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ABSTRACT OF THE DISSERTATION
ORGANIC-INORGANIC HALIDE PEROVSKITE NANOCRYSTALS AND SOLAR
CELLS
by
Rui Guo
Florida International University, 2020
Miami, Florida
Professor Wenzhi Li, Major Professor

A great challenge facing humanity is finding inexhaustible and inexpensive
energy sources to power the planet. Renewable energies are the best solutions because of
their abundance, diversity, and pollution-free emission. Solar energy is the cleanest and
most abundant renewable energy source available. In the continuing quest for efficient
and low-cost solar cells, perovskite solar cells (PSCs) have emerged as a potential
replacement for silicon solar cells. Since 2009, the efficiencies of PSCs have been
skyrocketing from 3.8 % to 25.2 % and are now approaching the theoretical limit. Along
with the perovskite thin films used for photovoltaics, perovskite nanocrystals (NCs) also
attracted significant attention because of their remarkable optoelectronic properties for
application in lasing and light-emitting devices.

Perovskite NCs have demonstrated interesting and distinctive properties that
could be exploited in new technologies. However, their practical applications have been
held back by materials synthesis and characterization roadblocks. In this dissertation,
two-dimensional (2D) (CsHsC2H4NH3)>PbBrs (PEPB) nanocrystals were synthesized, and

their optical properties were studied. Compare to its bulk counterpart, the 2D PEPB
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nanocrystals exhibited a larger bandgap due to the quantum confinement effect and lattice
relaxation. The study on its exciton dynamics showed an exciton induced absorption peak
with a lifetime of 16.7 ps.

Furthermore, the structure and crystallinity of the perovskite thin film play critical
roles in determining the performance of PSCs. Though different synthesis methods have
been developed so far to prepare perovskite thin film for PSCs, there is still a serious lack
of understanding of the relation between the perovskite thin film crystal structure and
PSC performance. In this dissertation, perovskite thin films were prepared using
methylamine (MA)-gas-mediated MAPbI;3 precursor solution. Compared to the
conventional one-step spin coating method, the MA-gas-mediated method yielded
perovskite films with larger crystal grains, smoother surface morphology, and a preferred
crystal orientation. PSCs using the MA-gas-mediated precursor exhibited superior
performance to the devices using the conventional one-step spin-coating method.

In summary, the study on the growth parameters and the optical properties of
PEPB NCs offer valuable insight for developing light-emitting devices based on
perovskite nanocrystals. The successful fabrication of PSC devices in air using the MA-
gas-mediated precursor suggests that this method for preparing perovskite precursor

solution has great potentials in delivering commercial perovskite solar cells.
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CHAPTER 1.Energy, Global Warming, and Renewable Energy Sources

1.1. World energy consumption and global warming

In our world today, energy is the foundation for personal well-being, poverty
eradication, and economic development. Global primary energy consumption (Figure 1-1),
together with the world population, has been increasing nearly exponentially since the
Industrial Revolution. According to BP Statistical Review of World Energy (2019), global
primary energy consumption hit another historic high in 2018, reaching 13,864 million
tonnes oil equivalent (Mtoe), and increasing at a rate of 2.9 %, the fastest increase since
201021, When measured in terawatt-hours, global primary energy consumption of 2018
reached 157,064 TWh', 2.4% higher than that of 2017[!). In the United States, the primary
energy consumption increased by 4% from 2017, which is also the most massive increase
since 2010 in both absolute and percentage terms!!!. However, despite the accrescent
worldwide energy consumption, 940 million people (13% of the world population) still do
not have access to electricity].

Further, climate change is a threat to human civilization that cannot be undermined.
Scientific research has revealed incontrovertible evidence of global temperature rise of 1°C
above preindustrial. The global average atmospheric concentrations of carbon dioxide
(CO2) have reached over 400ppm (parts per million), the highest levels in over 800,000
years®l. Energy production and consumption account for 2/3 of global greenhouse gas

(GHG) emissions attributed to human activity!®.. Moreover, burning fossil fuels (mostly

113,864 Mtoe is greater than 157,064 TWh. When measured in TWh, the electricity generated from
nuclear, hydropower, wind, solar, and other renewable energies are used in calculation rather than the
energy of these renewable sources, thus the statistical discrepancy.



coal, oil, and natural gas) is the largest contributor to global warming and account for over
3/4 of global GHG emissions and nearly 90% of all CO emissions!® 7], as shown in Figure
1-2. Worldwide consumption of fossil fuels reached 11,743 Mtoe in 2018, releasing 33.7
billion tonnes of CO,"* % 81In the United States, CO» from fossil fuel has accounted for

approximately 76% of GHG emissions for the entire time series since 1990,
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Figure 1-1 Global primary energy consumption, measured in terawatt-hours per year!": 2.,

If we are to meet the Paris Agreement’s!!%! 1.5 - 2°C temperature rise limits and
mitigate dangerous climate change effects, the world needs a rapid, concerted, and
fundamental transition in energy sources to reduce the consumption of fossil fuels.
However, governments’ plans for fossil fuels production by 2030 will lead to the emission
of 39 billion tonnes of CO2, 53% more than would be consistent with a 2°C pathway and
120% more than would be consistent with a 1.5°C pathway!” '), The worldwide energy
market is faced with an immediate division between the expectations of fast, renewables-
driven energy transitions and the reality of today’s energy systems in which reliance on

fossil fuels remains stubbornly high.
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Figure 1-2 Annual carbon dioxide (CO,) emissions from different fuel types!® 2,

1.2. Renewable energy

Renewable energy is energy that is harnessed from sources that are naturally

replenished on a human timescalel'*

. Among multiple options for reducing GHG
emissions while still satisfying the increasing demand for global energy consumption,
renewable energies can provide more comprehensive benefits as well as having a
substantial potential to mitigate climate change. If implemented correctly, renewable
energies will assist with social and economic development, expand energy access
worldwide, provide a secure energy supply, and improve public health measures.
Historically, humankind has been using renewable energy since people began
burning wood for cooking and keeping warm. Nowadays, modern renewable energy
resources, such as hydropower, wind energy, geothermal energy, and solar energy, have

already been successfully integrated into the global energy market. From 2010 to 2018,

additional renewable power capacity has been added to the worldwide power grid each



year, as displayed in Figure 1-3. In 2018, 181 gigawatts (GW) of renewable power capacity
was added to the grid, expanding the global renewable power capacity to 2,378 GW!!4],
which is equivalent to over 33% of global electricity capacity. Although the expansion of
renewable power capacity slowed slightly in 2019, from 181 GW to 176 GW and growth
rate from 7.9% to 7.4%!'4, renewable power has been the largest contributor to the global

power capacity expansion since 2012, holding 72%!!°! of the net capacity expansion in

2019.
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Figure 1-3 Annual additions of renewable power capacity, by source, and total.

Currently with each year, more electricity is being generated from renewable
resources than in the previous years. As is shown in Figure 1-4, renewable sources provided
26.2%!'4 of global electricity production in 2018. Among variable renewable sources,
hydropower was still the principal source, accounting for 15.8% of global electricity
production. Wind energy and solar photovoltaics (PV) supplied 5.5% and 2.4%,
respectively, followed by bio-power technology (2.2%) that converts renewable biomass

fuels into heat and electricity. In 2018, there were at least 90 countries that had installed



more than 1 GW of electricity generation capacity and at least 30 countries exceeding 10
GW. Additionally, at least nine countries produced over 20% of their electricity from wind
and solar PV resources. Overall, renewable energy sources are becoming increasingly

preferred for new electricity generation.
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Figure 1-4 Estimated Renewable Energy Share of Global Electricity Production in 20184,
After two consecutive years of soaring over 2.5% production in 2017 and 2018!!,
the increasing rate of annual global CO emissions slowed down to 0.6%!'®!, which is in
line with the expansion of renewable power in global electricity production. In fact, some
regions, such as Australia, the US, and the European Union, have achieved significant
reductions in CO> emissions related to electricity generation through renewable power. In
the US, total CO; emissions decreased by 12% between 2005 and 2018!!!, and electricity

generation related CO» emissions fell over 30%!'41.

1.3. Solar energy and solar PV

Solar energy, radiant light and heat from the Sun (a blackbody with a temperature
of 5778 K) is a vital source of renewable energy. The Earth receives 174 petawatts (PW)
of solar radiation influx just outside Earth’s atmosphere, or, equivalently, an average

annual magnitude of 1,361 W/m? for a surface perpendicular to the Sun’s rays!'”). At sea



level, solar irradiance is attenuated by atmospheric absorption and scattering, as shown in
Figure 1-5, leaving the maximum normal surface solar irradiance at about 1,000 W/m? in
18]

clear sky conditions!

Spectrum of Solar Radiation (Earth)

2.5
UV visible 1 Infrared >
E ]
[ : Sunlight without atmospheric absorption
~
E 1.5
~
E 5778K blackbody
(O]
g1
% Sunlight at sea level
.© unlig Vi
5 H,0
E .
= 0.5 Atmospheric
- absorption bands
H.,O
2 Co, H.O

750 1000 1250 1500 1750
Wavelength (nm)

2000 2250 2500

Figure 1-5 Solar irradiance spectrum above atmosphere and at sea level?.

Among all renewable sources, solar energy has the highest theoretical potential
available for energy harvesting, 3.9x10° exajoule per year (EJ/yr)l!8]. Even though such
great potential is slashed by the geographical accessibility and the realistic conversion
efficiencies, the technical potential of solar irradiance is estimated from 1,575 to 49,837
EJ/yr, or 437,850 to 13,854,686 TWh!!8l, which is approximately 3 to 90 times the global
primary energy consumption in 2018.

Accordingly, solar technology, which converts solar irradiance to power and heat,
can be categorized into passive and active solar technology depending on whether the use

of specialized electrical and mechanical devices during the capture and conversion is

2 Credit: Nick84[CC BY-SA 3.0], via Wikimedia Commons.
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required. Greenhouses, sunrooms, and Trombe walls are typical examples of passive solar
design. Active solar energy technologies include photovoltaics (PV) and concentrating
solar thermal power (CSP) systems to produce electricity, as well as solar collectors to
produce thermal energy. Electricity generated by solar energy exceeded 10 TWh in 2008
and has been increasing at a record pace ever since, producing nearly 600 TWh of
electricity in 2018 ' In terms of annual additions of renewable power capacity, solar

energy has been the leader since 2016, as shown in Figure 1-3.
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Figure 1-6 Cumulative solar PV capacity, by country, 2010 - 2018,

Solar PVs, or solar cells, convert solar irradiation into electricity by semiconducting
materials that exhibit the photovoltaic effect. Demonstrated first by French physicist A. E.
Becquerel in 1839!"%), the photovoltaic effect is a process in which voltage and electric
current are generated in semiconducting materials upon exposure to light. However, early
solar PV devices were too inefficient to be power sources for any practical application. It
was not until April 25, 1954, that a team of scientists at Bell Lab announced to the world

the invention of the first practical silicon solar cell®®2!l. The New York Times reported on



its first page that the discovery “may mark the beginning of a new era, leading eventually
to the realization of one of mankind’s most cherished dreams—the harnessing of the almost
limitless energy of the sun for the uses of civilization.”

Nowadays, the solar power market is dominated by solar PV technology. In 2018,
the global capacity and annual additions of solar PV reached 505 GW and 100 GW,
respectively!'l, while CSP technology, the second most deployed solar technology, reached
just over 5 GW of global capacity!'¥l. Solar PV has two distinct advantages: first, once
professionally installed, no pollution nor GHG emissions during operation; second, simple
scalability in terms of power demands. Solar PV is not only the most popular technology
to convert solar energy to electricity but also the most competitive technology for
electricity generation in progressively more markets around the world. At the end of 2018,
China had the largest cumulative solar PV capacity, 176.1 GW, followed by the United
States (97.1 GW), Japan (71.7 GW), Germany (46.2 GW), and India (30.7 GW)!> 221, as

shown in Figure 1-6.

1.4. Dissertation research motivation and outline

Renewable energy is the key to fight climate change, and solar PV technology is a
significant contributor to renewable electricity generation. The cumulative solar PV power
capacity is expected to reach 2840 GW globally by 2030 and 8519 GW by 205031 To
support the growth of such magnitude, the current generation of silicon solar cells is not
sufficient due to its relatively low efficiency of converting solar energy to electricity in
commercial modules and its relatively high manufacturing cost. The PV research

community has been searching for the next-generation PV technology featuring high



efficiency and cost-effective manufacturing methods. Recently, perovskite solar cell has
emerged as a promising candidate for the next-generation PV technology, mainly due to
its skyrocketing efficiency and low-cost fabrication process. This dissertation is focused
on the organic-inorganic halide perovskite material, which is used as the active layer in the
perovskite solar cells (PSCs).

Chapter 1 provides background knowledge for the general motivation of
photovoltaic research. The demand for more energy consumption and climate change,
which are the two challenges threatening sustainable development for the human race, are
addressed. Renewable energy plays a vital role in the solution to these two challenges.

Chapter 2 details the theory for the operation of solar cells. A PV device is
essentially a p-n junction that absorbs photons and generates charge carriers. The charge
carriers are selectively collected at the two terminals of the p-n junction to form the
photocurrent. The recombination mechanism in a solar cell is also discussed briefly,
followed by introducing the four key performance metrics of a solar cell. The Shockley-
Queisser model regarding the theoretical efficiency limit for a single-junction solar cell is
introduced at the end of this chapter.

Chapter 3 covers the background knowledge about the organic-inorganic halide
perovskite material and the perovskite solar cells. It starts with introducing the crystal
structures for inorganic perovskite compounds and then introduces the organic-inorganic
halide perovskite material focusing on its optoelectronic properties. A brief history of the
PSCs is presented together with a short review of the deposition techniques for the

perovskite active layer used in PSCs. This chapter ends with an introduction of the



perovskite nanocrystals, covering the synthesis methods and the amazing optoelectronic
properties for light emitting due to quantum confinement.

Chapter 4 discusses the synthesis and photoluminescence (PL) properties of the
two-dimensional (2D) phenethylammonium lead bromide (PEPB) nanocrystals. Organic-
inorganic halide perovskite nanocrystals often feature different optoelectronic properties from
their bulk crystals, which enables their potential application in light-emitting devices. A
detailed discussion about the synthesis of 2D PEPB nanocrystals is presented. The PL
properties of 2D PEPB nanocrystals are investigated by PL spectrum and time-resolved
reflectance spectroscopy.

Chapter 5 is dedicated to the study of the perovskite solar cells. Methylammonium lead
iodide (MAPbDI3) layer was spin-coated using a precursor solution prepared by a methylamine
(MA) gas-mediated process. Compared to the conventional one-step spin coating using a
Lewis-adduct precursor solution, the spin coating process is simplified, making it suitable for
depositing large-scale MAPbI3 thin films. The MAPbI3 thin film deposited using the MA gas-
mediated precursor solution has a preferred crystal orientation in the (110) direction. PSCs
fabricated by the MA gas-mediated precursor solution demonstrates higher efficiencies than
those fabricated by the Lewis-adduct precursor solution.

Chapter 6 concludes this dissertation with key findings and an outlook for future works.
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CHAPTER 2.Device Physics of Solar Cells

2.1. Photovoltaic effect

Photovoltaics (PV) is the use of semiconducting materials exhibiting the
photovoltaic effect to convert solar irradiation directly to electricity. The photovoltaic
effect is a phenomenon closely related to the photoelectric effect, where both phenomena
involve the process of generation and emission of electrons by absorbing photons. The
destination of the photogenerated electrons distinguishes the two processes, where in the
photoelectric effect, the photoelectrons are emitted into space!'l, while in the photovoltaic
effect, the electrons travel into another material.

Foundationally, the photoelectric effect is historically significant as it provided
experimental evidence for the particle-like nature (quanta) of light!?! and assisted in
developing the concept of wave-particle duality. Einstein first postulated that for the
emission of a photoelectron, the energy of the absorbed photon must exceed a specific
threshold value, known as the work function (®) of the material®). For typical metals, the
work functions are usually a few electron-volts (eV), corresponding to short-wavelength
visible or ultraviolet (UV) light. It is also possible to observe the photoelectric effect from
insulating materials, but the energy of the absorbed photon would need to be much higher
than that for metals.

The photovoltaic effect generates both a current and voltage upon the incident of
light using a material that can absorb photons and generate electron-hole pairs. These
electron-hole pairs must be able to move around by diffusion or drift before they are
extracted and collected at the front and rear electrodes. When an external circuit is

connected to the electrodes, the electrons from one terminal, driven by the potential
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difference between two terminals, can flow through the circuit, power up the external
load, and recombine with the holes at the other terminal®. Although the photovoltaic
effect has been observed from a variety of materials, a p-n or p-i-n junction can be found
in nearly every solar cell in practice.

In the following sections, the fundamental processes of the photovoltaic effect
will be discussed after a brief introduction of the band structure of semiconducting

materials. The equivalent circuit and the metrics of a solar cell will also be addressed.

2.2. Band structure of semiconducting materials

To understand the interaction between photons and electrons in a semiconducting
material, a brief discussion of the electronic band structure would be informative. Figure
2-1 shows how electronic energy bands are formed by hypothetically bringing a large
number of atoms together to form a crystal. For a single, isolated atom, each of its
electrons occupies a unique quantum state, or orbital, with a discrete energy level. When
two identical atoms are brought into close proximity to form a molecule, each atomic
orbital splits into two molecular orbitals with different energies so that the electrons in
these orbitals would be in the different quantum states to obey the Pauli exclusion
principle. Thus, bringing more atoms together results in additional energy level splitting.
In principle, the electron orbitals in a crystal can be obtained by combining all of the
atomic orbitals of constituent atoms. As a result of the Pauli exclusion principle, each
atomic orbital splits into N discrete orbitals with different energy levels. As a crystal
consists of a vast number (N~10%) of atoms arranged in a highly ordered structure, the
energies of N discrete orbitals would be so close (~102* eV) that they practically fall in

a continuum or an energy band, and the orbitals are delocalized over the entire crystal.
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Between two adjacent energy bands is a range of energy levels that are impossible for an

electron to possess, i.e., the forbidden band or bandgap.
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Figure 2-1 Diagram of the evolution of the atomic s and p orbitals into valence and conduction
bands at zone center within the tight-binding approximation for a semiconductor.

The Fermi level (EF) is a hypothetical energy level of an electron such that at
thermodynamic equilibrium, it would have a 50% probability of being occupied™).
Valence bands (VBs) and conduction bands (CBs) are the energy bands below and above
the Fermi level, respectively. In solid state physics, these two terms, VB and CB, refer to
the energy bands closest to the Fermi level. Figure 2-2 shows the diagram of band
structures of metal, semimetal, semiconductor, and insulator. In metals, the Fermi level
lies in the CB, whereas, in inorganic semiconductors, the Fermi level is within the
bandgap (Ec) between the CB and VB.

Valence band and conduction band are terms used to describe the band structure
of inorganic semiconducting crystals. Organic semiconductors often do not have periodic
crystal structures, and therefore, the idea of VB and CB is not applicable. However, a
band-like structure can be defined by the molecular orbitals of constituent organic atoms.

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
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orbital (LUMO) levels are analogous to the valence band maximum (VBM) and the
conduction band minimum (CBM) of inorganic semiconductors, respectively®l. The
energy difference between HOMO and LUMO is termed the HOMO-LUMO gap, which

is analogous to Eg of inorganic semiconductors.

s pobpL
4411Y
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Figure 2-2 Band filling diagrams for metal, semimetal, semiconductor, and insulator>.

For both organic and inorganic semiconductors, orbitals in the VB (HOMO) or
lower bands are completely filled with electrons, and orbitals in the CB (LUMO) or
higher bands are empty or partially filled with electrons. Only electrons in energy bands
near or above the Fermi level are free to move and act as charge carriers since the

electrons can easily occupy vacant orbitals in higher energy bands.
2.3. Theory of solar cells
2.3.1. P-N junction

A photovoltaic device is essentially a large area p-n junction, which is, in principle,
a p-type semiconductor (acceptor) and an n-type semiconductor (donor) brought into

contact with each other. Consider a p-n junction formed by p-type and n-type silicon.

3 Credit: Nanite[ CCO 1.0], via Wikimedia Commons.
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Assumably, the doped regions are uniformly doped, and the transition between the two
regions is abrupt. Figure 2-3 shows the energy band diagram of the two semiconductors
when they are apart. Since both semiconductors are made of silicon, the CBs and the VBs
of these two semiconductors are aligned. However, as they are different types, the Fermi
levels of these two semiconductors, Erp and Ery, are not aligned.

p-type semicondutor n-type semicondutor

X CB CB

VB

Figure 2-3 Energy band diagram of two different types (p-type and n-type) of silicon before the
junction is formed. The solid and hollow circles represent the free electrons and free holes,
respectively.

The principle of operation for a p-n junction will be explained using a thought
experiment, in which the p-type Si and n-type Si are brought into contact with each other
with no external electric field. Note that this does not automatically align Erp, and Egn.
There are two causes for charge carrier motion in a p-n junction: diffusion driven by
carrier concentration gradient, and drift driven by an internal or external electric field.
Initially, there will be a sharp concentration gradient of electrons and holes, as shown by
the solid red and blue lines in Figure 2-4. Electrons from the region of high electron
concentration (n-type side) diffuse into the region of low electron concentration (p-type
side), combine with the holes, and get eliminated. Likewise, the holes in the p-type side
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diffuse into the n-type side, combine with the electrons, and get eliminated. The flow of

charge carriers continues until Er, and Eg, are aligned.
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Figure 2-4 A p—n junction in thermal equilibrium with no external electric field.lue and red lines
represent the electron and hole concentrations, respectively. The area between dashed lines is
the depletion region or the space charge region. The red and blue circles represent the positively
charged donor ions and the negatively charged acceptor ions, respectively. The red and blue
shaded areas represent the positively charged and the negatively charged region, respectively.*

Therefore, in a region near the heterojunction, the n-type side loses its free
electrons, and the p-type side loses its free holes. The region around the heterojunction
loses its neutrality and majority charge carriers, forming the depletion region or the space
charge region. Because of the movement of the majority charge carriers on both side of
the p-n junction, the n-type side of the depletion region becomes positively charged (due
to the positively charged donor ions), and the p-type side of the depletion region becomes
negatively charged (due to the negatively charged acceptor ions), as shown in Figure 2-4.
An electric field is thus created in the depletion region, which causes a charge flow,

known as the drift current, in the opposite direction as the diffusion process for electrons

4 Credit: TheNoise[CC BY-SA 3.0], via Wikimedia Commons.
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and holes. Concurrently, the diffusion and drift processes counterbalance each other and
establish equilibrium.

