchmark samples. We predicted that this was the result of increased grain sizes and
therefore a decrease of grain boundaries within the Bils layer. This enhanced carrier mobility and
lifetime because grain boundaries are a recombination site for holes and electrons, so having fewer
grain boundaries results in a longer carrier lifetime. As was described in Section 2.3.7.2 increasing
carrier mobility and lifetime also increases the Voc. Additionally, the graph indicates that SVA is
better-suited for c-TiO2 than c-m-TiOo.
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Figure 32. Power conversion efficiency for samples annealed with and without SVA, demonstrating that
SVA is a better method for improving PCE.

To affirm this prediction, we observed the top view Bils layer under a SEM with and
without SVA. The photos are illustrated in Figure 33, with the benchmark Bils synthesis on the
left and the SVA sample on the right. In the SVA photo, the grain sizes are visibly larger and there

is better interconnection of grains within the layer.
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Figure 33. SEM photos of Bils benchmark layer (left) and Bils with SVA heat treatment (right), showing
increased grain size in the SVA sample.

The quantitative and qualitative data found and observed regarding SVA reflects the
effectiveness of the modification, proving our fourth hypothesis, which is that solvent vapor
annealing of Bilz in DMF increases grain size and improves Voc. This result was also found in
previous literature.'% For example, our best performing cell was made when Bils was treated with

SVA and these results are shown in the J-V curve below.

19Hamdeh, U. H., Nelson, R. D., Ryan, B. J., Bhattacharjee, U., Petrich, J. W., & Panthani, M. G. (2016). Solution-
Processed Bils Thin Films for Photovoltaic Applications: Improved Carrier Collection via Solvent Annealing.
Chemistry of Materials, 28(18), 6567-6574. doi:10.1021/acs.chemmater.6b02347
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Figure 34. Current-voltage curve for our best performing sample with modifications compared to our
best performing benchmark cell. This figure indicates the power conversion efficiency (PCE) of each of
the samples and the Jsc and Voc for the overall best performing cell with modifications.

Additionally, this sample was post-annealed, which was found to be optimal in Section 4.1.2.2.1,
had a Bilz spin-coating speed of 1000 rpm, which was found to be optimal in Section 4.1.2.1, and
a TiO2 layer of just c-TiO». Although in Section 4.1.2.1, Figure 30 indicates that the c-m-TiO> was
the optimal combination, yet Figure 32 indicates that SVA helped samples with just c-TiO2 and
did not help samples with c-m-TiO2. We believe that the mesoporous layer of TiO> originally
improved performance of the samples when annealed on the hotplate. This could be attributed to
the thinner Bilz layer created when using mesoporous TiO2 which provided less Bils for the
charges to travel through. Although, the interface between the mesoporous layer and the Bils is
also a site for potential charge recombination. The physical results that SVA caused in Bils (i.e.
increasing grain size) helped even more than the mesoporous layer did, which means that the
combination of SVA and c-m-TiO2 most likely had a greater probability of charge recombination
at the TiOz and Bils interface, rendering the mesoporous layer unnecessary when annealing with

solvent vapor. Solvent vapor annealing was one of the most impactful modifications made in our
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research, and this can be shown in the statistical analysis graph in Appendix F2. All of these
optimal procedural modifications are recommended to be used to improve the performance of Bils
solar cells which completes our third objective, which stated to use experimental data to provide a
basis on improving the material and optimizing its production process.

4.2 Theoretical Modeling of Bulk Bils and Oxidized Bils

In order to determine whether or not oxidizing Bils is beneficial to the solar cell’s
performance we modeled bulk Bilsz and oxidized Bilz using the density functional theory, which
addressed our fourth objective. Two methods were used to assess the effect of oxidation: density
of states (DOS) and energy of reactions, as described in Section 3.3.3. The three types of oxidation
that we explored were substituting one oxygen for two iodine atoms, one oxygen for one iodine
atom, and adding in an interstitial oxygen atom. For each of these substitutions/additions, we tried
three different initial geometries. This means that we added the oxygen in different layers and
positions within the unit cell, to see how the different geometries affect the DOS and the energy
of reaction. Each of these geo