When a p-n junction is in equilibrium, the Fermi level is constant across the entire
junction. Thus, the CBs and VBs of the p-type and n-type semiconductors are not aligned.
Figure 2-5 shows the space charge distribution, electric field distribution, electric
potential distribution, and the band diagram of an abrupt p-n junction in equilibrium.
Figure 2-5 (A) shows the space charge distribution in the depletion region. The vertical
axis represents the charge density. The blue shaded region (p-type side) is negatively
charged (thus below the x-axis) due to the negatively charged acceptor ions, and the red
shaded region (n-type side) is positively charged (thus above the x-axis) due to the
positively charged donor ions. The widths of the red and blue area, Wp, and Wpy, are the
depths of the depletion region in the n-type side and the p-type side, respectively. Due to
the difference in doping densities on both sides, the depths of the depletion region on both
sides are usually different. Here the full-depletion approximation is applied, meaning
there are no free charge carriers within the depletion region. The electric field is created
going from the n-type side to the p-type side, as shown in Figure 2-5 (B). By Gauss’s law
in the differential form, which states that the divergence of the electric field equals the
charge density divided by the dielectric constant, one can immediately conclude that the
electric field changes linearly with position. At equilibrium, there is no electric field
outside the depletion region. Therefore, the electric field is zero at both ends of the

depletion region (x = —Wp, and x = Wp,). At x = 0, the electric field reaches the

maximum and can be calculated by integrating from x = —Wp,, to x = 0, or from x =
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Wpn to x = 0. The electric field generates the built-in potential 1,;, which can be

calculated by the area of the grey area in Figure 2-5 (B) and is shown in Figure 2-5 (C).
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Figure 2-5 Abrupt p-n junction in thermal equilibrium adapted from reference!®. (A) Space charge
distribution. The red and blue circles represent the positively charged donor ions and the
negatively charged acceptor ions, respectively. Wp, and Wp, represent the width of the depletion
region in the p-type side and the n-type side, respectively. (B) Electric field distribution. (C)
Electric potential distribution. y;; is the build-in potential. The red and blue shaded areas represent
the positively charged and the negatively charged depletion region, respectively. (D) Energy band
diagram. The solid and hollow circles represent the free electrons and holes, respectively.

The presence of the electric field and the potential leads to band bending, which
can be shown by solving Poisson’s equation!®. The CB and the VB in the p-type side
bend downward toward the interface, while the CB and the VB in the n-type side bend
upward toward the interface. The energy bands vary continuously in the depletion region,
as shown in Figure 2-5 (D). The free electrons in the n-type region would face an energy

barrier, q,;, if they want to move to the p-type region.
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2.3.2. Photogeneration of charge carriers
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Figure 2-6 Diagram of the three stages of PV power conversion: (A) absorption of a photon and
generation of an electron-hole pair, (B) thermalization of charge carriers, and (C) selective
extraction of electrons and holes at two terminals.

As shown in Figure 2-6, when a photoactive semiconductor absorbs a photon with
energy equivalent to or higher than E;, the photon energy is transferred to an electron in
the VB and excites it into the CB where it is free to move around, leaving the absence of
an electron, a quasiparticle known as a hole in the VB. The photogenerated electron-hole
pair is bound by the Coulomb force; such a bound state can be considered as a
quasiparticle called an exciton. If the exciton binding energy is comparable to the thermal
energy (kgT , ~26 meV at 300 K), the bound electron-hole pair breaks the electrostatic
bonding and disassociates into a free electron in the CB and a free hole in the VB. This
process is called the photogeneration of charge carriers.

Further, the electron-hole pairs can relax towards the VB maximum (E}, ) and the
CB minimum (E.) by giving the extra energy to lattice vibrations, or phonons. This

process is called the thermalization of charge carriers (represented by the blue and red
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wavy arrows), and the result is that the absorbed photon energy above the bandgap E; is

lost.

2.3.3. Charge separation and photocurrent

To complete the photovoltaic process and to generate a photocurrent and
photovoltage, the free electrons and holes must be separated and transported out of the
photoactive semiconductor selectively. This process is called charge separation.

If the photogenerated charge carriers are created in the depletion region, the strong
electric field will push the electron toward the n-type side and the hole toward the p-type
side. If the photogenerated charge carriers are created outside the depletion region, the
electrons and holes can still move as a result of diffusion. If an electron on the p-type side
reaches the depletion region, the electric field will sweep it from the p-type side to the n-
type side. In a similar fashion, the electric field would sweep the holes reaching the
depletion region on the n-type side to the p-type side. Therefore, on the p-type side,
electrons are always the minority charge carriers, and on the n-type side, holes are always
the minority charge carriers.

In conclusion, the electric field in the depletion region continuously sweeps the
minority carriers across the heterojunction, making them the majority carriers on the other
side of the junction. Such charge carrier flow is induced thermally (no illumination) or
together with photon absorption (under illumination). For majority carriers, the diffusion
process, resulting from the charge carrier concentration gradient, drives them into the
depletion region. Most majority carriers are held back by the electric field in the depletion
region. While a small number of the majority carriers, those with the highest kinetic

energies, can fully diffuse across the depletion region and become the minority carriers
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on the other side. Once the drift of minority carriers and the diffusion of majority carriers
reach a dynamic equilibrium, the charge carrier distribution is determined in the entire p-
n junction.

Ohmic metal-semiconductor electrodes are deposited to the terminals of both
sides of the p-n junction as connections to an external load. The electrode on the n-type
side collects electrons from two sources: free electrons created on the n-type side and free
electrons created on the p-type side and swept to the n-type side. The collected electrons
travel through the external circuit, power the load, and continue traveling through the
wire until they reach the electrode on the p-type side. The electrons then recombine with
the holes collected at the p-type terminal from two sources: holes that were created on the
p-type side, and holes that were created on the n-type side, diffused to the depletion region

and swept to the p-type side.

2.4. Recombination

Recombination is the reverse process of excitation or photogeneration. In general,
an electron in the conduction band jumps back into the valence band and recombines with
a hole, giving the energy off as light or heat. Recombination leads to the elimination of
charge carriers and should be prevented in a photovoltaic device so that more charge
carriers can be collected, and more photocurrent can be generated. On the contrary, a
light-emitting diode (LED) is a device optimized for the recombination of charge carriers
to release energy in the form of photons. There are three types of recombination in the
bulk of a single crystal semiconductor according to the mechanism, as shown in Figure

2-7.

24



2.4.1. Radiative recombination

Radiative recombination is the inverse process of photon absorption. An electron
in the conduction band combines directly with a hole in the valence band, emitting a
photon, as shown in Figure 2-7 (A). The emitted photon carries energy close to the
bandgap of the semiconductor, and it is only weakly absorbed, making it able to exit the
semiconductor. The radiative recombination is the basis of LED and the dominating
recombination process in direct bandgap semiconductors, such as GaAs. However,
crystalline silicon used widely in commercial solar cells is an indirect bandgap
semiconducting material. A phonon is necessary for the radiative recombination process
due to the conservation of momentum. Therefore, the radiative recombination is

extremely low and can be neglected in crystalline silicon.

(A) (B) ©

CB CB CB

Photon
Trap state

Radiative Shockley-Read-Hall Auger
Recombination Recombination Recombination

Figure 2-7 Schematic diagrams of (A) radiative, (B) Shockley-Read-Hall, and (C) Auger
recombination.
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2.4.2. Shockley-Read-Hall recombination

Shockley-Read-Hall (SRH) recombination, also called the trap-assisted

[7.81 "as shown in Figure 2-7 (B). Firstly, an electron

recombination, is a two-step process
(or hole) is trapped by an energy level in the forbidden band (trap level), which is caused
by defects or dopants in the crystal lattice. The trapped electron can be released into the
conduction band by thermal activation. However, if a hole (or an electron) is also trapped
at the same energy state before the trapped electron (or hole) is thermally released, the
two charge carriers recombine and release the energy as lattice vibration. If a trap level is
close to the edge of the conduction band, excited electrons in the conduction band are
likely to be trapped at this state rather than holes. Such a trap state is called an electron
trap. Similarly, if a trap level is close to the edge of the valence band, it is called a hole
trap.

The rate at which a charge carrier is trapped at an energy level in the forbidden
band depends on the distance of the energy level to either of the band edges. Excited
electrons in the conduction band are less likely to be trapped in hole traps, and holes in
the valence band are less likely to be trapped in electron traps. Therefore, an electron
trapped in an electron trap is likely to be released into the conduction band before it meets
a trapped hole at the same energy level.

If the distance between a trap level and either band edge is less than the thermal
energy kgT, it is called a shallow trap. Otherwise, it is called a deep trap. Charge carriers

trapped in a shallow trap are more likely to be released into the conduction band or the

valence band than those trapped in the deep traps.
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2.4.3. Auger recombination

Auger recombination is a process involving three charge carriers. An excited
electron in the conduction band and a hole in the valence band recombine. However,
rather than releasing the energy as a photon or lattice vibration, the energy is given to a
second electron in the conduction band, which is then excited to a higher energy level in
the same energy band™ '°! as shown in Figure 2-7 (C). After Auger recombination, the
second electron eventually loses its excess energy to lattice vibration. Due to the
involvement of three carriers, Auger recombination is only significant in non-equilibrium
conditions where the carrier density is very high.

Carrier lifetime and diffusion length of a semiconductor are two important
parameters relating to recombination rates. The minority carrier lifetime, 7,, or 7,, is the
average time in which a minority carrier can exist in an excited state before recombination.
Carrier diffusion length, L, or L,, is the average length a carrier moves between
generation and recombination. These two parameters are critical for the possibility of a
charge carrier being collected before recombination. A higher carrier diffusion length
usually means that charge carriers can travel longer distances before recombination and
therefore are more likely to be collected. In a typical photovoltaic device, the thickness
of the active layer is smaller or close to the carrier diffusion length so that the charge

carriers can be effectively collected.

2.5. Characterization of solar cells

The most critical characterizing parameter of a solar cell is its energy conversion

efficiency. For a typical energy conversion system, efficiency is defined as the ratio of
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energy in against energy out. For a solar cell, the input energy is the energy from the
incident solar illumination, and the output is the electricity it generates. The efficiency of
a solar cell, together with other key parameters, is embodied in its I-V curve, which
depicts the relationship between output current and voltage of the device under particular

illumination and temperature conditions.

2.5.1. The solar spectrum

The performance of a solar cell depends on the illumination intensity. Above the
atmosphere, the Sun irradiates the Earth with an extra-terrestrial spectral irradiance
known as the AMO spectrum. The acronym stands for air mass zero, which means that
the spectrum was measured with no air between the receiver and the Sun. Most solar cells
are intended for use with sunlight illumination on the Earth. The AMO spectrum applies
only to space-based solar panels as the solar irradiance on the Earth’s surface is rather
different. As the sunlight passes through the atmosphere, the AMO spectrum is attenuated
by atmospheric absorption, scattering, and reflection from the surface of the Earth.
Besides the spectral difference, solar irradiance on the Earth surface is also perpetually
fluctuating in intensity. With such widely varying irradiance, the photovoltaic community
has adopted a set of operating conditions for measuring the efficiency of solar cells.

The primary set of operating conditions is the Standard Reporting Conditions
(SRC). The standard spectrum for SRC is the AM1.5G spectrum with a total irradiance
of 1000 W /m?. The AM1.5G spectrum, which is derived from measurements in space
and an atmospheric transmittance model, corresponds to the amount of average sunlight
available at all wavelengths that reach the Earth’s surface at mid-latitudes after

attenuation by 1.5 thickness of atmosphere (resulting from the solar zenith angle of 48.2°).
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Figure 2-8 shows the spectral irradiance outside the Earth’s atmosphere with the AM1.5G
and AM1.5D spectrum. The AM1.5G spectrum is suitable for flat PV panels, whereby

the AM1.5D spectrum is useful for concentrating solar systems.
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Figure 2-8 Spectral irradiance received outside the Earth’s atmosphere (AMO0), and on the surface
of Earth at mid-latitudes, passing through 1.5 atmosphere thickness (AM1.5G and AM1.5D).
Reproduced from data accessed from NREL!!!

2.5.2. Equivalent circuit model of solar cells

Figure 2-9 shows the equivalent circuit of a single p-n junction solar cell based on
ideal electrical components. In the circuit diagram, I; is the photocurrent provided by the
photoactive absorbing layer, I, is the diode current (also known as dark diode current),
which represents current loss caused by the recombination of charge carriers. A shunt
resistance and a series resistance are added to model a real solar cell, where Iy is the

current through the shunt resistance.
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Figure 2-9 Equivalent circuit of a single-junction solar cell®.
The collected current between the output electrodes, I, evidently is:
IV)=1,—Ip — Igy. (Eq.2-1)
The voltage across these components is:
Vi =V +IR; (Eq.2-2)
Where V and V; are voltages across the electrodes and the diode, respectively.

The shunt current, Iy, is simply,

V:
ISH S R_] (Eq 2'3)
SH

The diode current, I, is given by the Shockley diode equation.

Ip =1, [exp (%) — 1] (Eq.2-4)

Where [ is the reverse saturation current of the diode, n is diode ideality factor (n = 1
for an ideal diode and between 1 ~ 2 typically), kg is the Boltzmann’s constant, e is the
elementary charge, and V; = kgT /e is the thermal voltage, which is equal to 25.85 meV
at 300 K. The reverse saturation current, I, is of fundamental importance as it is a

measure of the recombination rate in the diode. A larger I, means the diode has a larger

3 Credit: Squirmymephee[CC BY-SA 3.0], via Wikimedia Commons.
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recombination rate. As the temperature of the diode increases, the recombination rate also

increases, as does I;,. Substituting Eq. 2-2 through Eq. 2-4 into Eq. 2-1 produces:

e(V+IR)] } _V+IRg (5q.2-5)

IV)=1,—1, {exp[ T Ren

2.5.3. Current-voltage measurement
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Figure 2-10 A generic J-V curve and power density output of a solar cell under sun illumination.
The intercepts of the J-V curve (black) on the x-axis and the y-axis are the Voc and Jsc,
respectively. The maximum power point is located at the peak of the power density curve (purple).
The blue rectangle is defined by the x-axis, y-axis, Voc, and Jsc. The orange rectangle is defined
by the x-axis, y-axis, and the maximum power point. The ratio of the orange area divided by the
blue area is the fill factor.

Current-voltage (I-V) sweeps are the most widely used method to determine the
solar cell performance metrics. In -V measurements, a solar cell with a known area is
connected to a source measure unit (SMU). The voltage bias provided by the SMU is
sequentially changed within the desired range, and the corresponding current values are
recorded. The I-V measurement can be done both under illumination (light I-V) and in
the absence of light (dark I-V). To take into account the effect of the active area, the result
of the I-V measurement is plotted as a current density—voltage (J—V) curve, with the
voltage on the x-axis and the current density on the y-axis, as shown in Figure 2-10. The

J-V curve directly indicates the position of two key performance metrics: short circuit
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current density (Jsc) and open circuit voltage (V). These two metrics, together with

other metrics, are discussed below.
2.5.3.1.  Short circuit current density (Js¢)

The short circuit current, Ig- with unit of A (Ampere), is defined as the current
through the solar cell terminals when there is no external bias voltage applied. For a high-
quality solar cell with a small R, a small I, and a high Rgy, the short circuit current, Ig.,
is approximately equivalent to the photocurrent, I;. As the active area of a solar cell

increases, more photons will be absorbed and Ig. will also increase. To remove the
. . . . . . A
dependence upon the active area, the short circuit current density, /sc with units of Zn?,

is more widely used as the metric to compare different solar cells. In a plotted J-V curve
figure, Jsc is the y-intercept, as labeled in Figure 2-10.

Photocurrent through the terminals of a solar cell is reduced by absorption loss,
blackbody radiation, and recombination of charge carriers (both radiative and non-
radiative). To maximize the photocurrent of a solar cell, one of the principal methods is
to increase the number of absorbed photons. Therefore, the absorbing layer in a solar cell
must be thick enough to absorb as many photons as possible, while keeping the energy

loss in the charge carrier recombination process as low as possible.
2.5.3.2.  Open circuit voltage (V)

If a solar cell is operated at the open circuit, i.e., I = 0, the voltage across the
terminals of the solar cell is defined as the open circuit voltage, Vy. It is also the

maximum photovoltage that could be provided by the solar cell under illumination. When
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a bias voltage equal to V. is applied to the terminals of a solar cell, the electric field of
the bias voltage cancels out the electric field in the depletion region discussed in Section
2.3. Minority charge carriers will not be swept to the other side of the heterojunction and
become the majority charge carriers. The charge carrier concentration gradient across the
heterojunction will no longer exist because of the diffusion process, and charge carriers
cannot be separated on the two sides of the heterojunction anymore.

The maximum photovoltage is determined mainly by the bandgap of the
photoactive semiconducting material. Solar cells using an absorbing layer with a large
bandgap usually have a large V¢, and vice versa. The V. is also affected by the energy
band structure of the semiconducting layers used to selectively extract charge carriers
from the absorbing layer and the work functions of the metal electrodes. The CB edge of
the electron transporting layer (ETL) should be aligned with the CB edge of the active
layer, and the VB edge of the hole transporting layer (HTL) should be aligned with the
VB edge of the active layer. Otherwise, it would make it energetically unfavorable for
charge carriers to be extracted from the active layer. These layers should also be of proper
thicknesses to select electrons (holes) and block holes (electrons) while not causing any
significant energy loss during charge carrier extraction.

The approximated equation of V. can be deducted from Eq. 2-5 assuming the

shunt resistance Rgy is high enough to neglect the last term on the right-hand side.

nkgT (I,
VOC =~ In(—= +1 (Eq 2'6)
e Iy

In a plotted J-V curve figure, V. is the x-intercept, as labeled in Figure 2-10.
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2.5.3.3.  Fill factor (FF)

The [-V sweep provides information about the range of voltages and currents over
which a solar cell can operate. The V. and I, are the maximum voltage and current that
a solar cell can provide under illumination, respectively. The maximum power point of
an I-V curve is simply the point that maximizes V X I. It represents the maximum
electrical power that a solar cell can generate under a certain level of illumination. It
should be noted that the maximum power point of a solar cell varies with the incident
illumination.

As discussed in Section 2.5.3.1, the current, I, depends directly upon the active
area of the solar cell. The point that maximizes the electrical power, V X I, is also the
point that maximizes the electrical power density, V X J. To remove the dependence of
active area when comparing between two solar cells, it is often more useful to define the
maximum power point as the point that maximizes V X J rather than V X I, and this will
be the definition of the maximum power point throughout this dissertation.

As shown in Figure 2-10, the fill factor (FF) is defined as the ratio of the available
power density at the maximum power point (P, with the unit of %), i.e. the orange area,

divided by the open circuit voltage (V) and the short circuit current density (J¢), i.€.,
the blue area.

Py

FF=—2™__
Voc X Jsc

x 100% (Eq.2-7)

Fill factor is a metric to determine the quality of a solar cell, which should always
be maximized during fabrication optimization by reducing the series resistance, Rg, and

increase the shunt resistance, Rgy.
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2.5.3.4. Power conversion efficiency

By definition, the power conversion efficiency (PCE) is a percentage of the
maximum power a solar cell can generate relative to the power of the incident
illumination. It can also be expressed as the percentage of the maximum output power
density to the incident radiation power density. The AM1.5G spectrum is the widely used
standard solar irradiation spectrum for solar cell testing because it is representative of

average conditions in the 48 contiguous states of the US. The incident power density of
. w w
AM1.5G spectrum (Pyp) is 1000 — or 100 Z”?

P Py  Voe XJsc X FF
out _ M _~0C ]SCW X 100% (Eq.2-8)
Py P 100 ™%

cm?

PCE =

2.5.3.5. Shunt resistance (Rgy)

In a solar cell, the shunt resistance measures the resistance against the leakage
current bypassing through the absorbing layer and the charge extraction semiconducting
layers. In terms of thin-film solar cells, these leakage pathways are usually caused by
incomplete layers, which might be the result of the high roughness of interfaces between
layers or pinholes that penetrate through the entire thickness of the layer.

When the number of leakage pathways increases, the shunt resistance decreases,
and more current leaks through the device. The decrease of the shunt resistance results in
the part of the J-V curve between the maximum power point and the current density axis
(y-axis in Figure 2-11) dropping down like a slope, as shown in Figure 2-11, generating
a significantly reduced current density. When a solar cell is heavily shunted, i.e., the shunt

resistance is small, the J-V curve of the solar cell will be close to a straight line, similar
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to the characteristics of a resistor and V. will drop significantly. The shunt resistance

can be approximated by taking the inverse of the slope of the I-V curve in the region near

Jsc-
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Figure 2-11 Effect of shunt resistance on the J-V curve of a solar cell.

2.5.3.6.  Series resistance (Ry)

The series resistance of a solar cell measures all the resistance against the
extraction and transportation of charge carriers. The causes of the series resistance in a
solar cell include the low charge carrier mobility, trap density in either the absorbing layer
or the charge extraction layer, the contact resistance between the metal electrode and
charge extraction layer, and finally, the resistance of the top and rear metal electrodes.

If the charge carrier mobility in the absorbing layer or the charge extraction layer
is not high enough for the charge carrier to travel through before being trapped or
combined, the series resistance will increase. Similarly, an absorbing layer or charge
extraction layer with a high density of defects will also increase the probability of

recombination and the series resistance. Any energetic barriers at the interface between
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two layers caused by the not-well-aligned energy bands will hinder the flow of charge
carriers from one layer to another, increase the probability of recombination, decrease the

charge carrier mobility, and increase the series resistance.

A

g

Increasing R, o

Current Density (mA/cm?)

o
Y

Voltage (V) Voe

Figure 2-12 Effect of series resistance on the J-V curve of a solar cell.

When the series resistance increases, the part of the J-V curve between the
maximum power point and the voltage axis (x-axis in Figure 2-12) starts to incline
towards the current density axis (y-axis), with the /¢, and the fill factor also decreasing,
as shown in Figure 2-12. The series resistance can be approximated by taking the inverse

of the slope of the [-V curve in the region close to V.
2.6. The Shockley—Queisser limit

The Shockley—Queisser limit refers to the maximum theoretical efficiency of a
solar cell using a single p-n junction. In 1961, Shockley and Queisser (SQ) analyzed the
theoretical limits of PV energy conversion efficiency by the thermodynamic principle of

detailed balance!'?!; therefore, it is also known as the detailed balance limit. The SQ-limit
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is of fundamental significance as it defines an ideal model as a reference for single-

junction solar cells.

2.6.1. The SQ model

The SQ-limit is calculated by examining the amount of electrical energy that is
extracted per photon absorbed in an idealized model. The SQ model treats the power
conversion process of a single-junction solar cell in three stages, as shown in Figure 2-6.

a) creation of a free electron in the CB and a free hole in the VB by absorbing a

photon,

b) relaxation of the free electron and free hole towards Ec and Ev, respectively,

i.e., thermalization of charge carriers,
c) selective extraction of the electron and hole at two terminals, or their
radiative recombination by emission of a photon.
The sources of loss in these three stages are assumed, by the SQ model, to be restricted
to spectrum loss, blackbody radiation, and radiative recombination.

The spectrum loss comes from two assumptions. First, the probability of
absorption of incident photons is a step function, 0 for hv < E; and 1 for hv = E;. In
other words, incident photons with energy hv > E; are entirely absorbed, whereas
photons with energy hv < E; are not absorbed at all. Further, a single electron-hole pair
is created with the absorption of a photon with energy hv > E;;. The second assumption
is that any energy above E;; is lost, i.e., the electron-hole pair is obliged to relax towards

E. and Ey, respectively and transfers excess energy to phonons. In silicon, the effect of
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these two assumptions alone is the limit of 48% for the maximum theoretical conversion
efficiency.

The blackbody radiation effect suggests that any material above absolute zero
(0 Kelvin) emits electromagnetic radiation. The SQ model assumes that any energy lost
in a solar cell is converted to heat, e.g., phonons created by the thermalization of charge
carriers towards E. and Ej, . As the temperature of the solar cell increases under
illumination, the blackbody radiation also increases until an equilibrium is reached.

Radiative recombination is the process in which an electron and a hole meet and
recombine, emitting a photon. It is the reverse process of the absorption of a photon in a
semiconductor. Therefore, according to the principle of detailed balance, it must have the
same rate as the absorption process when the semiconductor is in thermal equilibrium!'!.
In the SQ model, the radiative recombination rate is a function of the voltage across the
cell and remains the same whether the cell is illuminated or not.

As explained in Section 2.3.2, the bandgap between the VB and the CB in a
semiconductor is vital for the absorption of photons. However, the SQ model suggests
that there is an ideal bandgap for converting solar irradiation to electricity. A
semiconducting material with a small bandgap would satisfy hv > E; for a large portion
of the AM1.5G spectrum and leads to the absorption of the majority of incident photons.
Yet a small bandgap results in more absorbed photon energy converted to heat as the
energy over E; will be given to phonons when the excited charge carriers relax to E. and
Ey,. Conversely, a semiconducting material with a larger bandgap would only satisfy
hv > E; for short wavelength, high-energy photons, making it impossible to absorb

photons in the rest of the AM1.5 spectrum. The AM 1.5 solar spectrum is shown as the
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faded spectrum in Figure 2-13 (A) with the black dash line of E;—corresponding to the
bandgap of silicon—indicating the portion that can be absorbed by silicon. The spectrum
labeled as thermalization represents the spectral distribution of absorbed energy after the
thermalization of charge carriers. The maximum converted energy is also limited by the
voltage loss between gV and E;!'*l. Figure 2-13 (B) shows the SQ-limit as a function of

the bandgap and the record efficiencies for different PV materials up to April 2016.
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Figure 2-13 Fundamental solar cell efficiency limits and records up to April 2016. (A) AM1.5
solar spectrum with distinct dips due to molecular absorption in Earth’s atmosphere. Photons with
energy below the bandgap (E,, dashed black line corresponds to Si) are not absorbed. Photons
with more energy than bandgap are fully converted to free charge carriers due to thermalization.
The maximum power generated is limited by voltage loss relative to the bandgap voltage. (B)
Theoretical Shockley-Queisser detailed balance limit as a function of bandgap (black line) and
75% and 50% of the limit (gray lines). The record efficiencies for different materials are plotted
for the corresponding bang gaps. From reference!'*. Reprinted with AAAS permission.

2.6.2. Energy loss beyond the SQ model

The SQ model only considers the most basic mechanisms of energy loss in a solar
cell. However, for a real-world single p-n junction solar cell, several other factors are also
limiting the theoretical power conversion efficiency. The first one is non-radiative
recombination, which is often caused by defects and grain boundaries in the p-n junction.
Even if there are no crystalline defects, Auger recombination is still inevitable, in which

case, the recombination energy is given to a third charge carrier and excites it to a higher

40



energy level in the same energy band® '°1. Another factor is the limited charge carrier
mobility. Generally, the mobility rates of electrons and holes in a semiconductor are not
the same. In most cases, holes move much more slowly than electrons. Therefore, a free
electron moving in the p-n junction could meet with a hole created earlier than the
electron and recombine, whether radiative or non-radiative.

Nonetheless, the SQ-limit provides valuable information about the theoretical
efficiency limit for single p-n junction solar cells by calculating the amount of energy
extracted per photon of incident sunlight. Nevertheless, it should be mentioned that the
SQ-limit only applies to single p-n junction solar cells and that it can be outperformed by
several strategies. For example, tandem solar cells use more than one p-n junctions with
each junction tuned for absorbing a different wavelength of the solar spectrum. NREL

has reported a PCE of 47.1 % using four or more junctions with concentrated solar light!!>!,
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CHAPTER 3.0Organic-Inorganic Perovskite Materials and Perovskite Solar Cells

3.1. Introduction

Perovskite is a class of material with the same type of crystal structure as calcium
titanium oxide (CaTiOs3). The mineral consisting of CaTiO3 was first discovered in the
Ural Mountains of Russia by Gustav Rose in 1839, further studied by and named after
Russian mineralogist Lev Alekseyevich von Perovski (1792-1856)!"" 2. Perovskite
material has drawn tremendous attention as a result of its potential and existing
applications in a wide range of applications spanning radioactive waste encapsulation’],

wireless communication!*, energy harvest>'2], and superconductivity!'*-1],

3.2. Crystal Structures for Perovskite Compounds

Intrinsic Doped Alkali Halide Organic-Inorganic
Perovskite Perovskite Perovskite Halide Perovskite

Figure 3-1 Categorization of perovskite compound.

Perovskite structure is commonly found in various compounds with the chemical
formula of ABX3, where A and B are cations, and X is an anion. Perovskite materials can
be categorized by their constituent elements, as shown in Figure 3-1. For metal oxide
perovskites or inorganic oxide perovskites (ABO3), the oxidation states of the two metal

B:

atoms must sum to six (g4 + g —3q° = 6) because of charge balance requirement.

Therefore, the general categories of cation-pairing for metal oxide perovskites are
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A"B>"0%3 (e.g. LiNbOs and LiTaOs!!%1), A2*B**0%; (e.g. BaTiOs!'”! and LaTiO;!'®), and
A¥B*"0%; (e.g. GdScOs and DyScO;!!?Y). For halide perovskites (ABXs, X = Cl, Br, 1),
the only possible cation-pairing of A, B and X is A"B?>"X7; (e.g. CsSnC15?°)). When the
inorganic A" cation is replaced by an organic cation with the same charge, the perovskite
material is then called the organic-inorganic halide perovskite.

Although the ideal cubic perovskite crystal structure is almost self-explanatory,
the family of perovskite compounds shows a large variety of structural variants. In the
following sections, we describe several common examples of the perovskite crystal

structure and discuss the implications of distortions.

3.2.1. Cubic phase

In an ideal cubic unit cell, the type ‘A’ atoms sit at the cube corners, the type ‘B’
atoms sit at the body centers, and the type ‘X’ atoms sit at the face centers, as shown in
Figure 3-2. The space group for cubic perovskite crystal structure is Pm3m (No. 221)2!]
and the Wyckoff positions of the Group Pm3m are shown in Table 3-1. On the other
hand, the traditional view of the cubic crystal structure of perovskite is that it comprises
a three-dimensional network formed by corner-sharing BX¢ octahedra and A cations,
which are 12-fold coordinated by X anions from the eight BXs octahedra surrounding it

[Figure 3-7 (A)].
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Figure 3-2 Cubic perovskite crystal structure for the ABX3; compound.

Table 3-1 The Wyckoff positions and the atomic coordinates of the Group Pm3m for cubic
perovskite structure!??,

Site Wy?lf()ff Coordinates
Position
A cation 2a (0,0,0)
111
B ea ) (LY
cation b 537
1 1\ /1 IN/1 1
X t. (l_l_)(_l I_)(_l_l )
cation 3¢ 022 202 220

3.2.2. Hexagonal and tetragonal phase

In practice, the ideal cubic geometry of perovskite crystals is often distorted by
the tilting and rotation of the BXs octahedral?’]. Perovskite crystals have been reported to
exhibit a hexagonal or tetragonal lattice, depending on the tilting of the BX¢ octahedra.
The unit cell of the P6;cm (No. 185) hexagonal structure and the equivalent atomistic
positions can be found in Figure 3-3 and Table 3-2, respectively. The unit cell of the
I4/mcm (No. 140) tetragonal structure and the equivalent atomistic positions can be

found in Figure 3-4 and Table 3-3, respectively.
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Figure 3-3 P63cm hexagonal perovskite unit cell.

Table 3-2 The Wyckoff positions and the atomic coordinates of the Group P63;cm for hexagonal

perovskite structure!?* 23],

Site Wy?lf()ff Coordinates
Position
. 1
A(1) cation 2a (0,0,m) (0,0, m+ E)
12 12 IN/2 1 21 1
A2 t' 4 (_I_I )<_I_l _)(_I_I )(_I_I _>
(2) cation b 33m33m+233m33m+2
1 1
(0,x,2) (O,l—x,z+—) (x,x,z+—)
B cation 6¢ 12 2
(x,O,z)(l—x,O,z+E)(1—x,l—x,z)
(x,0,2)(0,x,2)(—x, —x, 2)
X(1) anion 6¢ 1 1 1
(—x,O,z+—> (0,—x,z+—> (x,x,z+—)
2 2 2
(x',0,2)(0,x'",2")(—x', —x', z")
X(2) anion 6¢ ( . ,+1) . ,+1><’ , ’+1)
—X,U,Z E ( ,—X,Z E X,X,Z E
. 1
X(3) anion 2a (0,0,n) (0,0, n+ E)
12 21 1\ /1 2 1N/2 1
X4 i 4 <_I_I )(_l_l _)(_I_I _)(_I_l )
(4) anion b 33k33k+233k+233k
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Figure 3-4 I4/mcm tetragonal perovskite unit cell.

Table 3-3 The Wyckoff positions and the atomic coordinates of the Group /4/mcm for tetragonal

perovskite structure!2°),

Site Wy?lf()ff Coordinates
Position
1 1
A cati 4d ()(—)
cation > 0,0)10 > 0
111 1
B t. 4 <_I_l_)( ] ’_)
cation C 51577 0,0 >
. 11
X(1) anion 4c (0,0,0) (E'E' 1)
1 1 1 1
o o | ool
(2) anion S A Y VA Y X5

3.2.3. Orthorhombic phase

Perovskite crystals can be further distorted and exhibit the orthorhombic Pnma

(No. 62) lattice system with the space group Pnma'?”), as shown in Figure 3-5. The

equivalent atomistic positions for an orthorhombic structure are shown in Table 3-4.




Figure 3-5 Orthorhombic Prnma perovskite structure unit cell. Note that the octahedron formed
by one B cation and six X anions at the center of the unit cell is tilted.

Table 3-4 The Wyckoff positions and the atomic coordinates of the Pnma space group for the
orthorhombic perovskite structure??,

Site Wy?lf()ff Coordinates
Position
1\ /1 11
Acat 4 [(vr3) G-=v+33)
cation C + xy4 > xy+24
1\ /1 1 1\/11
B t. 4 (l l_>(_l ) )( Py ) A )
cation b 002 200 022 220
1\ /1 11
e : tfforGvr 3]
(1) anion c (w3 uv+24
11
[(lmn)( lm+—,——n)
X(2) anion 8d 2%
(<t-mn+3)(145.5-m-n)

3.2.4. Rhombohedral phase

Rhombohedral lattice system with space group R3¢ (No. 167)!, as shown in
Figure 3-6, is another phase for distorted perovskite crystals. The equivalent atomistic

positions for the rhombohedral phase are shown in Table 3-5.
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Figure 3-6 R3c rhombohedral perovskite structure unit cell.

Table 3-5 The Wyckoff positions and the atomistic positions in R3¢ rhombohedral perovskite
structure?!’,

Site Wy?l@ff Coordinates
Position
1 2 1 1
A cation 6a ( —y —y —— )(_ —y = Z_ )
(6a) x—y,-y5-z)(3+tx-yg+xg-z
. 1
Bcatlon (6b) (1_x+3’:1_x:Z)(x_Y:_y,E_Z)
1 ) + 1 ( 1
g )mmrend-pnio
X cation 18 (—— -y, ——4x,—— )(_ = — = — )
(18e) 3+x y 3+x3 z 3+y3 x+y3 z
(2 1 1 )
3 37 Y372

3.2.5. Goldschmidt’s tolerance factor

The Goldschmidt’s tolerance factor, 7, is an indicator of the distortion of the
perovskite crystals structure!?®!. First described by Victor Moritz Goldschmidt in 1926, it
is a dimensionless value calculated by the ratios of constituent ionic radii of A, B, and X.

To help discussing about the tolerance factor, it is helpful to consider a close-
packed cubic perovskite unit cell with A cations occupying the cuboctahedral cavities,
each of which is formed by twelve nearest-neighbor X anions from eight corner-linked
BXGe octahedra [Figure 3-7 (A)]. Looking at the (100) plane, the lattice constant is clearly

determined by the ionic diameters of cation B and anion X [Figure 3-7 (B)]. On the other
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hand, the plane diagonal in the (1/2, 0, 0) plane is determined by the ionic diameters of
cation A and anion X [Figure 3-7 (C)]. To form an ideal cubic perovskite crystal, lattice
constants a, b, and ¢ should be equal. Therefore, the condition to yield an ideal, close-
packed cubic perovskite structure is

ry + 14 =V2(ry +13) (Eq.3-1)
Where 7,4, 15, and 7y are the ionic radii of atom A, B, and X, respectively. The

Goldschmidt’s tolerance factor, 7, is defined as,

T+ 1y

i V2(rg + %)

(Eq.3-2)

2(r +ry)

Figure 3-7 (A) Ball-stick model for close-packed cubic perovskite structure. For clarity, the radii
of these spheres are smaller than the ionic radii of A, B, and X. (B) and (C): Cross-sectional view
of (100) plane including B cations and X anions and (1/2, 0, 0) plane including A cation and X
anions, respectively. The blue, gold, and red spheres represent the A cation, B cations, and X
anions, respectively.

Obviously, T equals 1 for a cubic close-packed perovskite structure. In fact, when
T lies between 0.9 ~ 1, the corresponding perovskite crystal will adopt a cubic lattice.
When the deviation from T = 1 becomes greater, perovskite compounds adopt crystal
lattices of lower symmetry than cubic lattice. When 7 is greater than 1, the crystal

structure will be distorted into a hexagonal or tetragonal lattice. When 7 is within the
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range of 0.71 to 0.9, perovskite compounds will adopt orthorhombic or rhombohedral
lattices. When t is smaller than 0.71, the trigonal lattice is often observed in perovskite
compounds, such as FeTiO3, because of the similar size of cations A and B. To sum up,
perovskite compounds have multiple Bravais lattice configurations, including cubic,

tetragonal, hexagonal, orthorhombic, rhombohedral, and trigonal.

3.3. Organic-inorganic halide perovskites

For halide perovskite materials, the only viable cation-pairing of A, B, and X (X
= Cl, Br, I) is A"B*"X73. A relatively small size is necessary for the metal monovalent
cation A to fit into the cavity. If the monovalent inorganic cation A is replaced by an
organic cation of the same charge and appropriate size to fit into the interstice, the
material is called organic-inorganic halide perovskite (OIHP) material or organic-

inorganic halide perovskite.

3.3.1. Methylammonium lead iodide

Among all kinds of organic-inorganic halide perovskite materials, CH;NH3Pbl3
(MAPDI3) is the most popular one for application in solar cells. The study on the crystal
structure of MAPDI; started long before its application in photovoltaics and found three
phases of MAPDI;: orthorhombic, tetragonal, and cubic Bravais lattices®”). Figure 3-8
shows the diagram of the corresponding structure for each of these three crystal phases.

At temperatures lower than ca. 165 K, orthorhombic lattice assigned to the Pnma
space group, shown in Figure 3-8 (a), is the stable phase for MAPbI; crystals?®l. In the
low-temperature phase, each CH3NH3" cation is located at a fixed position, and the
CH;3NH;" sublattice is fully ordered®!!. There are two phase transitions for MAPbI;
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crystals. The first-order phase transition happens at ca. 165 K, and MAPDbI3 crystals
change from the orthorhombic phase to the tetragonal phase assigned to the /4/mcm space
group, shown in Figure 3-8 (b). In the mid-temperature phase, the organic CH3NH;3"
cations are located between two non-equivalent positions in each cuboctahedral cavity,
rather than at fixed positions in the orthorhombic phase®*?l. The second-order phase
transition happens at ca. 327 K, and the MAPDbI; crystals change from tetragonal phase
to cubic phase assigned to the Pm3m space group, shown in Figure 3-8 (c), with an even

higher level of molecular disorder.

\
(a)

Figure 3-8 The crystal structures of the (a) orthorhombic, (b) tetragonal, and (c) cubic phases of
CH;NH;PbI:P!. The upper and lower panels are oriented through <100> and <001>, respectively.
The Pbls octahedra are shaded gray. Reproduced with permission from reference !,

3.3.2. Formamidinium lead iodide

Another popular OIHP material for solar cells is [CH(NH2)2]Pbl; (FAPbI3). Table
3-6 summarizes the effective ionic radii of cations and anions in perovskite materials used
for photovoltaic applications. Compared to the methylammonium cation CH3NH;3",

which has a radius of 2.16 A, the formamidinium cation CH(NH.)," has a larger radius of
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2.53 A. Hence, the Goldschmidt’s tolerance factor for FAPbI; (t = 0.987) is closer to

the ideal value of 1 than that for MAPbI; (t = 0.910).

Table 3-6 lonic radii of A cations, B cations, and X anions in perovskites for PV applications.

A cation Ionic radii®® | B cation Tonic radii® | Xanion Ionic radii®!
Cs® 0.181 nm Pb* 0.119 nm Cr 0.181 nm
CH3NH3" 0.216 nm Sn** 0.069 nm Br 0.196 nm
CH(NH,)," 0.253 nm I 0.220 nm

Early studies by Kanatzidis et al. found that FAPbI; exhibited a P3m/ trigonal
space group at room temperature [*>1. However, Pang et al. noticed that the P3m/ trigonal
could be regarded as a Pm3m cubic lattice system with a slight distortion when the
orientation and displacement of CH(NH>)," cations are ignored¢!. Later, Walsh et al. also
reported the Pm3m cubic space group for FAPbI; at 298 KB7! which is identical to the
high-temperature crystal structure of MAPbI;. However, the Pm3m cubic structure is
metastable at room temperature. FAPbI3 can go through a room-temperature phase
change from the cubic corner-sharing perovskite phase (black color, a-phase) to a face-

sharing hexagonal non-perovskite phase (yellow color, §-phase)i®> 381,

3.4. Properties of organic-inorganic halide perovskites

3.4.1. High absorption coefficient and small Urbach energy

The absorption coefficient of CH3NH3Pbls is a primarily important characteristic
for its application in photovoltaics. Park et al. first estimated the absorption coefficient of
MAPbI; to be 1.5 x 10* cm ™! (1.5 um™?1) at 550 nm!”). In 2013, Sum et al. reported an

absorption coefficient of 5.7 X 10* cm™* (5.7 um™1) at 600 nm for MAPbI;P*”1. Several
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other groups have also reported high absorption coefficient for MAPbI; and MAPDI.
«C1x%-3% and the absorption coefficient profiles of these studies are shown in Figure 3-9
(A). Although the absorption coefficient from each research group deviates, all these
curves have converged to show one common absorption edge at ca. 1.57 eV (790 nm)
followed closely by an unusual sharp shoulder [labeled by the black arrow in Figure 3-9
(A) and the red arrow in Figure 3-9 (B)]. Remarkably, the shoulder occurs at higher
absorption coefficients than most other well-developed photovoltaic semiconductors,
which explains why very thin MAPbI3 films of only a few hundred nanometers thick

suffice for absorbing most of the incident photons on earth.
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Figure 3-9 Absorption coefficients of MAPbIl; and MAPbI;4Clx. (A) Compilation of room-
temperature absorption coefficient data for MAPbl; and MAPbI;«Cli. Reproduced with
permission from reference 5%. Copyright 2015 American Chemical Society. (B) Comparison of
absorption coefficients, a(4), of four photovoltaic materials. Reproduced with permission from
reference (¢!, Copyright 2015 Optical Society of America.

Using the absorption coefficient spectrum, De Wolf et al. calculated the Urbach
energy of MAPDI; to be as low as 15 meV!*!l. This value is minimal among photovoltaic

semiconductors and close to the Urbach energy of gallium arsenide (GaAs), which is a

direct bandgap semiconductor with superior electronic properties compared to silicon.
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Figure 3-9 (B) shows the absorption coefficient profile of MAPDbI; and other
common photovoltaic materials, such as crystalline silicon, amorphous silicon, and GaAs.
Compared with amorphous silicon, MAPbI3 has a much stronger ability to absorb photons
between about 620 and 800 nm, although amorphous silicon shows a higher absorption
coefficient between ca. 620 and 300 nm. Throughout the visible wavelength range from
approximately 380 to 800 nm, MAPbI3 has a significantly higher absorption coefficient
than crystalline silicon. Surprisingly, in the visible range, the absorption coefficient of
MAPDI; is nearly as high as that of GaAs, which is the photovoltaic semiconductor used

in the most efficient single-junction solar cell by far.

3.4.2. Long charge carrier diffusion length

Perovskite materials for solar cells have been reported to have exceedingly high
carrier diffusion lengths by multiple research groups. In 2013, Snaith et al. used transient
absorption and PL-quenching techniques to measure the carrier diffusion lengths,
diffusion constants, and lifetimes in MAPbI3<Clx thin film and MAPbI3 thin film. They
reported over 1 um diffusion lengths for both electrons and holes in MAPbI3.xClx thin
film, and over 100 nm diffusion lengths for electrons and holes in MAPbI; thin filmP!l,
Almost simultaneously, Sum et al. also reported diffusion lengths of 130 nm and
110 nm for electron and hole in solution-processed polycrystalline MAPbI; thin film,
respectively®”). In 2014, Zhu et al. reported electron diffusion length over 1 um in
mesostructured MAPbI; solar cells®?!. In 2015, Marcus, Michel-Beyerle, and Chia et al.
measured the carrier diffusion lengths at different temperatures and reported electron-

hole diffusion lengths close to 1 um at 285 and 180 K. As for electron-hole diffusion
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lengths in MAPDI; single crystals, Huang et al. reported that both electrons and holes
have diffusion lengths over 1 um under 1 sun illumination and over 3 mm under weak

illumination (0.003% sun)!>1.

3.4.3. Unique defect physics

Organic-inorganic halide perovskite excels in its tolerance for defects. Yin et al.
showed by first-principles density-functional theory (DFT) calculation that the dominant
intrinsic defects in MAPbI3 create only shallow traps, which partially explains the
reported long carrier diffusion length and small V loss in solar cell devices®*. Besides,
Wang et al. reported self-doping in perovskite!>>!. MAPDI; can be either n- or p-doped by
varying the ratio of MAI and Pbl,. MAPbI3 thin films with MAIl-rich or Pbl-rich

composition were p-doped and n-doped, respectively.

3.4.4. Electronic band structure and direct bandgap

The electrical band structure of MAPbI; is primarily determined by the electronic
bonding orbitals of the lead cations and iodide anions. Electron configurations of Pb**
cations and I' anions are [Xe] 4f'* 5d!° 6s? 6p° and [Kr] 4d'® 5s* 5p®, respectively.
Therefore, the conduction bands of MAPbI; are associated with 6p orbitals of Pb*" cations,
and the valence bands are associated with Sp orbitals of I" anions. Figure 3-10 shows the
diagram of cubic Pm3m perovskite structure, the first Brillouin zone (BZ) of the Pm3m

space group, and the electronic band structure of MAPbI3.
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Figure 3-10 Electronic band structure of MAPbI;.(a) Real-space 3D view of the cubic crystal
structure of AMX;s (A = Cs, CH;NH3, M = Pb, Sn, and X =1, Br, Cl) with the Pm3m space group.
CH3NH;" cation (red ball) is located at the center of the cube. (b) Reciprocal-space 3D view
showing the first Brillouin zone (BZ) of the Pm3m space group. Points of high symmetry in the
cubic BZ: T" denotes the origin of the BZ; X is the center of a square face at the BZ boundary; M
is a center of a cube edge, and Rs are vertices of the cube. (¢) Electronic band structure for the
high-temperature cubic Pm3m phase of MAPDI; with spin-orbit coupling (SOC) at the local
density approximation (LDA) level of theory. An upward energy shift of 1.4 ¢V has been applied
to match the experimental bandgap value at R. Irreducible representations obtained from a Pm3m
double group analysis are given at R and M points for the electronic states close to the bandgap.
Vertical arrows show various possible optical transitions close to the bandgap energy. Optical
transitions along the line between the M and R points generate carriers that easily relax toward
the R point. Reprinted with permission from reference!®®. Copyright 2015 American Chemical
Society.

Like other popular materials for thin-film solar cells, including GaAs, CdTe, and
CIGS, MAPDI; is a direct bandgap semiconductor, as shown in Figure 3-10 (c), where
the minimal-energy state in the conduction band (conduction band minimum, CBM) is
aligned with the maximum-energy state in the valence band (valence band maximum,
VBM) at the same crystal momentum (k-vector). In direct bandgap semiconductors, a
photon with energy close to the minimum bandgap can be absorbed, generating a pair of

electron and hole carrying a k-vector near CBM and VBM. However, in indirect bandgap
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semiconductors, such a process is not possible as photons cannot carry crystal
momentum. For a photon to be absorbed in an indirect bandgap semiconductor, the
energy of the photon must be larger than the minimum bandgap, and the absorption
process must involve the creation of a phonon. For this reason, photons can penetrate
much farther before being absorbed in an indirect bandgap semiconductor than a direct
bandgap semiconductor. The fact that MAPbIz is a direct bandgap semiconductor,
together with the remarkably high absorption coefficient in the visible range, suggests
that MAPDI; is a promising material for a very thin absorbing layer in thin-film solar
cells.

Table 3-7 Bandgap (E,), exciton binding energy (R"), reduced effective mass (1), effective

dielectric constant (g,55) for MAPbI; and FAPbI;. Reproduced from reference 7 with permission
from the Royal Society of Chemistry.

Compound E, R u Eeff Temperature
(meV) (meV) (me) (X)
FAPbDI; 1521 10 0.095 11.4 140-160
MAPbI;.Clk 1600 10 0.105 11.9 190-200
MAPbI; 1608 12 0.104 10.9 155-190
FAPDBr3 2294 24 0.13 8.6 160-170

The direct bandgap of MAPDI; is located at the high symmetry point R with
multiple optically allowed transitions, as shown in the E(k) diagram in Figure 3-10 (c).
Effective masses for electron and hole can be obtained from second derivatives of E(k)
with respect to k. The approximated parabolic curves and the close symmetrical features
of CBM and VBM in Figure 3-10 (c) suggest that the effective masses of electron and
hole should be similar. Yamashita et al. estimated the effective masses of electron and

hole in MAPDI; to be 0.23 and 0.29, respectively!®). Bandgaps of OIHP materials for
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solar cells, such as FAPbI;, FAPbBr;, MAPDbI3, and MAPbI;.«Clx, are summarized in

Table 3-7.

3.5. Perovskite solar cells
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Figure 3-11 Improvement of the power conversion efficiencies of PSCs over time. The figure is
drawn based on the data in Solar Cell Efficiency Tables (Version 33 to Version 53) of Wiley!®”!
and the latest NREL best research-cell efficiencies chart(®’].
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Since the first report on a long-term stable solid-state perovskite solar cell with a
power conversion efficiency (PCE) of 9.7 % using methylammonium lead iodide in 2012,
the certified PCE record of perovskite solar cells has been skyrocketing at a speed that no
other solar cell technologies can match/**((Figure 3-11). Methylammonium lead halide
perovskite materials were first attempted as sensitizers in a liquid electrolyte in dye-
sensitized solar cells in 2009, showing PCE as low as ~4 %, which was almost doubled

in performance by intensifying loading concentrations of perovskite in a thinner TiO>
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film in 2011. Lead halide perovskites employing organic ammonium cations such as
methylammonium and formamidinium are undoubtedly promising photovoltaic

materials.

3.5.1. Architecture evolution of perovskite solar cells

The organic-inorganic perovskite material was first incorporated in solar cells as
light absorbers in 20095, Miyasaka et al. constructed dye-sensitized solar cells (DSSCs)
built on photoelectrode of TiO> coated with nano MAPbX3 (X = Br, 1) nano-crystalline
particles. DSSCs incorporating MAPbBr; and MAPbI; demonstrated PCEs of 3.1 % and
3.8 %, respectively®®. In 2011, Park et al. nearly doubled the PCE of perovskite-sensitized
DSSCs to 6.54 % by using MAPbI; quantum dots (QDs) as sensitizers!’!. However, it was
observed that perovskites were easily dissolved in the presence of a liquid electrolyte,

causing losses to the PCE and significantly affecting the device stability!”).

HTL HTL ETL
Perovskite Perovskite Perovskite
- MeSoporousfayer
ETL HTL
(A) Mesoporous (B) Planar n-i-p (C) Planar p-i-n
Structure (Regular) (Inverted)

Figure 3-12 Device configuration of (A) mesoporous, planar (B) n-i-p, and (C) p-i-n structured
perovskite solar cells.

In 2012, the liquid-electrolyte-induced instability issue was solved by replacing
the liquid electrolyte with a solid electrolyte. Park and Gratzel et al. reported a solid-state

mesoscopic perovskite solar cell architecture showing PCE of 9.7 %!®, as shown in
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Figure 3-12 (A). MAPbI3 nanoparticles were deposited on 0.6 um thick mesoporous
TiO, (mp-TiO2) layer, whose pores were infiltrated 2, 2°, 7, 7’-tetrakis (N, N-p-
dimethoxy-phenylamino)-9, 9’-spirobifluorene (spiro-OMeTAD) as the hole
transporting material®'l. Concurrently, Snaith et al. constructed solar cells based on
mesoporous AlbO3 scaffold coated with a thin layer of MAPbI3.«<Clx underneath the spiro-
OMEeTAD layer, and the devices demonstrated a PCE of 10.9 % together with a boosted
open circuit voltage (V,.). This work also indicated that OIHP has the ability to transport
electrons itself without adjacent electron transporting materiall®*, Experimental
evidences of electron-hole diffusion length over 1 um in MAPbl;4Cl®!l and over
100 nm in MAPbI3*?1 were reported in 2013 and 2014, respectively. Such charge
transporting ability of OIHP enabled the optimization of device configuration to fully
utilize its beneficial optoelectronic properties.

Since 2012, a mesoporous TiO scaffold was often found as the electron
transporting material in numerous highly efficient PSCs!!> 3661 However, both the
exceptionally long electron-hole diffusion length!®*> 3! and the remarkably high charge
carrier mobilities!*”! of OIHP materials suggested the likelihood of highly efficient PSCs
with planar heterojunction structures. The first perovskite solar cell adopting planar
heterojunction structure was reported in 2013 with a top PCE of 15.4% by Snaith et al.’],
MAPDI;3.«Clx was deposited on top of a compact layer of TiO2 (c-Ti0O;) by a dual-source
vapor deposition method. The device was composed of three consecutive layers of c-
Ti0,, MAPDI3«Clx, and spiro-OMeTAD sandwiched between the anode (FTO-coated
glass substrate) and the cathode (silver), creating a planar n-i-p (in the direction of

incident light) heterojunction structure!®), as shown in Figure 3-12 (B).
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Planar p-i-n heterojunction architecture, adopted from organic solar cells, is also
available for PSCs, as shown in Figure 3-12 (C). The first planar p-i-n heterojunction PSC
was reported in early 2014 by Yang et al. [®]. Using a low-temperature solution-processed
technique, planar p-i-n PSCs were assembled on rigid and flexible substrates using a
substrate/ITO/PEDOT:PSS/MAPbI;«Cly/PCBM/AI structure, where PEDOT:PSS and
PCBM ([6,6]-Phenyl-C61-butyric acid methyl ester) are hole and electron transporting
materials, respectively!®®. A PCE of 11.5 % was obtained from PSC on a rigid glass/ITO
substrate, while PSC on flexible polyethylene terephthalate/ITO substrate showed a PCE

0f 9.2 %.

3.6. Versatile fabrication strategies for depositing perovskite thin films

As the key photovoltaic material for perovskite solar cells, the quality of the
perovskite layer plays a critical role in the final device performance. The formation of a
dense, uniform, and highly crystalline perovskite layer is particularly susceptible to the
parameters of the deposition procedure. Vacuum-based vapor deposition methods and
solution-based deposition methods are the two major categories of deposition approaches
for high-quality perovskite layers. The spin coating method is the most popular solution-
based methods, including spin coating, dip coating, spray coating, ink-jet coating, blade,

D-bar, slot-die, screen printing, etc. Depending on the number of fabrication steps used,

n[62 n[69]

the spin coating strategy is categorized into the so-called "one-step"[®* and "two-steps

approaches.
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3.6.1. Vacuum-based vapor evaporation

The vacuum-based vapor deposition approach is a solvent-free process. The dual-
source vapor deposition approach, reported by Liu et al. !, was applied in planar
perovskite solar cells in 2013. PbCl, and MAI placed in a vacuum chamber can be
vaporized simultaneously by heating and deposited on a rotating substrate, as depicted in
Figure 3-13. Perovskite thin films deposited by the vapor evaporation method showed
substantially more uniform surface morphologies with no pin-holes compared to the
perovskite films deposited by the solution-processing approach of that time. By this
method, Liu et al. fabricated highly efficient planar n-i-p perovskite solar cells with PCE

above 15%.

(B) Vapour-deposited

(C) Solution-processed

Sensor 1 Sensor 2

[l

A S ——
Spiro-OMeTAD

Perovskite

Compact TIO,

FTO

Organic Inorganic
source source

Figure 3-13 Perovskite thin film deposited by vapor evaporation. (A) Schematic illustration of a
dual-source thermal evaporation system. MAI was the organic source, and Pbl, was the inorganic
source. SEM top views of (B) a vapor-deposited MAPDI; thin film and (C) a solution-processed
MAPDI; thin film. Cross-sectional SEM images of under high magnification of complete solar
cells constructed from (D) a vapor-deposited MAPDI; thin film and (E) a solution-processed
MAPDI; thin film. Reproduced with permission from reference!®, Springer Nature Limited.

Inverted planar perovskite solar cells were also fabricated by this method. At the

end of 2013, Malinkiewicz et al.l””) demonstrated a planar p-i-n perovskite solar cell using
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vapor evaporated MAPbI3 layer with a 12% power-conversion efficiency. A higher PCE

of ~20% was achieved in 2016 in a fully evaporated PSC by a co-evaporation method’"!.

3.6.2. One-step spin coating method

One-step spin coating methods are based on the co-deposition of both the organic
and inorganic precursors. Among the proposed one-step spin coating methods, the
development of antisolvent engineering and Lewis acid-base adduct approaches were key

milestones in achieving PSCs with a PCE of >20%.

3.6.2.1. Antisolvent engineering

(10)
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Perovskite solution Spinning Toluene Intermediate Dense and uniform
spreading dripping phase film perovskite film

Figure 3-14 (a) Device architecture of the bilayered perovskite solar cell (glass/FTO/bl-TiO/mp-
TiO,-perovskite nanocomposite layer/perovskite upper layer/PTAA/Au). (b) XRD pattern of the
annealed perovskite coating on fused silica substrate. The inset shows a SEM image of a surface
consisting of a glass/FTO/bl-TiO»/mp-TiO,-perovskite nanocomposite layer/perovskite upper
layer. (c¢) Solvent engineering procedure for preparing the uniform and dense perovskite film.
Reprinted with permission from reference!®!, Springer Nature Limited.

Antisolvent engineering was developed to control the growth of the perovskite

crystals. During the spin coating process, an antisolvent, in which the perovskite
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compound is insoluble, is dripped onto the spinning substrate!®*. The proposed
mechanism of this approach is that the addition of antisolvents leads to immediate
supersaturation and accelerates heterogeneous nucleation!’?). Jeon et al.l*¥ used toluene
as the antisolvent together with a perovskite precursor containing a mixed solvent of y-
butyrolactone (GBL) and DMSO to deposit extremely uniform and highly crystalline
MAPDI;.«Bry film and fabricated mesoporous-structured perovskite solar cells exhibiting
16.2 % PCE, as depicted in Figure 3-14.

Paek et al.’?! investigated the interaction between six antisolvents, including
chlorobenzene, toluene, trifluorotoluene, p-xylene, diethyl ether, dichloromethane, and
the perovskite precursor solution containing a mixed solvent of DMF and DMSO. For
antisolvents that are miscible with the solution solvents, the formation of the perovskite
phase took less than 15 s. Whereas, for antisolvents that are not miscible with solution
solvents, this process took 3040 s. Perovskite thin films prepared by miscible

antisolvents delivered a higher PCE than those formed by the immiscible antisolvents.

3.6.2.2. Lewis acid-base adduct method

In 2015, Ahn et al.[% reported the Lewis acid-base adduct method to deposit
perovskite thin films for highly efficient solar cells reproducibly. The precursor solution
was prepared by dissolving a stoichiometric mixture of MAI, Pbl,, and DMSO in DMF.
During the spin coating process, diethyl ether was dripped onto the spinning substrate, as
shown in Figure 3-15 (A), resulting in the formation of an intermediate adduct phase of
MAI-Pbl,-DMSO. The weak bonding in the adduct makes it possible to remove DMSO
by heating at a low temperature (65 “C). Mesoporous-structured perovskite solar cells

were fabricated based on MAPDI; thin films deposited by this approach, and an average
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PCE of 18.3% was achieved. Figure 3-15 (B) shows the cross-sectional SEM image of

the device.
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Figure 3-15 (A) Illustration of the key steps in the Lewis acid-base adduct method in which an
adduct film is formed by dripping on diethyl ether. (B) Cross-sectional scanning electron
microscopy image of a perovskite solar cell containing a MAPDI; film formed using the Lewis
acid-base adduct approach. (C) Comparison of the interaction energy of an adduct formed
between FAI (where FA* is formamidinium), Pbl, and dimethyl sulfoxide (DMSO) as the Lewis
base and that of the related adduct formed with N-methyl-2-pyrrolidone (NMP) as the Lewis base.
Reprinted with permission from referencel’”, Springer Nature Limited.

For FAPbI3, N-methyl-2-pyrrolidone (NMP) was used as the Lewis base instead
of DMSO!”!. Lewis adduct formed by NMP was calculated to have a higher interaction
energy than that formed by DMSO, as shown in Figure 3-15 (C), leading to a more stable
adduct and more uniform thin films. The interactions between Lewis base and FA™ or
MA " is critical for the stability of the adduct film and the kinetic control of crystal growth.
The guidelines for choosing the ideal Lewis-base have been proposed by Yang’s

group!”™,
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3.6.3. Two-step spin coating method

Two-step methods, or sequential methods, involve the deposition of the inorganic
PbX> (X=Cl, Br, I) precursor and their subsequent transformation into the perovskite
films. The transformation process can be done in different ways, such as dipping PbX>

film into MAX solution or spin coating MAX on top of PbX».
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Figure 3-16 SEM images of thermally annealed (TA) perovskite films with thicknesses of 250
nm (a), 430 nm (d), and 1015 nm (g), and solvent-annealed (SA) perovskite films with thicknesses
0f 250 nm (b), 430 nm (e), and 1015 nm (h); the scale bars are 2 pm. c,f,i) Grain-size distributions
of the SEM images to the left. Reprinted with permission from referencel’).

The first report of the two-step spin coating method was published in 2013.
Burschka et al.[”! spin-coated Pbl, film on top of a mesoporous TiO» layer and
subsequently dipped it in a MAI solution to convert the yellow Pbl; into a dark brown

perovskite layer within seconds. PSCs fabricated using this method exhibited 15% PCE
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with high reproducibility. For planar perovskite solar cells, the conversion is protracted
as it is harder for MAI to diffuse into a planar Pbl, layer!’” 781, Chen and Zhou et al.["]
developed a vapor-assisted solution process (VASP), in which the spin-coated Pbl, layer
was annealed in MAI vapor to form smooth, fully covered MAPbI; film. Xiao et al.l’¢]
achieved large MAPDI; crystal grain (>1 pm) by annealing the as-spun thin film in an
environment filled with the solvent vapor. This method is called the solvent annealing
method, and the result is shown in Figure 3-16. The inverted (p-i-n) planar-structured

solar cells reached the highest efficiency of 15.6%.

3.6.3.1. Intramolecular exchange

One major disadvantage that hinders the two-step method is the incomplete
conversion of Pbl, to the perovskite phase in films thicker than 500 nm. The dipping
method requires prolonged immersion for thicker Pbl, films (especially for planar
devices), which increases the chance of peeling off the perovskite film in solution. The
surface morphology of perovskite films prepared by the solvent annealing or the VASP
methods is not as smooth as those prepared by the one-step antisolvent engineering
method.

Further, Yang et al.l'"?! reported the preparation of 560 nm-thick FAPbI; film by
the intramolecular exchange process (IEP) and fabricated perovskite solar cells
exhibiting >19% PCE repeatedly. Inspired by the antisolvent engineering approach(®4),
Yang spin-coated a layer of Pblo(DMSO) instead of Pbl,."?! DMSO molecules were
intercalated in Pbl, film with van der Waals interaction. During IEP, DM SO molecules
were easily replaced by FAI molecules as a consequence of their higher affinity toward

Pbl, and the inorganic framework was also retained, as shown in Figure 3-17 (A).
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Figure 3-17 (A) Schematics of FAPbI; perovskite crystallization involving the direct
intramolecular exchange of DMSO molecules intercalated in Pbl, with formamidinium iodide
(FAI). The DMSO molecules are intercalated between edge-sharing [Pbls] octahedral layers. (B)
XRD patterns of (a) as-prepared Pbl,(DMSO), powders, (b) vacuum-annealed Pbl,(DMSO)
powders, and (c) as-deposited film on fused quartz substrate using Pbl,(DMSO) complex
solution. Reprinted with permission from reference!!?.

To prepare Pblo(DMSO) powder, Pbl, was first dissolved in DMSO, and toluene
was slowly added to the solution to precipitate PbIo(DMSO),. Pblo(DMSO); precipitation
was dried at room temperature and annealed in a vacuum oven at 60 °C overnight to
obtain Pbl,(DMSO) powder by removal of 1 mol DMSO. The XRD pattern of
PbI>(DMSO) did not match that of Pbl;(DMSO): [Figure 3-17 (B)], indicating these two
compounds were in different phases. FAPbI3 films prepared by the Pbl2(DMSO) layers
and IEP approach presented dense and highly crystalline structures with larger crystal
grains than those prepared by the Pbl; layers and the conventional two-step spin coating

approach.

3.7. Perovskite nanocrystals

Over the last decade, organic-inorganic halide perovskites have been attracting
significant attention as a result of their exceptional optoelectronic properties for

photovoltaic applications!’#. On top of their facile solution processability, this new family
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of semiconducting materials have high carrier mobility, long carrier diffusion length, and
low trap density, making the perovskite nanocrystals (NCs) promising for light-emitting
diodes (LEDs) and lasers®®® For an organic-inorganic lead halide NC, the
dimensionality of its inorganic framework is associated with its stoichiometry. For
example, the inorganic frameworks of APbX3, A2PbX4, AsPbXs, and AsPbXe are 3D, 2D,

(83911 perovskite NCs have shown bright and narrow-band

1D, and 0D, respectively
photoluminescence (PL) that is easily tunable by changing either the halide or the organic
composition®* 88 9291 The bandgaps of perovskite NCs can also depend on the size of
the NCs, which is called the quantum confinement effect’®”1°. The quantum
confinement effect is the phenomenon that a semiconducting crystal can demonstrate
different electronic and optical properties from its bulk form when its size is on the
nanoscopic scale. The size-dependent bandgaps provide approaches for tunable light
emission by control of the particle size.

Schmidt et al.®”] first reported the synthesis of 6-nm-sized MAPbBr; NCs using
a medium- or long-chain alkylammonium cation to stabilize the NCs. The MAPbBr3 NCs
were stable in either solid state or dispersed in aprotic, moderate polarity, organic
solvents. Both the colloidal solutions and thin films of MAPbBr3; NCs showed strong
symmetric light-emission peaks with a high quantum yield (ca. 20%) at 530 and 533 nm,
respectively. Zhang et al.’®l developed the ligand-assisted reprecipitation (LARP)
strategy for the synthesis of color-tunable (400 — 750 nm) and brightly luminescent
colloidal MAPbX3 (X = Cl, Br and I) quantum dots with an absolute PL. quantum yield

(PLQY) up to 70%. Akkerman et al.’], used a modified LARP approach to synthesize

fully inorganic perovskite CsPbBr3; nanoplates with precise control over the thickness to
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3-5 monolayers. Br~ anion in the CsPbBr3; nanoplates can be replaced by Cl~ or I" anions
by anion exchange. Yang’s group”! reported the direct growth of atomically thin 2D
(C4HoNH3)2PbX4 (X = Cl, Br, and I) nanosheets by a solution-phase growth method,
which exhibited efficient photoluminescence and color-tuning ability. The same group
also reported the synthesis of CsPbX;3 (X = Br and I) nanowires!!%?! by the hot-injection
approach. They also synthesized CsPbX3; (X = Cl and Br) nanowires by a low-
temperature, solution-phase growth method and successfully demonstrated for the first
time of lasing in the as-grown CsPbBr; nanowires with low lasing thresholds and a
maximum quality factor of 1009!'%], Lasing under constant, pulsed excitation cycle was
maintained for 10° cycles (over 1 hour), and the CsPbBr3; nanowires remained stable.

@nd assisted reprecipitation (LARP) / Hot injection \
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Precursor solution: A: A cation-oleate / Halide precursor
PbX, + MAX + capping ligands in DMF B: PbX, in ODE with ligands
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Figure 3-18 Schematic illustration showing the LARP and hot injection methods for colloidal
synthesis of perovskite NCs. The schematic drawing for LARP is reproduced with permission
from reference®. Copyright (2015) American Chemical Society. The diagram for hot injection
is reproduced with permission from referencel!%%,

The LARPP® and hot injection®® 121 approaches, as shown in Figure 3-18, are

the two main solution-phase strategies for synthesizing perovskite NCs. Zhang et al.’]
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developed the LARP technique for synthesizing MAPbBr; QDs in 2015. MABr and
PbBr> were first dissolved in DMF with oleic acid and n-octylamine functioning as
capping ligands to form a precursor solution. The precursor solution was then dropped
into toluene with vigorous stirring. After centrifugation, a colloidal solution of MAPbBr13
QDs were obtained with a mean diameter of 3.3 nm and a narrow size distribution. The
halide composition of perovskite NCs prepared by the LARP method can be easily tuned
by manipulating the halide ratios in the precursor solution. Since then, the LARP method
has been widely used for the synthesis of APbX3 NCs.

The hot injection approach was first introduced for synthesizing CsPbX3 (X = Cl,
Br, 1) NCs by the Kovalenko group in 20152, Cs,CO; was reacted with oleic acid in
octadecene to prepare the Cs-oleate precursor. Hot Cs-oleate precursor solution (100 °C)
was quickly injected into the PbX> solution in octadecene at an elevated temperature
(140-200 °C) with oleylamine and oleic acid as capping ligands. CsPbX3 NCs were
collected by centrifugation and redispersed in toluene or hexane. A protective
atmosphere (N) is usually required for this approach, and the elevated temperature makes

it hard to control during injection, which results in a low reproducibility.
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CHAPTER 4. Two-dimensional Phenethylammonium Lead Bromide (PEPB)
Perovskite NCs: Synthesis and Photoluminescence Properties

Organic-inorganic halide perovskites have emerged as promising optoelectronic
materials for applications in photovoltaic and optoelectronic devices. Particularly, two-
dimensional (2D) layer-structured OIHPs are of significant interest due to their remarkable
optical and electrical properties, which can be easily tuned by selecting suitable organic
and inorganic moieties during the material synthesis. In this chapter, the solution-phase
synthesis and optical properties of 2D organic-inorganic halide perovskite nanocrystals

will be discussed.

4.1. Introduction

The organic-inorganic lead halide perovskites, especially CH3:NH3Pbls;, have
gained substantial attention owing to their application in the solution-processed
photovoltaic devices that have reached over 25% power conversion efficiency.! 2!
Compared to the 3D structured CH3NH3Pbls, an organic cation with a size bigger than
three C — Cor C — N bonds would potentially form a layered structure with distinct optical
properties.[’! These layered organic-inorganic lead halide perovskite crystals have a general
form of A,PbX4, where A is an organic ammonium or diammonium, and X is a halide. Unit
cells composed of one inorganic layer sandwiched between two organic layers stack up via
Van der Waals interaction between adjacent organic tails and form a long-range ordering
structure. Due to the difference between dielectric constants of the organic and inorganic

moieties, the dielectric confinement effect leads to an increased exciton binding energy and

hence strong photoluminescence.[*%! The bulk materials of layered perovskites have been
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well studied since the 1990s, and largely increased exciton binding energy has been
observed in (C6HsC2HsNH3),Pbly, (C6HsC2HsNH3)2PbBryls., 6!
(C6HsC2H4NH3),PbClylsx!"), and (C¢HsC2HaNH3)2PbBryCla..[®]

The layered perovskite forms a semiconductor/insulator multi-quantum-well
system within which the inorganic semiconducting sheets composed of PbXs* octahedrons
act as the wells, and the surrounding insulating organic layers act as barriers.’! Such
systems provide electronic and optical properties different from bulk materials.[!0-24]
Benefiting from the flexibility of material selection of both the organic and inorganic
moieties, a variety of atomically thin films of organic-inorganic perovskite materials can

[7, 25

be synthesized to form a library of 2D materials.l”> 21 Vertical and lateral heterostructures

can be prepared, opening up intriguing possibilities for designing materials with distinctive

10,114, 15, 17, 18, 26] Both light-emitting diodes and planar

new properties at the atomic scale.!
solar cells based on solution-processed perovskite multiple quantum wells have been
demonstrated with high external quantum efficiency and high stability in the ambient

27. 281 Compared to the bulk material, the

environment with encapsulation, respectively.!
study on nanostructured perovskite materials has just started.!!% 12 14-16.26. 291 Co]loidal
nanocrystals of 2D perovskite materials have been synthesized by using long cation to
arrest crystal growth in certain dimensions!! !4 15:3%:311 or by antisolvent-solvent extraction
process!'3]. Nanosheets or nanoflakes of 2D Perovskites can also be produced by
mechanical exfoliation.®> 33 Recently, L. Dou et al. obtained atomically thin 2D
(C4HoNH3)2PbBrs perovskite material by solution-phase growth method, and a

significantly increased PL quantum efficiency (QE) of ~26% (compared to <1% for bulk

material) was observed which was attributed to the increase of the oscillator strength and
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the decrease of the non-radiative Auger recombination process in atomically thin 2D
structures®,

Although perovskite NCs demonstrated unique and attractive optoelectronic
properties, which are important for developing perovskite-based light emitting devices and
digital displays, the lack of material synthesis and limited characterization of perovskite
NCs have delayed their applications. Here, we demonstrate the synthesis of a new 2D
organic-inorganic perovskite nanocrystals of phenethylammonium lead bromide (PEPB),
(CsHsCoH4NH3)2PbBr4, using the solution-phase growth method. Uniform square-shaped
2D PEPB nanocrystals were synthesized successfully on Si0,/Si substrates. The pyramid
structure formed on top of PEPB sheets was observed, and the thickness of the PEPB
monolayer was calculated to be 1.8 nm by averaging the step heights of the pyramid. Over
50% of the synthesized 2D PEPB nanocrystals were composed of less than 30 layers. The
photoluminescence showed a major band-edge emission at 409 nm, which slightly blue-
shifted compared to that of the bulk single crystal. Besides the major photoluminescence
peak, the PEPB nanocrystals exhibited two new PL peaks at ~480 and 525 nm, which were
not observed in bulk single crystals. The new PL peaks could probably be attributed to the
radiative decay of the organic part. Time-resolved reflectance contrast was measured, and
the result showed a broad induced absorption peak around 600 nm, attributed to the excited

state, with an amplitude-weighted lifetime of 16.7 ps.
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4.2. Chemicals and synthesis methods

Phenethylamine (CsHsC2H4NH») and lead bromide (PbBr>) were purchased from
Sigma Aldrich. Hydrobromic acid (HBr, 48%, w/w aq. solution) was purchased from Alfa

Aesar. All chemicals were used as received.

4.2.1. Synthesis of phenethylammonium bromide

Phenethylammonium bromide (C¢HsC2HsNH3Br, PEBr) was synthesized by an
acid-base reaction of phenethylamine and excessive HBr acid (molar ratio 1: 1.5), as shown
in Eq. 4-1.

CeHsC,H,NH, + HBr - C¢H5C,H,NH3;Br (Eq.4-1)
5 mL of phenethylamine (39.69 mmol) and 30 mL of ethanol were mixed and stirred in a
250 mL 2-neck flask in an ice-water bath. Then, 6.79 mL of HBr acid (60 mmol) was
slowly added to the mixture. The mixture was stirred for 2 hours at 0 °C maintained using
an ice-water bath. The resulting solution was transferred to a round-bottom flask and
evaporated by a rotary evaporator that was connected to a low-vac pump. The temperature
of the rotary evaporator was initially set up at 50 °C to remove ethanol and then increased
to 70 °C to remove water. After removing the solvent, white precipitate was formed and
collected. The white precipitate was then washed with diethyl ether by stirring for 30 min
and collected by vacuum filtration, a step which was repeated three times. After filtration,
the obtained PEBr white powder was collected and dried in a vacuum oven at 60 °C

overnight.
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Figure 4-1 "H NMR spectroscopy of CsHsCoHsNH;Br (PEBr) in CDCl; and DMSO-ds.
Nuclear magnetic resonance (NMR) spectroscopy of the product was measured by

a JEOL ECAS500 spectrometer with an H/F — X duel broadband Smm probe to check the
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purity of the product. Sample for NMR spectroscopy was prepared by dissolving a small
amount of the product in deuterated chloroform (CDCls, Sigma-Aldrich) and deuterated
dimethyl sulfoxide (DMSO-ds, Sigma-Aldrich). "H NMR spectroscopy is shown in Figure
4-1. Resonance peak located at the chemical shift of 2.49 was assigned to DMSO-de.
Resonance peaks located at the chemical shifts of 3.33 and 3.37 were assigned to CDCls.
The strength of every other resonance peak was integrated using JEOL Delta 5.3 software,
and the relative intensity was printed below each peak. With the integration of resonance
peaks revealing the ratio of one type of hydrogen to another within a molecule, and with
the 'TH NMR spectroscopy of phenethylamine, these resonance peaks were assigned to the
set of hydrogens in PEBr molecules, as shown in Figure 4-1. The '"H NMR spectroscopy
showed no other unassigned resonance peaks, indicating that the final product was PEBr
of high purity. The mass of the final product, PEBr, was measured to be 6.8881 g

(34.08 mmol). The percentage yield (molar / molar) of the synthetic process was therefore

34.08

0f — 0
39.69 X 100% = 85.87 %.

4.2.2. Deposition of PEPB thin film

(C¢HsC2HaNH3)2PbBr4 thin film was deposited by spin coating in a N»-filled
glovebox. 100.6 mg PEBr (0.274 mmol) and 110.8 mg PbBr, (0.137 mmol) were mixed
and dissolved in 2 mL DMF (anhydrous, Sigma-Aldrich). The solution was stirred gently
for 30 min to obtain a clear, colorless solution with a concentration of 10 wt. %.

Ultra-flat quartz coated glass (UFG) substrate was sequentially cleaned by ultra-

sonication in soap water, deionized (DI) water, acetone, and ethanol for 15 min,
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respectively. The substrate was then dried in a forced air convention oven at 70 °C for 15
min. The quartz substrate was cleaned following the same process.

PEPB thin films were deposited on UFG and quartz substrates by spin coating.
Immediately prior to spin coating, both substrates were treated by UV-ozone for 15 min.
45 uL of 10 wt. % PEPB in DMF solution was cast onto still substrates at room temperature
and coated at a spin speed of 1000 rpm for 60 s, 2000 rpm for 30 s, 2500 rpm for 30 s, and
3000 rpm for 30 s, respectively. After spin coating, the substrate was annealed at 95 °C for
1 min to evaporate the residual solvent and obtain a fully crystalline PEPB thin film.

PEPB thin films were colorless at room temperature. The thicknesses of deposited
films were measured by a DektakXT stylus profilers at the center of the substrate and
shown in Table 4-1. It should be pointed out that PEPB thin film spin-coated at 1000 rpm
was not uniform due to the low spin speed, and that thickness at the edges of this sample
could be larger than that at the center.

Table 4-1 Thickness of spin-coated PEPB film on ultra-flat quartz coated glass substrate.

Speed (rpm) 1000 2000 2500 3000

Thickness (nm) 110 80 70 60

4.2.3. Growth method for PEPB single crystal

(CsHsCoH4NH3),PbBr4 single crystal was synthesized by reacting PbBr, and
CsHsC2HsNH;3Br precursors in the HBr water solution. Typically, 36.7 mg of PbBr2 and
40.42 mg of as-synthesized C¢HsC2H4NH3Br were added into 0.2 mL of HBr acid (48 wt.
% 1n water) in a sealed vial. The mixture was heated up and maintained at 120°C until all

the solids were dissolved. The solution was then slowly cooled down to room temperature

90



overnight, and small white plate-like (C¢HsC2H4NH3)2PbBrs crystals were precipitated.
The crystals were then collected by vacuum filtration, washed with pure ethanol (200

proof), and dried in a vacuum oven overnight at 60 °C.

4.2.4. Synthesis of 2D PEPB NCs

Two-dimensional (CsHsCoH4NH3),PbBr4 nanocrystals were synthesized using a
solution-phase growth method. All the solution preparation and nanocrystals growth
processes were carried out in a nitrogen-filled glove box. The as-synthesized
CsHsC2HaNH;3Br (404.2 mg, 2mmol) and PbBr: (367 mg, Immol, Sigma-Aldrich) were
mixed in 4 mL of anhydrous dimethylformamide (DMF). The mixture, which was labeled
as Solution 1, was gently stirred at room temperature until all the solids were dissolved. 50
puL of Solution 1 was further diluted 100 times by 4950 uLL. DMF/chlorobenzene (CB) (1:1
volume ratio) co-solvent resulting in a solution with a Pb?>" concentration of 2.5 mmol/L,
which was labeled as Solution 2. Prior to use, 50 pL of Solution 2 was mixed with 527.8
uL CB and 547.2 pL acetonitrile (ACN) to make the final precursor solution, or Solution
3. The concentration of Pb?* in Solution 3 was 0.222 mM. The volume ratio of DMF, CB,
and ACN was 1: 22: 22.

The optical absorption and PL spectra of the three precursor solutions were shown
in Figure 4-2. The UV-Vis spectra of Solution 1 and 2 showed absorption onsets at 407
and 351 nm, respectively. However, the UV-Vis spectrum of Solution 3 showed no
absorption onset but an excitonic absorption peak at 310 nm. In the PL spectra of all three
solutions, the sharp peak located at 377 nm was attributed to the incident UV-LED

spectrum. The major PL peaks of the three solutions were located at 561.1 nm (2.210 eV),
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608.4 nm (2.038 eV), and 606.8 nm (2.043 eV), respectively. All three solutions showed
the same weak peak at 413 nm, which was likely attributed to the nano-scaled PEPB

clusters in the solutions.
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Figure 4-2 (A) UV-Vis absorption and (B) PL spectra of the precursor solutions for the synthesis
of 2D PEPB nanocrystals. (B) inset is the light emission of the precursor solutions under UV
illumination (from left to right: Solution 1, co-solvent of DMF and CB, Solution 2, co-solvent of
CB and ACN, the final precursor solution).

The Si0,/Si substrates were cleaned by ultra-sonication sequentially in isopropyl
alcohol, acetone, deionized water, and isopropyl alcohol for 5 min, respectively, then dried
by a nitrogen spray gun. Immediately before use, the substrates were treated by UV-Ozone
for 15 min, then transferred into a glovebox and preheated at 75 °C for 5 min on a hot plate.
Typically, 3 uL of the final precursor solution was dropped onto the surface of the substrate
and dried at 75 °C for 5 min. Thin square-shaped nanocrystals of (C¢HsC2H4NH3),PbBr34
grew spontaneously on the surface of the substrate as the solvent evaporated.

The concentration and solvent volume ratio of the final precursor solution are
critical parameters for the synthesis of 2D PEPB nanocrystals. These two parameters can
be adjusted easily by manipulating the volume of solvents used for dilution. Table 4-2
shows the sets of these two parameters that had been tried and produced 2D PEPB

nanocrystals on SiO/Si substrates.

92



Table 4-2 Concentrations and solvent volume ratios of the final precursor solutions for the synthesis
of 2D PEPB nanocrystals on SiO»/Si and quartz substrates.

Pb?* concentration Volume Ratio

(mM) DMF | Chlorobenzene | Acetonitrile
0.5 1 13 6

0.25 1 20 19

0.25 1 22 17

0.222 1 22 22

0.2 1 22 27

0.125 1 22 17

0.111 1 22 22

0.1 1 22 27

The first set of concentration and solvent volume ratio, as shown in the first row in
Table 4-2, was inspired by the research of Dou et al. on the synthesis of 2D
(C4HoNH3),PbBrs nanocrystals*#l. The procedure for making the precursor solution was
the same as that reported by Dou et al., with C4HoNH;3Br replaced with an equimolar
amount of CsHsC,H4NH;3Br. The preponderance of the PEPB nanocrystals synthesized by
this precursor solution were squares with yellow to orange colors, as shown in Figure 4-3
(A). Atomic force microscope (AFM) measurement revealed that these nanocrystals were

close to or over 100 nm thick.
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Figure 4-3 A series of optical microscopy images (magnification: 50X) of the 2D PEPB
nanocrystals synthesized by solutions with Pb?>" concentrations and solvent volume ratios in Table
4-2.

To synthesize thinner PEPB nanocrystals, the concentration of the final precursor
solution was reduced by half. The solvent volume ratio was tuned, and the optical
microscopy images indicated precursor solutions with 1:20:19 and 1:22:17 solvent volume

ratios (Table 4-2 Row 2 and 3) produced PEPB nanocrystals, as shown in Figure 4-3 (B)
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and (C). Although the blue nanocrystals were thinner (~30 to ~60 nm), the nanocrystals
were either in irregular shapes or smaller sizes. Further experiments showed that the
combinations of concentration and solvent volume ratio in Table 4-2 Row 4 and 5 provided
well-distributed, blue, square, or rectangular nanocrystals, as shown in Figure 4-4 (D) and
(E). If the concentration was further reduced (Table 4-2 Row 6, 7, and 8), the synthesized
PEPB nanocrystals were often found to be small, as shown in Figure 4-3 (F), or distorted,

as shown in Figure 4-3 (G) and (H).

(A)

Figure 4-4 Optical microscopy images of 2D PEPB nanocrystals synthesized on (A) conductive Si
and (B) quartz substrates.

2D PEPB nanocrystals were also synthesized on conductive Si and quartz substrates
using a precursor solution with a Pb** concentration of 0.222 mM and solvent volume ratio
of 1:22:22 (Table 4-2 Row 4). The growth procedure was the same as that for
synthesizing 2D PEPB nanocrystals on Si0O»/Si substrates. The majority of the PEPB
nanocrystals synthesized on conductive Si substrates were rectangles showing blue to green
colors, as shown in Figure 4-4 (A). Square-, trapezoid-, and right-triangle-shaped
nanosheets were also observed, which were attributed to 2D PEPB nanocrystals with

thicknesses around 30 nm or less. PEPB nanocrystals on the quartz substrates were often
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observed to be light grey and square-shaped nanostructures. Unlike on the SiO»/Si or
conductive Si substrates, searching for the PEPB nanocrystals on the quartz substrates
using an optical microscope was more challenging as the color of the substrate and the
colors of the nanocrystals in the microscopy did not have sufficient contrast, as shown in

Figure 4-4 (B).
4.3. Characterization methods

X-ray diffraction (XRD). X-ray diffraction (XRD) measurement was performed
on a Rigaku MiniFlex 600 benchtop powder XRD instrument with Cu Ko radiation
(/1 = 1.5406 A) at a voltage of 40 kV and 15 mA at room temperature. For PEPB thin
films deposited on substrates, the diffraction pattern was scanned with a step size of 0.02°
(20) and a rotation speed of 5 deg/min (260). For PEPB single crystals, a glass sample holder
with 20 X 20 X 0.2 mm square indent was used. PEPB single crystals were placed at the
center of the indent, and the sample surface was flattened to flush with the indent edge
using an optical slide. The diffraction pattern of PEPB single crystal was scanned with a
step of 0.02° (20) and a rotation speed of 3 deg/min (260).

Optical Microscopy. An Olympus BX51M microscope was used to take optical
microscope images. PEPB nanocrystals were observed with the reflected light path using
a 12V/100W halogen lamp (Olympus). The objective lenses used for observing PEPB NCs
were 10x, 20%, and 50% Olympus M Plan Semi-Apochromat lenses (MPLFLN10xBD,
MPLFLN20xBD, and MPLFLN50xBD). For PEPB single crystals, the 10x objective lens
was used. Olympus UC30 color CCD was used to capture the images in the Full-resolution

mode.
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UV-visible spectroscopy (UV-Vis). Optical absorption properties were measured
using an Agilent Cary 60 UV-Visible spectrometer at room temperature. PEPB precursor
solutions were put in a quartz cuvette during measurement. For PEPB single crystals, a
quartz substrate was used as the sample holder. The absorbance A was calculated as A =
2 —log(%T). For all UV-Vis measurements, the absorbance spectrum of the
corresponding cuvette or substrate was taken and used as the baseline before measuring the
sample.

Atomic Force Microscopy (AFM). Tapping mode Atomic force microscopy
(AFM) (Veeco Instrument, Inc.) measurements were performed to investigate the surface
morphology of the 2D PEPB nanocrystals on SiO2/Si substrates. Imaging was performed
with antinomy (n) doped silicon tips (TESPA, Brukerprobes) of 125 pum in length with a
typical spring constant of 42 N/m and drive frequency of 320 kHz. During imaging, the
height images of both forward and reverse scan directions, amplitude image, and phase
image were collected simultaneously at a constant scan rate of 0.5 Hz. Gwyddion 2.47 was
used to analyze the height images and to obtain particle sizes.

Photoluminescence (PL). PL spectra were measured by a home-built PL system
based on Horiba iHR320 Spectrometer equipped with thermoelectric cooling Synapse
CCD. For PEPB thin films, a 337 nm nitrogen laser (5 ns period) as the incident light source.
For 2D PEPB nanocrystals, a 365 nm UV LED with a bandpass filter was used as the
excitation source. The light beam was focused onto the sample by a 100x objective lens,
and the photoluminescence signal was collected by the same objective lens. Long pass
filters were applied to block the 365 nm component for 2D PEPB NCs. The measurement

was done at ambient temperature =25 °C and relative humidity in the range of 40—45%.
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Time-Resolved Reflectance Measurements. The measurements were carried out
on a home-built femtosecond pump-probe spectrometer (PPS). A full description of the
PPS can be found elsewhere!®!. Briefly, the PPS is based on a titanium sapphire (Ti:Sa)
oscillator (Micra, Coherent) with its output seeded by a Ti:Sa Coherent Legend (USP-HE)
amplifier operating at 1 kHz repetition rate. This amplifier produces pulses centered at 800
nm with ~45 fs duration and 2.2 mJ energy per pulse. The pump pulse at 400 nm is the
second harmonic of the fundamental output of the Legend amplifier. A small portion (~2
wJ) of the beam from the Legend amplifier was focused onto a 2 mm thick sapphire window
to generate the white light continuum probe, which covers a spectral region from 450 nm
to 950 nm. On the sample, the pump and probe spot sizes were ~7 mm. The pump fluence
was kept below 2 puJ/cm?. A spectrograph (Shamrock 303i, Andor) coupled with a CCD
(Andor Newton) equipped with an electron multiplier was used for detecting the reflected
white light probe. At each time delay between the pump and the probe, the percentage
change in the reflectance contrast AR/R (%) was calculated as RCC=-[(R-R0)/Ro]*100,
where R and Ry are the intensities of the reflected probe with the pump on and off,

respectively.

4.4. Results and discussion

4.4.1. Crystal structure of PEPB thin films

XRD spectra of 60-, 70-, 80-, and 110-nm-thick PEPB thin films on UFG substrates
are presented in Figure 4-5 (A), showing sharp (0 0 2n) (n = 1-7) peaks associated with

(C¢HsC,H,NH;3),PbBr, crystals across all four spin-coated PEPB thin films. These
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diffraction peaks clearly demonstrated that spin-coated PEPB thin films were highly
oriented, with the ¢ axis perpendicular to the surface of the substrate. The positions (26
angles) of (0 0 2n) (n = 1-7) peaks in the XRD spectra for four spin-coated PEPB thin

films with different thicknesses in Figure 4-5 (A) were measured and shown in Table 4-3.
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Figure 4-5 (A) XRD spectra of 60-, 70-, 80-, and 110-nm-thick spin-coated PEPB thin films on
ultra-flat quartz coated glass substrates. (B) Ball-and-stick model of the crystal structure of
(CsHsC2H4NH3):PbBrs showing the interplanar distance, d. Only non-hydrogen atoms are
presented in the schematic illustration.
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As stated by Bragg’s law, the angles for coherent and incoherent scatterings from

a crystal is given by Eq. 4-2,
nAd = 2d sin @ (Eq.4-2)
where n is a positive integer, A is the wavelength of the incident X-ray wave, d is the

interplanar distance, and 8 is the glancing angle.

Table 4-3 Miller notation and the positions (28) of peaks in the XRD spectra of PEPB thin film.

Nl\ftﬁfgn 60nm (°)  70nm(°) 80mm(°) 110mm (%) Average (°)
(002) 5.46 544 5.42 5.44 5.44
(004) 10.76 10.76 10.72 10.74 1075
(006) 16.10 16.10 16.08 16.08 16.09
(008) 21.46 21.48 21.44 21.46 21.46
0010) 2688 26.90 26.88 26.88 26.89
0012) 3236 32.38 32.38 32.36 32.37

The linear relationship between n?'l and sin(@), as shown in Eq.4-2, suggests that

the interplanar distance, d, can be calculated by linear regression using the ordinary least
squares method. The glancing angle, 6, for each peak was calculated based on the average
positions of the peak in Table 4-3 and shown in Table 4-4. Linear regression revealed that
the interplanar distance, d, equals to 16.6 A. (CsHsC2HsNH3),PbBr4 crystal is a typical self-
organized layered perovskite compound of the Ruddlesden-Popper phase. The interplanar
distance can be regarded either as the distance between two adjacent PbBr4> layers, or the
height of a unit layer of one PbBr4?>" layer sandwiched between two C¢HsC2HsNH;" layers,

as shown in Figure 4-5 (B).
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Table 4-4 sin(6) and n?l (A) of XRD spectra of PEPB thin films.

n Miller notation 20(°) sin(0) nz_l (A)
1 (002) 5.44 0.04746 0.7703
2 (004) 10.75 0.09367 1.5406
3 (006) 16.09 0.13995 2.3109
4 (008) 21.46 0.18618 3.0812
5 (0010) 26.89 0.23251 3.8515
6 (0012) 32.37 0.27874 4.6218

4.4.2. Optical absorption spectrum of PEPB thin films

The ultraviolet-visible (UV-Vis) absorption spectra of 60-, 70-, 80-, and 110-nm-
thick PEPB thin films deposited on UFG substrates are shown in Figure 4-6 (A). In the
absorption spectra of all four PEPB thin films, a strong and sharp absorption peak located
at 403 nm (3.077 eV) was observed, together with two strong absorption bands at 304 nm
(4.078 V), 248 nm (5.020 eV), and two absorption shoulders at 316 nm (3.924 eV), 265
nm (4.679 eV). Nevertheless, no clear edges of continuous absorption were observed across
all four spectra. The sharp absorption peak at 403 nm has been attributed to the excitons,
which were bounded electron-hole pairs formed by the transition of electrons from Pb*"
(6s) to Pb?" (6p)P¢l.

UV-Vis absorption spectrum of 70-nm-thick PEPB thin film spin-coated on the
quartz substrate was also measured and shown in Figure 4-6 (B). Compare with 70-nm-
thick PEPB thin film on the UFG substrate, the absorption spectra of PEPB thin film on

both substrates (UFG and quartz) closely resembled each other in wavelength above 240
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nm. Both spectra showed a sharp, strong excitonic absorption peak at 403 nm with two
absorption bands (304 nm, 248 nm) and two absorption shoulders (316 nm, 265 nm). The
difference in absorbance between 240 and 375 nm was attributed to the absorption of
substrates. PEPB thin film on the quartz substrate showed high and ever-increasing
absorbance in wavelength below 235 nm [black curve in Figure 4-6 (B)], which is
attributed to the absorption of the quartz substrate. For PEPB thin film on the UFG
substrate, the absorbance below 238 nm first increased to over 1.25 and then dropped

abruptly to zero due to the subtraction of the absorbance of the UFG substrate.
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Figure 4-6 (A) Optical absorption spectra of 60-, 70-, 80-, and 110-nm-thick spin-coated PEPB thin
films on ultra-flat quartz coated glass substrates. (B) Optical absorption spectra of 70-nm-thick
spin-coated PEPB thin films on ultra-flat quartz coated glass (UFG) and quartz substrates.

4.4.3. PL properties of PEPB thin films

The sharp, strong absorption peak observed at 403 nm in the room-temperature UV-
Vis absorption spectrum of PEPB thin film indicated the formation of bounded electron-
hole pairs, i.e., excitons, upon absorbing photons of higher energy than its bandgap.
Excitons are the preeminent mechanism for light emission in semiconducting materials

when thermal energy, kg7, is less than the exciton binding energy. Blue light emitted from
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PEPB thin film on quartz substrate can be easily observed using a compact handheld UV

lamp, as shown in the inset of Figure 4-7 (C).
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Figure 4-7 Steady PL and time-resolved PL spectra of PEPB thin films. (A) and (B): UV-Vis
absorption (red lines) and steady PL spectra (green lines) of PEPB thin films on the UFG substrate
and the quartz substrate, respectively. The PL spectra were smoothed by Savitzky-Golay method
(blue lines). (C): Time-resolved PL spectrum of PEPB thin film on quartz substrate. The inset is
the blue light emitted from PEPB film on the quartz substrate under a compact handheld UV lamp.
(D) Time-resolved PL spectrum (circle) was well fitted by a double-exponential function (red line),
with the fitting result displayed in the inset.

The steady PL spectra of 70-nm-thick PEPB thin films on quartz and UFG
substrates are shown as the green lines in Figure 4-7 (A) and (B), respectively, together
with the UV-Vis absorption spectra (red lines). The PL spectra were smoothed by Savitzky-

Golay method, using a quadratic polynomial with the window width of 17 data points, and

shown as blue lines in Figure 4-7 (A) and (B). A sharp peak was observed in both PL
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spectra, which is attributed to the radiative recombination of excitons. In the PL spectrum
of PEPB thin film on the quartz substrate, the peak is located at 410.7 nm with a FWHM
of 10.95 nm. In the PL spectrum of PEPB thin film on UFG substrate, the peak is located
at 411.0 nm with a FWHM of 10.71 nm.

The time-resolved PL spectrum of PEPB thin film is displayed in Figure 4-7 (C).
The spectrum was well fitted to a double-exponential decay function with decay times 7, =
9.72 ns and 7, = 61.68 ns. The complete fitting result is shown in the inset of Figure 4-7
(D). However, it should be pointed out that t; = 9.72 ns is comparable to the 5 ns period
of the incident N> laser. Therefore, this result needs to be further confirmed by picosecond

or femtosecond laser.

4.4.4. Crystal structure of PEPB bulk single crystals
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Figure 4-8 Powder XRD spectrum of PEPB single crystals.
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The XRD spectrum of (CsHsC2H4NH3),PbBr4 single crystals is shown in Figure
4-8. Sharp XRD peaks were observed in the spectrum and attributed to (0 0 2n) (n =
1-10) planes in the Bravais lattice of PEPB crystal. The XRD result indicates that the

PEPB bulk single crystals feature the tetragonal structure with the /4/mmm space group.

Table 4-5 sin(0) and nz—ﬂ (A) of XRD spectra of PEPB single crystals.

n Miller notation 20(°) sin(0) nz_l (A)
1 (002) 5.44 0.04746 0.7703
2 (004) 10.74 0.09359 1.5406
3 (006) 16.06 0.13969 2.3109
4 (008) 21.44 0.18601 3.0812
5 (00 10) 26.84 0.23209 3.8515
6 (0012) 32.30 0.27815 4.6218
7 (00 14) 37.90 0.32474 5.3921
8 (00 16) 43.50 0.37056 6.1624
9 (00 18) 49.26 0.41676 6.9327
10 (00 20) 55.23 0.46353 7.7030

The positions (26 angles) of XRD peaks were measured and shown in Table 4-5.
Using Eq.4-2, the interplanar distance, d, was calculated by linear regression using the
ordinary least squares method. The fitting result indicated that the interplanar distance, d,
of PEPB single crystal equals to 16.6 A, which is consistent with the interplanar distance

of PEPB thin films on the UFG substrates.
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4.4.5. Optical absorption spectrum of PEPB bulk single crystals
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Figure 4-9 UV-Vis absorption spectrum of (C¢HsC.HsNH3),PbBr4 single crystal.

Unlike the consistency between the XRD spectra of PEPB thin films and PEPB
single crystals, the optical absorption property of PEPB single crystal is divergent from
that of PEPB thin films, as shown in Figure 4-9. Compare to the 70-nm-thick PEPB thin
film on the quartz substrate, the UV-Vis absorption spectrum of PEPB single crystals
showed no excitonic absorption peak. Instead, a weak absorption onset was observed at
425 nm, which is attributed to the band-to-band absorption. The disappearance of the
excitonic absorption peak in the absorption spectrum of PEPB single crystals indicates the
absence of excitons. As the thickness of PEPB bulk crystal is much larger than that of the
PEPB thin films, the quantum confinement effect is much weaker. Without the quantum
confinement effect, the exciton binding energy is reduced, and more excitons can be
dissociated by thermal energy. Actually, in the absorption spectra of PEPB thin films

shown in Figure 4-6 (A), the intensity of the excitonic absorption peak is decreasing with
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the film thickness increasing, which is in line with the disappearance of the excitonic

absorption peak in the absorption spectrum of PEPB bulk single crystal.

4.4.6. Surface morphology of 2D PEPB NCs
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Figure 4-10 (A) Structural illustration of a single layer (CsHsC,H4NH3),PbBrs (PEPB) (black balls:
lead atoms; gold balls: bromine atoms; grey balls: carbon atoms; light blue balls: nitrogen atoms;
H atoms were removed for clarity). (B) Bright-field optical images of the 2D PEPB nanocrystals
on Si0,/Si substrate. (C) Height profile of a 2D PEPB nanocrystal. The inset shows the AFM image
with a scale bar of 3 pm. (D) AFM image of a pyramid formed on top of a PEPB nanocrystal. (E)
Height profile of the pyramid. A magnified image of the pyramid is shown in the inset. Scale bar
in the inset: 2 um. (F) Thickness distribution statistics of 2D PEPB nanocrystals synthesized on
Si0,/Si substrates.

A schematic illustration in Figure 4-10 (A) shows the structure of a monolayer of
PEPB crystal. Each Pb2* cation is positioned inside an octahedral cage formed by six Br~
anions, and every in-plane Br~ anion is shared by the adjoining PbBrg~ octahedrons. The
(CsHsCoH4NH3)2PbBr4 unit cell self-assembles into a two-dimensional sheet of corner-
shared PbBrs> which lies in between two layers of organic moieties consisted of

CsHsC,HsNH3". An optical microscope was used to examine the 2D nanocrystals of PEPB
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grown on Si0»/Si substrates, and the result is shown in Figure 4-10 (B). Blue square-shaped
2D nanocrystals with edge length around 5 um could be easily distinguished from the
purple background of the substrate. Some square-shaped 2D PEPB nanocrystals can have
an edge length of up to 30 um. Atomic force microscope (AFM) measurement showed that
the thickness of these nanocrystals varied from a few to around one hundred nanometers,
with the corresponding color in optical microscope images changing from blue to yellow.
AFM image of one PEPB nanocrystal showed a thickness of ~9.1 nm (Figure 4-10 (C)).
The thinnest 2D crystal was measured to be ~5.7 nm (£0.2 nm) thick.

It should also be noted that a pyramid-shaped structure was occasionally formed on
top of some of the flat PEPB nanocrystals with thickness over 20 nm. Figure 4-10 (D)
shows such a pyramid formed on a 20-nm-thick crystal. Figure 4-10 (E) shows the height
profile of the pyramid, as shown in the inset, which is a close-up view of the boxed area in
Figure 4-10 (D). The inset in Figure 4-10 (E) showed a clear layer-by-layer structure with
each layer in a rounded rectangle shape. AFM measurement in Figure 4-10 (E)showed that
the height of each step was less than 2 nm. Considering that the d-spacing of PEPB bulk
single crystal is 1.67 nm[*, each step of the pyramid in the AFM image should be
corresponding to one monolayer of PEPB. From the AFM measurement, the average height
of each stage, i.e., the thickness of PEPB monolayer, was ~1.8 nm (+0.3 nm). This number
is larger than the d-spacing of the bulk PEPB crystals. The larger thickness measured from
AFM could have resulted from the settings of the tapping mode of the AFM, which was
intended to avoid the sample damage. The relaxation of the organic moiety located at the
top of PEPB nanocrystals could also contribute to the increased height. The height profile

indicated that the very top step of the pyramid was only ~0.8 nm thick (Figure 4-10 (E)),
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which was probably a sublayer of CsHsC2H4NH3Br bonded to the PEPB layer beneath it
by van der Waals force. After measuring the thicknesses of 137 crystals synthesized using
the same solution-phase growth procedure on 7 SiO»/Si substrates by AFM, the distribution
of the number of layers of 2D PEPB nanocrystals was calculated and presented in a
histogram in Figure 4-10 (F). The thickest nanocrystal had a total of 60 layers, the thinnest
one had only 3 layers, and over half of the nanocrystals had less than 30 layers (~54 nm).
The possibility to obtain 2D PEPB nanocrystals with 30 ~ 35 layers was nearly 20%, which
was the highest, while the possibility to obtain nanocrystals with more than 50 layers was

merely 2%, which was the lowest.

4.4.7. PL properties of PEPB NCs

Figure 4-11 (A) displays the PL spectra of the bulk single crystal of PEPB and 2D
nanocrystals with different thicknesses grown on the SiO/Si substrate. The bulk single
crystal shows a PL peak at 414 nm (2.99 eV), and the nanocrystals have blue-shifted peaks
at ~409 nm (3.03 eV). The bandgap of 2D PEPB nanocrystals increased for 40 meV
compared to the bulk single crystal. The increase of the bandgap is probably due to the
relaxation and expansion of the PbBrs>" frame within which the Pb-Br-Pb bond between
adjoining PbBrs* octahedrons was distorted in bulk single crystal.’?> > The PL spectra
peaks of both bulk single crystal and nanocrystals are asymmetric, indicating the existence

of multiple excitonic states or the coupling of excitons to phonons.[*”]
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Figure 4-11 PL properties of the 2D (CsHsC.HsNH3),PbBrs nanocrystals. (A) Steady-state PL
spectrum of a piece of bulk crystal and three 2D (C¢HsC,H4sNH;3),PbBr4 nanocrystals measured
using a UV-LED source. (B) PL peaks of three 2D nanocrystals located at 480 nm and 525 nm,
obtained using a 405 nm laser as excitation and a 410 nm long-pass filter.

To further study the photoluminescence of the 2D PEPB nanocrystals, a 405 nm
wavelength laser diode was used as a strong photoexcitation source, and a 410 nm long-
pass filter was used to block the laser signal as well as the strong PL peak at ~410 nm. Two
new PL peaks located at around 480 nm and 525 nm and a shoulder located at around 448
nm were observed for the nanocrystals, as shown in Figure 4-11 (B). With the increase of
the thickness of the nanocrystals, these two PL peaks became shallow and wide. The 480
nm peak almost disappeared in the PL spectrum of the thickest nanocrystal. The same PL
tests were also performed on the PEPB bulk single crystal samples, and these PL peaks
were not observed in the spectra. Recently, J. Blancon et al. reported PL emission with less
energy than the bandgap from the layer-edge-states of the exfoliated
(C4H9NH3)2(CH3NH3)n-1Pbul3n+1 nanocrystals with n = 3-5. However, for the n=1
nanocrystal, i.e. (C4HoNH3):Pbls, PL emission from the layer-edge-states was not
observed.!*8 Therefore, for our 2D PEPB nanocrystals in which n=1, the two PL peaks at

480 and 525 nm were probably not the result of the radiative recombination of the layer-
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edge-states. It is speculated that these new PL peaks in our 2D PEPB nanocrystals probably
originate from the radiative decay of the excited organic part, which might indicate the
energy/charge transfer between the inorganic and organic moieties after excitation.

Theoretical calculation may help to confirm our hypothesis.

4.4.8. Time-resolved reflectance spectroscopy of PEPB NCs

To study the dynamic processes of the absorption, time-resolved reflectance
contrast changes (RCCs) of the 2D PEPB nanocrystals prepared on SiO»/Si substrates were

measured following the photoexcitation at 405 nm.
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Figure 4-12 Time-resolved reflectance contrast of four 2D PEPB nanocrystals.
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Figure 4-12 shows the results of four different 2D PEPB nanocrystals with different
thicknesses. The results showed a broad positive RCC peak between 500 nm and 650 nm
(red-colored area in Figure 3), indicating an induced absorption attributed to the excited
state. It is clear that the RCC signal shown in Figure 4-12 (A) had a longer lifetime than
that in Figure 4-12 (B)~(D), although we are not able to correlate the thickness of these

samples to their RCC signals in this report.
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Figure 4-13 (A) Time-resolved reflection contrast change up to 100 ps time-delay. (B) Dynamics
of the induced absorption signal averaged around the peak at 600 nm (symbols). The experimental
data were fitted to a biexponential decay function (solid line).

Table 4-6 Parameters returned by the converged fit to the decay of the excited state induced
absorption signal shown in Figure 4-13 (B). Ai (%) and T; (ps) are the amplitude and the time

constant of the exponential decay component i. The amplitude-weighted lifetime 7 is calculated as
_ ZiAiT;
LA

A1 (%) T1 (%) Az (%) T2 (%) T (ps)

53 2.0 47 333 16.7

Figure 4-13 (A) is the RCC measurement up to 100 ps time-delay. The amplitude
of the induced excited-state absorption following the 405 nm excitation increased up to 3
times. To calculate the lifetime of the excited state, the decay of excited state induced

absorption signal averaged around 600 nm was fitted to a bi-exponential decay function
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convoluted with a Gaussian excitation pulse with a 45 fs pulse duration [Figure 4-13 (B)].
The converged fitting result showed two time constants of 2.0 ps and 33.3 ps with an

amplitude-weighted lifetime of T ~ 16.7 ps (Table 4-6).

4.5. Summary

The solution-processed 2D phenethylammonium lead bromide (PEPB) perovskite
nanocrystals were presented with a fundamental study on the exciton dynamics of new 2D
perovskite material utilizing photoluminescence and time-resolved reflectance
measurements. Square-shaped 2D PEPB nanocrystals have been synthesized with edge
length up to 30 um and thickness of a few tens nanometers. The pyramid structure formed
by PEPB on top of a thin sheet was observed. The average height of the steps in the pyramid
structure suggested that the thickness of a single layer of PEPB nanocrystal was ~1.8nm
(£0.3 nm), which was significantly larger than the d-spacing (1.67 nm) of PEPB bulk
single crystal. The distribution of the number of layers of synthesized PEPB nanocrystals
showed that over half of them were composed of less than 30 layers and that it is practical
to obtain thin nanocrystals with few layers. The PL results have shown that the 2D
nanocrystals of PEPB exhibited an asymmetric PL peak at 409 nm, slightly blue-shifted
compare to the PL peak of PEPB single crystal. Besides, two new PL peaks at 480 nm and
525 nm were observed from the 2D PEPB nanocrystals, and they probably resulted from
the radiative decay in the organic moiety of the material, indicating energy/charge transfer
between inorganic and organic moieties. Time-resolved reflectance measurements showed

a broad induced absorption peak, attributed to the excited state. The lifetime of the excited
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state was calculated to be 16.7 ps by fitting the decay of the induced absorption signal to a

bi-exponential decay function.
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CHAPTER 5. MA-gas-assisted Deposition of MAPbI3 Thin Film for Highly

Efficient Perovskite Solar Cells

5.1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have attracted immense
attention in the field of emerging photovoltaics (PV) in the last decade!'*l. Since the first
application of methylammonium lead iodide (CH3NH3Pblz or MAPDI3) as the light
absorbing nanoparticles in dye-sensitized solar cells in 2009, the certified power
conversion efficiencies (PCEs) for single-junction PSCs, recorded in the best research-
cell efficiency chart provided by the National Renewable Energy Laboratory, has
achieved a massive leap from 3.8% to 25.2%!’], rivaling mainstream multi-crystalline
silicon solar cells. Such unprecedented PCE advancement is the fastest among all the
next-generation photovoltaic devices, which is highly attributed to the optimization of the

8141 improved crystal growth controll!>?2 as well as

composition of perovskitel
interface/>*?°! and device engineeringl®’*?l. As a result of its many preferred
characteristics, including low-cost fabrication process, high absorption coefficient in the
visible range!!> 33!, high charge carrier mobility!** 3°!, long diffusion length!'* 3% 371 and
tunable direct bandgap® %1, perovskite solar cell has been viewed as the leading
candidate for the next generation PV technologies.

On top of the preeminently high PCE among variable next-generation PV
technologies, the ease of processing, with which high-quality organic-inorganic hybrid
perovskites thin films can be deposited*’), is another characteristic that makes these

materials extremely attractive for solar cell devices. Although various methods have been

developed to deposit perovskite films!*® ! one-step spin coating remains the easiest and
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quickest route to depositing high-quality perovskite layers. The choices of available
solvents are limited due to the low solubility of Pbl> in most common nonpolar solvents
or polar protic solvents. The most common solvents used in one-step spin coating are
dimethylformamide (DMF)!'% 421 dimethyl sulfoxide (DMSQO)!**-%1 and y-butyrolactone
(GBL)“®1 all of which are polar aprotic solvents with high boiling temperatures
(>100°C). During spin coating, these polar aprotic solvents are generally removed by the
centrifugal force. An anti-solvent dripping process is usually required for a dense and
pinhole-free thin film!*? 46471, The as-spun thin film is usually in an intermediate phase
formed by the complex or adduct of the perovskite solute and the solvent molecules!'®
431 In the annealing process, the solvent molecules are evaporated by heat, converting the
intermediate phase to perovskite crystals. Therefore, the physical properties of the
solvents are critical for perovskite crystallization.

However, the one-step spin coating method with anti-solvent dripping is not
applicable for coating large-area perovskite thin films. Recently, many alternative
methods have been developed for coating large-area perovskite thin films, including
blade!*®], D-bar!®, slot-die!*’, spray coating®®’!, stamping!*’!, and pressure process®!. One
common point shared by some of these methods is preparing the perovskite precursor
solution through a methylamine (MA) gas-mediated solid-liquid transition. Such effect
was first reported in an MA-gas-induced defect healing technique in 201502, A solid
perovskite film can be quickly converted to a liquid phase with the presence of MA gas.
The liquid phase can return to the solid perovskite phase with a better crystalline quality
once the MA gas atmosphere is removed. This technique has been applied to prepare the

perovskite precursor solutions to fabricate large-scale PSCsl> 33,
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Manufacturing solar panels based on the PSC technology requires further
development of large-scale deposition methods, optimization of device structure, and a
comprehensive strategy to improve device stability. Although various deposition methods
have been developed for depositing high-quality perovskite thin films for PSCs, there is
still a lack of comprehensive understanding of the relation between the perovskite thin
film crystal structure and the PSC device performance. MA-gas-mediated solid-liquid
transition provided alternative methods for depositing high-quality perovskite thin films
without anti-solvent dripping. Here, we demonstrate the preparation of MA-gas-mediated
MAPDI3 precursor solution in the ambient environment (25°C, 50% relative humidity).
High-quality spin-coated MAPDbI3 thin films showed a preferred (110) orientation in the
crystal structure and larger crystal grains than the MAPDI; films deposited by the Lewis
adduct method™*#. Planar PSCs with a configuration of FTO/SnO./MAPbIs/spiro-
OMeTAD/Au have been fabricated by both the MA-gas-mediated precursor and the
Lewis adduct precursor. The PSC devices using the MA-gas-mediated precursor
exhibited superior performance to the devices using the Lewis adduct method and

achieved the maximum PCE of 19.28 %.

5.2. Fabrication of perovskite solar cells

5.2.1. Chemicals

The list of chemicals used in this project is shown in Table 5-1.
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Table 5-1 Details of chemicals used in the fabrication of perovskite solar cells.

Lead (I) iodide

99.999 % trace metals basis, perovskite grade, Sigma-Aldrich

Methylamine solution

40 wt. % in H»O, Sigma-Aldrich

SnO; colloidal dispersion

15 % in H»O colloidal dispersion, Alfa Aesar

Li-TFSI 99.95 % trace metals basis, Sigma-Aldrich

TBP 98 %, Sigma-Aldrich

Ethanol 99.5 %, ACS reagent, absolute, 200 proof, ACROS Organics
Diethyl ether ACS reagent, anhydrous, ACROS Organics

DMF Anhydrous, 99.8 %, Alfa Aesar

DMSO Anhydrous, >99.9 %, Sigma-Aldrich

ACN Anhydrous, 99.9 %, AcroSeal, ACROS Organic

CB Anhydrous, 99.8 %, Sigma-Aldrich

GBL ReagentPlus, >99.9 %, Sigma-Aldrich

5.2.2. Deposition of MAPDI3 thin films by spin coating

5.2.2.1.

The recipe for the MAPbIz3-DMSO precursor was based on the Lewis adduct

Lewis adduct method

method published by Park et al. %], Typically, 159 mg MAI and 461 mg Pbl, were mixed

in 633 uL DMF and 70.8 uL. DMSO inside a N»-filled glovebox. The mixture was stirred
for 2 hours for a clear, light yellow solution. The substrate was treated with UV-ozone
for 10 min and used immediately. 45 uL.. MAPbI;*-DMSO precursor was cast onto the
substrate and spin-coated at 4000 r.p.m. with a ramp of 2000 r.p.m. per second in the

ambient environment. After the substrate had been spinning at 4000 r.p.m. for 10 s, 900
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uL diethyl ether was gently and continuously casted onto the substrate within 2 s. The
spinning substrate was stopped immediately, and a transparent, light green film was
formed on top of the substrate. The substrate was then baked on a hot plate at 65 °C for 1
min and 90 °C for 2 min. During the annealing process, the color of the deposited film
quickly changed from light green to brown color after annealing at 65 °C and then to a
dark brown color after annealing at 90 °C. MAPDbI3 thin film deposited by this method

will be referred to as ‘M APbI3 by Lewis adduct’ in the following article.

5.2.2.2. MA gas-assisted deposition method

The MAPbI;*MA precursor solution in ACN was prepared in an ambient
environment. Typically, 190.8 mg MAI (1.2 mmol) and 553.2 mg lead iodide (1.2 mmol)
were mixed in 2 mL anhydrous ACN and stirred for 30 min to obtain a black suspension.
To produce MA gas, Ar was bubbled at a flow rate of 40 sccm into the methylamine
solution in ethanol maintained at 0 °C by an ice bath. The produced MA gas was passed
through drying tubes filled with drierite and calcium oxide powder, and then bubbled
directly into the black MAPbI3/ACN suspension until the black perovskite precipitates
were completely dissolved, resulting in a clear, transparent, light-yellow solution. After
bubbling, the clear solution was filtered through a PTFE syringe filter (0.2 um pore size)
and stored in a sealed vial before use.

50 pL precursor solution was cast onto the substrate and spin-coated at 2000 r.p.m.
for 35 s with a ramp of 1000 r.p.m. per second in the ambient environment. Immediately
after spin coating, a uniform, dense, and mirror-like brown perovskite thin film was
deposited, and it was annealed on a hot plate at 90°C for 5 min. During the annealing

process, the substrate was covered by a glass petri dish, and dried MA/Ar gas was passed
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into the petri dish. MAPDI; thin film deposited by this method will be referred to as

‘MAPDI; by MAPbI;-MAy’ in the following article.

5.2.3. Fabrication procedures for perovskite solar cells

The substrates used for PSC are glass substrates (15mm X 15mm) covered with
FTO thin films. Pre-patterned FTO substrates (TEC-15) were obtained from Suzhou
Solarflex Optoelectronic Technology Co., LTD. Only half the area on the front side of
the substrate is covered with FTO, as shown in Figure 5-1 (A), and there is no coating on
the backside of the substrate. The sheet resistance of the FTO layer is less than 15 Ohm
per square, and the thicknesses of glass and the FTO layer are 2.2 mm and 350 nm,
respectively. The average transmittance of the FTO substrates in the visible region is

above 80%.

(A) (B)
FTO
Glass
Glass

XX .ol No., XX

Front Back
FTO side Glass side

Figure 5-1 Diagrams of the front (A) and back (B) side of the FTO substrates for PSCs. Only
half of the front side, i.e., the blue area, of the substrate is covered with FTO. Notice that the
label on the back of the substrate is flipped when observed from the front side.

Each substrate is labeled on the back with a diamond-tipped scribe before cleaning,
as shown in Figure 5-1 (B). It should be emphasized that the label should be placed at a
position that has no influence on the illumination over the FTO coated area on the front

side, which serves as the back contact for PSC devices. The substrates were sequentially
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cleaned by ultra-sonication in soap water, deionized (DI) water, acetone, and ethanol for
15 min, respectively. The substrates were then dried at 70 °C for 10 min.

The cleaned FTO substrate was treated by UV-Ozone for 20 min before
depositing the ETL. SnO; colloid precursor was diluted by deionized H>O to 8 wt. %
before use. The diluted SnO» precursor solution was spin-coated onto the FTO substrate
at 2000 r.p.m. for 30 s. Right after spin coating, a cotton swab rinsed with ethanol was
used to wipe the edge of the substrate, which is shown as the grey area in Figure 5-1 (A).
The substrate was then dried at 80°C for 10 min, followed by annealing in air at 165°C
for 30 min.

After depositing the perovskite thin film by the methods described in Section
5.2.2, the HTL was deposited by spin coating. The precursor solution for the HTL was
prepared inside a N»-filled glovebox by dissolving 72.3 mg of spiro-OMeTAD, 28.8 uL
of TBP, and 17.5 pL of Li-TFSI solution (520 mg Li-TFSI in 1 mL anhydrous ACN) in
1 mL of anhydrous chlorobenzene. The HTL was deposited on top of the perovskite film
by spin coating 55 pL precursor solution at 4000 r.p.m. for 40 s in ambient. The sample
was stored inside a desiccator with a relative humidity of 15% or less overnight for
oxygen doping. Finally, a 150 nm-thick gold counter electrode was deposited using an e-
beam evaporator at a vacuum pressure of 3x107° torr. The area of each solar cell device

is 0.12 cm?.

5.3. Characterization methods

The morphology of the perovskite thin film, as well as the cross-section of the
fabricated device, was observed by a field emission scanning electron microscope (FE-

SEM, JEOL 6335F). An atomic force microscopy (AFM) in tapping mode (Veeco
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Multimode Nanoscope III D) was used to characterize the surface morphology and the
height profile of the perovskite thin film. Optical absorption properties were characterized
using a UV-Vis spectrometer (Agilent Cary 5000 UV-Vis-NIR spectrometer). Crystal
structure analysis of the perovskite films was carried out by an X-ray diffractometer
(Siemens D5000) with a Cu Ka source (/1 = 1.5406 A) at room temperature. The J-V
curve of the solar cell was measured using a source meter (Keithley 2400) under the

AM1.5G condition from a solar simulator (Newport).
5.4. Results and discussion

The schematic illustration of the experimental setup to dissolve the precipitate in
ACN using MA gas is shown in Figure 5-2(A). Pbl, and MAPbI3 have low solubility in
acetonitrile at room temperature. As MA gas was being introduced and dissolved in
acetonitrile, the undissolved MAPbI; was gradually dissolved, revealing unreacted
yellow cores of Pbl, which indicates the incomplete reaction between Pbl, and MAL
Instead of being converted to perovskite first, the yellow Pbl, core was dissolved directly
with the help of MA gas, which is in line with earlier reports that CH;NH2 molecule could
interact with layered Pbl crystals®!. When all precipitate was dissolved, the final
product was a clear, transparent, light yellow solution shown in Figure 5-2 (B). The
reaction between Pbl, and MA in the presence of moisture would result in the formation
of PbO and Pb(OH), [(Eq. 5-1) through (Eq. 5-3)]. Therefore, it is vital to ensure that
the entire setup is tightly sealed and adequately purged to minimize the influence of
moisture. Otherwise, moisture would lead to the white precipitate in a light-yellow

solution shown in Figure 5-2 (C).

126



3Pbl, + 2CH3NH, + H,0 — 2CH;NH3Pbls + PbO |
CHs;NH, + H,0 » CH;NH;0H

3Pbl, + 2CH;NH;0H — 2CH;NHsPbl; + Pb(OH), |

(A) — -
* Ar
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) - -
ooo - u
Pump Oil MAPbIs/CHsCN MA/EtOH,
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in DMF ()
= - -l —
(E) /) MA gas§ S ; g Perovskite phase
MAPDbIzMAx

in ACN = L . JAE— .
* as-spun annealed

Figure 5-2 (A) Schematic illustration of the experimental setup to prepare the MAPbI;-MA«
precursor solution. (B) and (C): images of the MAPbI3-MA, solutions prepared with and without
moisture, respectively. (D) and (E): diagrams of the deposition procedures using the
MAPbI;-DMSO and the MAPDbI;-MA, precursor solutions, respectively.

Figure 5-2 (D) and (F) show the diagram of the deposition procedure using the
MAPDI;-DMSO Lewis adduct precursor and the MAPbI3;-MA« precursor, respectively.
For the MAPDbI;-DMSO Lewis adduct precursor, the anti-solvent quenching process is
crucial for depositing a dense and pin-hole free MAPbI3 thin film. The as-spun thin film
is in an intermediate phase rather than the perovskite phase. When the as-spun thin film
was heated, DMSO molecules were evaporated, converting the intermediate phase to the

perovskite phase. For the MAPbI3-MAx precursor, the spin coating procedure is much
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simplified as it does not require the antisolvent quenching process and is, therefore, more
suitable for depositing large-scale perovskite thin films than that of the MAPbI3-DMSO
precursor. Moreover, the as-spun thin film is composed of MAPbI3 crystals for the MA

molecules were evaporated during the spin coating process.

5.4.1. Surface morphology and optical absorption of MAPbDI3 thin films

The surface morphology of the MAPDI; thin films were characterized by SEM
and AFM, as shown in Figure 5-3(A) through (D). Both the SEM and AFM topography
images indicate the formation of highly crystalline, dense, and pinhole-free MAPbI3 thin
films deposited by both methods. The 3D views implied that MAPDI;3 thin film deposited
by MAPDbI3-MA« precursor solution [Figure 5-3 (F)] had a smaller surface roughness than
that deposited by Lewis adduct precursor solution [Figure 5-3 (E)]. The root mean square
(RMS) roughness (R,) was calculated for both samples. MAPbI; thin film by Lewis
adduct had a R; of 17.7 nm, while MAPDbI; thin film by MAPbI;*MAx had a R; of 9.4
nm, a nearly 50 % reduction.

The diameters of the crystal grains were measured as the maximum horizontal
sizes of the crystal grains in the SEM images and displayed as histograms in Figure 5-3
(G) and (H). The histograms were fitted to the Gamma distribution model, which are
shown as the solid blue and red curves in Figure 5-3 (G) and (H), respectively. Both the
histograms and the distribution curves revealed that the MAPbI3 film prepared by the
MAPDI3-MA precursor had larger crystal grains than that prepared by the Lewis-adduct

precursor. The average diameter of crystal grains in the MAPbI3 film by the
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MAPDI3-MA« precursor was 433 nm, whereas the average diameter of crystal grains in

the MAPbI; film by the Lewis-adduct precursor was only 221 nm.
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Figure 5-3 SEM images of MAPbI; by Lewis adduct (A) and MAPbI; by MAPbI;-MA« (B). AFM
topography images of MAPbI; by Lewis adduct (C) and MAPbI; by MAPbI3*MA, (D) and the
corresponding 3d views in (E) and (F). Diameter distribution of crystal grains measured in the
SEM images of MAPbI; by Lewis adduct (G) and MAPbl; by MAPbI;-MA, (H). (I) Optical
absorption spectra of MAPDI; by Lewis adduct and MAPbI; by MAPbI;*MA,.

Figure 5-3 (I) shows the optical absorption spectra for MAPDI; thin film by both

precursors. Both samples showed high absorbance in the visible wavelength range with
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clear absorption onsets. The slight absorbance difference across the range of 400 to 750
nm between the two samples was likely attributed to the slight difference in thin film
thicknesses. MAPbI3 by MAPbI;*MA« showed less absorption in the range beyond the
absorption onset compared to MAPbI; by Lewis adduct, which is in line with the surface

roughness measured by AFM.

5.4.2. Crystal structures of MAPbI3 thin films

Crystal structure analysis of thin films deposited on top of SnO»-coated FTO
substrates by both methods was carried out by X-ray diffraction (XRD) spectra. XRD
pattern of MAPDbI3 thin film by Lewis adduct is shown in Figure 5-4 (A). The positions

46,541 to label each peak

of the peaks were measured and checked with previous reports!
with the corresponding miller index, which specified a tetragonal (/4/mcm) crystal
structure for MAPDI3 thin film deposited by the Lewis adduct precursor. Multiple peaks,
including (110), (114), (321), (312), and (121), were observed, suggesting that MAPbI3
thin film deposited by the Lewis adduct precursor solution did not show any preferential
orientation.

To study the crystal structure of MAPDI3 thin films by MAPbIz;-MAx, XRD
spectra of as-spun MAPbDI; thin film, MAPbI; thin film baked in air, and MAPbI3 thin
film baked in air with MA gas were measured and displayed in Figure 5-4 (B), (C), and
(D), respectively. All three MAPDI3 thin films exhibited the same tetragonal phase
structure as the MAPbI; thin film deposited by the Lewis adduct method. However,
compared to MAPDI; thin films by the Lewis adduct method, MAPbI; thin films by

MAPDI3-MA showed tremendously stronger (110) and (220) peaks over other peaks even

before annealing. Moreover, the heights and intensities of the (110) and (220) peaks were
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further enhanced by the annealing process, as shown in Figure 5-4 (C) and (D). The full
widths at half maximum (FWHMs) of (110) and (220) peaks in Figure 5-4 (A) through
(D) were measured and plotted in Figure 5-4 (E). The comparison between FWHMs of
the (110) and (220) peaks of three MAPbI3 thin films deposited by MAPbI3-MAx
precursor clearly indicates that the MA gas atmosphere helps to reduce the FWHMSs of
(110) and (220) peaks and increase crystallinity. Comparing with FWHMs of the (110)
peak of MAPbI; thin film by the Lewis adduct method, the (110) peak of MAPDI3 thin
film deposited by MAPbI;*MAx and annealed in air with MA gas exhibited a smaller
FWHM. 1t is clear that MAPbI3 thin film deposited by MAPbI3;-MA exhibited higher
crystallinity and a preferred crystal orientation in the (110) direction that was also
observed in defective MAPbI; thin films healed by MA gas treatment!®% 3 361,

XRD spectra of MAPbI; films deposited by filtered (by a PTFE syringe filter with
a pore size of 0.2 um) and unfiltered MAPbI3-MAx precursor solutions were measured
and shown in Figure 5-4 (F). The XRD patterns depict that MAPbI3 deposited by the
unfiltered MAPbI3-MAx precursor showed stronger and sharper (110) and (220) peaks,
hence stronger crystal orientation preference in the (110) direction. Park et al. Dl
suggested that the cluster-like MAPbI; nanocrystals (NCs) existed in the MAPbI3-MAx
precursor solution. Acting as the seed crystals, these clusters played a crucial role in
initiating and facilitating MAPbI3 nucleation during the spin coating process. Unfiltered
MAPDI3-MAK precursor contained more seeds, especially larger seeds, for nucleation,
potentially explaining the more preferred (110) orientation. The preferred orientation
mechanism is not fully understood yet, and more experiments are needed to investigate it

further.
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Figure 5-4 XRD spectra of (A) MAPDI; by Lewis adduct, (B) as-spun MAPbI; thin film by
MAPDI;*MA,, (C) MAPbI; by MAPbI;-MA, baked in Ar-enriched environment, and (D) MAPbI;3
by MAPbIs;-MA, baked in MA-gas-enriched environment. (E) full widths at half maximum
(FWHMs) of (110) peak (solid red line) and (220) peak (solid black line), and the ratio of
integrated peak intensity of (110) vs. (220) peak (blue dash line) of XRD spectra in (A) to (D).
(F) spectra of the MAPDbI; thin film deposited by filtered and unfiltered MAPbI3-MA precursor
solutions.

5.4.3. Performances of the perovskite solar cells

The cross-sectional SEM of the assembled PSC device and the device structure
diagram are shown in Figure 5-5 (A). The cross-sectional SEM shows a clear layer-by-
layer structure sandwiching a MAPbI3 layer with a thickness of about 370 nm, which lies

between the average crystal grain sizes of the thin film deposited by the Lewis adduct
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precursor and that deposited by the MAPbI3-M Ay precursor. Figure 5-5 (B) shows the J-
V curves of PSC devices using the Lewis adduct precursor and the MAPbI3-MAx
precursor. It is clear that the device fabricated by the MAPbI3;-MA« precursor had higher
Voc and Jsc compared to the device by the Lewis adduct precursor. The highest PCE for
the PSC device by the MAPbI3-MA precursor was observed in reverse scan, providing
Voc = 1.073V, J,. = 24169 mA/cm?, FF = 74.37%, and PCE = 19.28%,
shown as the solid black line in Figure 5-5 (B). PSC device by the Lewis adduct precursor
showed Voc = 1.020V , J,, = 23421 mA/cm? , FF = 76.09% , and PCE =
18.17%, shown as the dashed black line in Figure 5-5 (B). For both devices, the
hysteresis effect was observed between the forward- and reverse-scanned J-V curves,
with smaller Voc and Jsc obtained from the forward scan.

A comparison of PCEs involving a total of 64 PSC devices fabricated side-by-
side using the Lewis adduct precursor and the MAPbI;*MAx precursor was conducted.
For the devices fabricated by the Lewis adduct precursor, the histogram of PCEs is shown
in Figure 5-5 (C) and fitted with the Gaussian distribution model. For the devices
fabricated by the MAPbI3;*MAx precursor, the histogram of PCEs is shown in Figure 5-5
(D) and fitted with the Weibull distribution model. The statistical result showed clearly
that PSC devices by the MAPbI3-MAx precursor had a higher average PCE and a smaller
deviation (16.28 + 2.38%) than those devices by the Lewis adduct precursor (12.59 +
4.01%). After measuring 320 PSC devices by the MAPbI3-M Ay precursor, the histogram
of the PCEs of these devices was plotted and displayed in Figure 5-5 (E) and fitted to a
Weibull distribution model. The average PCE of all 320 devices fabricated by the

MAPDI3-MAy precursor was 14.08 + 2.73%.
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Figure 5-5 (A) Cross-section SEM and schematic illustration of the device structure. Au, spiro-
OMeTAD, and MAPbDI; layers were labeled by gold, green and red colors, respectively. The small
inset on the bottom right corner is the original SEM image. (B) Forward- and reverse-scanned J-
V curves of PSC by the Lewis adduct precursor and the MAPbI;-MA, precursor. (C) and (D):
histograms and distribution curves of the PCEs of devices by the Lewis adduct precursor and the
MAPDI3-MA, precursor. (E) histogram of PCEs of 320 devices by the MAPbI3-MA, precursor.

5.5. Summary

MA-gas-mediated MAPbI3-MAx precursor solution was prepared in the ambient
environment, and high-quality MAPbI; thin films was achieved by spin-coating the
MAPbDI3-MAy precursor with high reproducibility. Compared to films deposited by the
Lewis adduct method, perovskite films deposited by the MAPbI3-MAx precursor showed
much-reduced surface roughness, enlarged crystal grains, and preferred crystal
orientation in the (110) direction. The preferred crystal orientation was further enhanced

by annealing the as-deposited films in a MA gas atmosphere. Planar PSCs with a
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configuration of FTO/SnO2/MAPDbI3/spiro-OMeTAD/Au have been fabricated using both
the MAPbI;-MAy precursor and the Lewis adduct precursor. Devices made by the
MAPDI3-MA« precursor exhibited superior performance to the devices made by the Lewis
adduct method. Comparing the two types of devices fabricated in the same batch, the
average PCEs of the devices by the MAPbI3;-MAy precursor and the Lewis adduct
precursor were 16.28 % vs. 12.59 %, respectively. The maximum and average PCEs of

the PSCs by the MAPbI;-MA precursor was 19.28 % and 14.08 %.
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CHAPTER 6.Conclusion and Future Work

6.1. Conclusion

Perovskite NCs have demonstrated attractive and distinctive optoelectronic
properties for light-emitting applications. And yet, much remains to be done before they
can be implemented in LEDs and digital displays. The lack of material synthesis and
limited characterization of perovskite NCs are two major hurdles that need to be
overcome in the first place. In this dissertation, the solution-phase synthesis of 2D
organic-inorganic halide perovskite nanocrystals of (CsHsCoH4NH3),PbBrs (PEPB) has
been demonstrated. PEPB NCs showed a blue-shifted PL peak indicating an increased
bandgap which is attributed to the lattice expansion and the quantum confinement effect.
The observation of two unique PL peaks suggested the probability of energy or charge
transportation between the inorganic framework and the organic cations. The study on its
exciton dynamics showed an exciton induced absorption peak with a lifetime of 16.7 ps.
The discussion on the growth parameters and the study on the optical properties of PEPB
NCs have provided valuable insight for developing light-emitting devices based on
perovskite nanocrystals.

The performance of PSCs is highly dependent on the structure and crystallinity of
the perovskite thin films. Although the one-step spin coating methods have proved its
ability to deposit dense, uniform, and highly crystalline perovskite thin films, the anti-
solvent dripping process makes it less effective towards the scaling up of PSCs. In this
dissertation, the preparation of MA-gas-mediated MAPbI3; precursor solution has been
demonstrated in the ambient environment. The spin-coated MAPDI; thin film showed a

preferred (110) orientation in the crystal structure and larger crystal grains than that
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deposited by the conventional one-step spin coating method. Compare to the PSC devices
fabricated using the conventional one-step spin coating method, devices made by the MA-
gas-mediated precursor exhibited superior performance. The successful fabrication of
highly efficient PSC devices in the air using the MA-gas-mediated precursor suggested
the great potential of the MA-gas-mediated precursor solution for depositing large-area

high-quality perovskite thin films for PV applications.

6.2. Future work

My research in this dissertation has been focused on two parts: the synthesis and
PL properties of the perovskite nanocrystals; and optimizing the fabrication method for
highly efficient planar perovskite solar cells. Future work can be carried on the following
aspects.

The method used to synthesis 2D PEPB NCs can be applied to other layered
organic-inorganic halide perovskites. Perovskite NCs have shown distinctive
optoelectronic properties due to the quantum confinement, such as the strong PL near the
bandgap due to the extensively increased excitonic binding energy, which makes them
promising candidates for light-emitting devices and lasing. Further studies could be
focused on the PL properties of perovskite NCs at low temperatures to investigate the
changes in the electronic band structure due to the quantum confinement effect. Ultrafast
laser spectroscopy could also be applied to study the dynamics of photon absorbing,
exciton relaxation, and charge carrier recombination.

MAPDI; thin film deposited by the MAPbI3;-MAx precursor solution demonstrated
a strong preference in the (110) direction for crystal grain orientations. The same

preferred crystal orientation was also observed in MAPbI3 thin films healed by MA
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treatment. The MA-gas-assisted preparation method has also been applied to prepare
MAPDI; precursor solutions for other deposition techniques, including blade coating, D-
bar, and pressure processing, which are more applicable than the spin coating method in
terms of the roll-to-roll printing of large-scale commercial PSCs. However, the
mechanism of the preferred orientation is not fully understood yet. The structure of the
clusters of MAPbI3; nanocrystals in the MAPbI3;*-MA« precursor solution can be modeled
computationally, and ultrafast laser spectroscopy can help uncover the early stage of
nucleation during drying or degassing of the MAPbI;-MAx precursor solution. A
fundamental and comprehensive understanding of this mechanism would, in all
probability, offer valuable insights into clearing the hurdles to commercialization.

A third aspect is to fabricate PSCs based on mixed-organic-cation perovskite, or
the Ruddlesden-Popper perovskite, for improved device stability. Layered organic-
inorganic perovskite material containing Br and CI anions are usually more stable than
MAPDI; or FAPbI3. However, they are generally not very efficient photovoltaic materials
due to their larger bandgaps. An absorbing layer consisting of a mixture of 3D-structured
MAPDI; (or FAPbI3) and other OIHPs with 2D structures combines the advantages of
both material, making it an efficient light-absorbing material with better stability in air.
The mixed-organic-cation perovskite materials have not been extensively studied, and the
MA -gas-assisted method can be applied to prepare the precursor solution for deposition.
An efficient PSC based on the Ruddlesden-Popper perovskite material with high device

stability will doubtlessly benefit the field and the commercialization of PSCs as well.
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APPENDICES

Procedures for the J-V Measurement of Perovskite Solar Cells

Figure Al (A) Top view of the 3M test clip. (B) side view of the 3M test clip. Note that the gold
pins on the right side were bent to ensure good electrical contact with the gold electrodes on top
of the fabricated PSC devices. (C) Switch box and the DIP socket. (D) Coaxial cable with BNC
male plug and dual banana male jacks.

Instrument

=  PC running 64-bit Windows 10 (version 1909 or newer);

= Keithley 2400 SourceMeter SMU;

= Keithley KUSB-488B USB to GPIB converter;

= Solar simulator, New Port, 69907 arc lamp power supply, 67005 arc lamp
housing, and 6255 Xenon arc lamp;

= Oriel PV reference cell system (Model 91150V);

= 3M™ 2x7 Test Clip Gold Dip .30” (Manufacturer Product Number: 923739-
14), Figure A1 (A) and (B);

» Switch box connected with 3M™ ZIF DIP Socket (Manufacturer Product
Number: 214-3339-00-0602J) through ribbon cable, Figure Al (C);

= (Coaxial cable, BNC male plug to dual banana male jack, Figure A1l (D).
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Preparation

1.

Install LabVIEW NXG Runtime (Version 5.0 or newer) on the host PC. The
software can be downloaded at the link below.
https://www.ni.com/en-us/support/downloads/software-
products/download.labview-nxg-runtime.html#346283

Before installation, read the system requirements of the software if necessary.
Install driver for KUSB-488B USB to GPIB converter on the host PC. NOTE:
when asked about VISA compatible option, make sure to choose ‘NI
Command Compatible’. At the time of writing, the latest driver is Version
3.13.2, which can be downloaded at the link below.
https://uk.tek.com/accessory/ki-488/3-1-3-2

Connect Keithley 2400 SMU to the host PC using the Keithley KUSB-488B.
The GPIB port can be found at the back of Keithley 2400 SMU. Read the
manual for Keithley 2400 SMU if necessary.

Use the coaxial cable to connect the switch box to the INPUT/OUTPUT ports
on the front panel of Keithley 2400 SMU.

Turn on the solar simulator and do the calibration using the reference cell. Read
the user manuals for the 69907 power supply and the 91150V reference cell for

more information.

Measurement Procedures

1.

Connect the fabricated PSC device to the test clip. In Figure A2, a clean FTO

substrate coated with gold electrodes is used as an example. A flat piece of
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plastic is used as a spacer to ensure good electrical contact between the pins and
the gold electrodes on the substrate, as shown in Figure A2 (C). Pay close
attention to the alignment between the electrodes on the substrate and the gold
pins of the test clip. The short electrode on a fabricated PSC device is the back
contact deposited directly on FTO. When the test clip is positioned as shown in
Figure A2 (D), the short electrode on the substrate should be aligned to the
rightmost pin in the test clip. Refer to Figure A2 (E) and (F) for more

information if necessary.

Pay attention to Pay attention to
alignment alignment

Figure A2 (A) A FTO substrate with gold electrodes deposited on top. (B) A small piece of plastic
is used as a spacer to ensure good electric contact between the device and the clip. (C) Side view
of the connected clip and substrate. (D) to (F) Views of the connected clip and substrate from
multiple angles. Pay attention to the alignment of electrodes and pins.

2. Connect the test clip to the DIP socket, as shown in Figure A3 (A) and (B).
Make sure to lock the DIP to secure the test clip. Figure A3 (C) shows the

diagram of the complete setup for J-V measurement.
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— | ||

Figure A3 (A) and (B) Views of the test clip and the DIP socket. (C) Diagram of the complete
setup for J-V measurement.

3. Turn on the Keithley 2400 SMU and the host PC. After logging in, click and run
program “Solar NXG 5.exe”. The Home page of the main window is shown in

Figure A4.

Home | J-V Measurement | J-VResults | Recurring J-V | Steady-State PCE Measurement | P&O MPP Tracking

New J-V Measurement
New Recurring J-V Measurement

Open J-V Data

MPP Tracking Measurement
Quit

Warning: This version of Solar NXG works with KUSB-488B Keithley GPIB adapter only.
Driver of KUSB-488B must support 64-bit versions of NI-VISA (beginning with NI-VISA v17.0 and higher).

9

Figure A4 Home page of the program “Solar NXG 5.exe”.
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4. Click “New J-V measurement” and the program would change to the “J-V

measurement” page, as shown in Figure AS. Follow the steps below to input

measurement parameters. Each step is marked at the corresponding position

with red numbers in Figure AS.

Home | J-V Measurement

Save data as

~

VISA 1

Max Voltage (V)
12

Min Voltage (V)
02

Step Voltage (V)
002

Delay Time (s)
0

Measurement Settings
Reverse
4-Point Probe

Start

Forward

Root Directory

Iy

User Name
Folder Number
Sample Number

Area (mm2)

0.000

User Settings

3
2
S e
1
Finger

Home

Current Density (mA/cm2)

10

J-VResults | Recurring J-V | Steady-State PCE Measurement | P&O MPP Tracking

Cursors | X Y

T T T T T T T T T T T 1
-0.1 0 0.1 0.2 03 04 05 06 0.7 08 09 1 11 12

Voltage (V)

Voc(V) | JscmA/em2) |  FF(%) | PCE(%) | Rs(©hm) | Rsh(kOHm)

0.000 0.000 0.000 0.000 0.0000 0.000

Figure A5 J-V measurement page.

1) Click the “VISA” dropdown menu to select the GPIB card.

2) Click “Measurement Settings” and type in the max voltage, min voltage,

3)

step voltage, and delay time in the new window. Click “Save” to confirm

and return to the main window. The max and min voltages define the

rage of voltage output from Keithley 2400 SMU.

Click “User Settings” and choose the root folder's path; type in user

name, folder name, sample number, and the area of each device. Click

“Save” to confirm and return to the main window. The data will be saved

at the pathway shown in the “Save data as” window.
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4) Turn the “Reverse/Forward” switch for reverse or forward measurement.
The reverse measurement will start from the maximum voltage and end
at the minimum voltage. The forward measurement will start from the
minimum voltage and end at the maximum voltage.
5) Turn the “Finger” switch to select which finger to measure. Make sure
to turn the switch on the switch box accordingly.
5. Put the sample at the center of illumination. Click “Start” to start the
measurement. A new window, as shown in Figure A6, will open to show the
real-time J-V curve during the measurement process. Click the green button to

stop the measurement at any time if necessary.

20

-
]
P

L
o
T

ro
o
i

Current Density (mA/cm2)
T

1) S S S S S S
02 025 03 035 04 045 05 055 06 065 07

Voltage (V)

Figure A6 Window for displaying real-time J-V curve during measurement.
6. Once the measurement stops, the program will return to the main window and
show the complete J-V graph at the center of the window. The performance

metrics will be shown in the table below the graph.
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Home | J-V Measurement | J-V Results

7. Click “Save” to save the data. Or click “New” to change the input parameters

and start a new measurement. Note: if “New” is clicked, any unsaved data will

be lost. Click “Home” to return to the home page.

8. Once the new J-V curve is saved, the program will change to the “J-V Results”

page, as shown in Figure A7. All the measurements saved in the data file will be

shown here. Click the check box to choose the measurements and click “Plot” to

show the J-V curves. Click “Open New File” to select another data file for view.

Click “New J-V” to return to the “J-V Measurement” page. Click “Save table as

Excel” to save the data table on the left as an Excel sheet. The Excel sheet will

be saved in the same folder as the data file. Click “Quit” to shut down the

program.

Select|Finger

Recurring -V | Steady-State PCE Measurement | P&0 MPP Tracking
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Figure A7 The “J-V Result™ page is used for quick comparison between measurements and
plotting J-V curves.
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Data File Structure

The measurement data is saved as  “UserName-FolderNumber-
SampleNumber.tdms™ at “root folder directory\User Name\Folder Number”. The format
of the data file is the NI TDMS file format. A white paper details this file format can be
found at the link below. Read it for more information if necessary.
https://www.ni.com/en-us/support/documentation/supplemental/06/the-ni-tdms-file-
format.html

Scout TDMS Editor is a useful software to view TDMS files. The lite version is
free to use and can be downloaded at the link below.

https://sine.ni.com/nips/cds/view/p/lang/en/nid/211879.

€ Signal X Scout 2.1.0.18 64 bit

File Help
"'|||L Signal.X Technologies LLC Scout Lite www_signalxtech.com
7
E:\OneDrive\Research\-V Data\Ruit123 v (= . Refresh [F5]
Name A Size Date Modified Type ~
Rui-123-X614.1dms 27.96 KB 8/13/2020 12:19 PM tdms
Rui-123-X619.tdms 27.96 KB 8/13/2020 1:03 PM tdms
RUi-123-X623 1dms 27.96 KB 8/13/2020 12:33 PM tams
27.96 KB 8/13/2020 12:47 PM tdms
27.95KB 8/13/2020 2:34 PM tdms
27.95KB 8/13/2020 2:23 PM tams
Rui-123-x616.tdms 27.95KB 8/13/2020 1:42 PM tdms
Rui-123-x617.tdms 27.95KB 8/13/2020 1:16 PM tdms
RUi-123-x618.tdms 27.95KB 8/13/2020 1:29 PM tams
Rui-123-x620.tdms 36.19 KB 8/13/2020 2:10 PM tdms -
P ARA 2R bdn A7 Az n Al4AAARA ALEA P e
< >
T ~ || El Properties | 1A Graph | B Table |
. Rui-123-x613.
S Finger1 a Property Current Density 1 (mA/cm2) Datatype ~
Voltage 1 (V) 1 "Date 8132020 String
Current Density 1 (mA/cm2), 2 Fill Factor 82770777 Double Float
Voltage 2 (V) 3 Forward? FALSE Boolean
Current Density 2 (mA/cm2) 4 Jmax 13.901956 Double Float
- Finger2 5 Jsc 17.246158 Double Float
H Voltage 1 (V) 8 NL_ArrayColumn 1 B2
Current Density 1 (mA/em2) 7 N_ChannelLength 142 us4
Voltage 2 (V) 8 N|_DataType 10 uig
; ] Current Density 2 (mA/em2) [} PCE 8759435 Double Float
& Finger3 10 Pmax 8.759435 Double Fioat
| Vuitage'ﬂ v ; 1 Rs 23.142183 Double Fioat
3;;:)”8 2?\;')5‘“ (mAfem2) 2 Rsh 2263509436 Double Fioat
13 Time 2:24:39 PM String
i m ==
] Fi"::rn‘ent Density 2 (mA/em2) A Vg o 7 Dot Figat
i Voltage 1 (V) 15 Voc 0.962477 Double Flost
Current Density 1 (mA/cm2) 16 name Current Density 1 (m&/cm2)  String
Voltage 2 (V)
Current Density 2 (mA/cm2)
Finger 5
Voltage 1 (V)
Current Density 1 (mA/cm2)
Voltage 2 (V)
Current Density 2 (mA/cm2)
v
< >
. . Y| [Fesmastl] [ save Export. | Showing tem Properties (read only)

Figure A8 Data file opened in Scout TDMS editor.
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A TDMS file has three levels of hierarchy — file, group, and channel. Each level
has its own properties and search-ready data files. Figure A8 shows a data file opened in
Scout. The name of each group is the finger number of the fabricated device.
Measurements of the same finger are saved in the same group. For every measurement,
the voltage and current density are saved in two separate channels. For example, Voltage
1 and Current Density 1 in Finger 1 store the voltage and current density data obtained in
the first measurement of Finger 1. Voltage 2 and Current Density 2 in Finger 1 store the
voltage and current density data obtained in the second measurement of Finger 1. The
performance metrics calculated by “Solar NXG 5.exe” are stored as the properties of the
current density channel, as shown in Figure AS.

The TDMS file can be imported into Origin Pro. For more information about
importing TDMS file into Origin Pro, refer to the link below.

https://www.originlab.com/doc/X-Function/ref/impNITDM
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