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ABSTRACT
NOVEL PROCESSING APPROACHES FOR THIN FILM SOLAR AND RELATED
TECHNOLOGIES
Brandon W. Lavery
June 12, 2017

A growing population along with developing nations are increasing the demand for
energy. The International Energy Agency forecasts a global electricity demand increase of
70 percent by 2040. This is an increase from nearly 18 TW to over 30 TW. The sun can be
a great clean source of achieving this energy demand. Despite the large solar industry
development, the market is still growing as solar energy only accounted for 0.87% of the
global energy production in 2013. The opportunity exists to manufacture more affordable
solar energy that can penetrate more of the global energy market. In this dissertation, a
photonic-based manufacturing technique called intense pulsed light (IPL) was investigated
to enhance the photovoltaic properties of CdTe, better understand the CdCl» treatment used
to create higher efficiency CdTe solar devices, enable the first sintering and efficiency
enhancement of perovskite solar cell (PSC), and study the possible conversion of a stable
2D perovskite to a 3D perovskite.

CdTe thin films grown by low temperature electrodeposition were treated for the
first time with IPL. The low temperature electrodeposition growth resulted in films
consisting of nanoparticles, with reduced melting point temperatures. In combination with

the high temperature rise produced by the pulses of light, the lower melting temperature



resulted in pores/voids being filled as well as enhanced grain growth. As a result, pin-holes
and grain boundary recombination were diminished. Subsequently the fill factors of PV
devices created using this technology significantly increased. In addition, the IPL also
successfully improved the crystallinity in the CdTe films by photonically initiating the
popular CdCl; treatment. To understand the mystery behind the mechanism of the CdCl»
treatment, low temperature PL was utilized and new electrodeposition precursors resulting
from the study improved device efficiencies.

Photoactive perovskite CH3NH3Pbl; layers were successfully sintered with a novel
IPL treatment with efficiencies exceeding 12%. The processing time was reduced to 2 ms,
which was significantly faster than those from previous reports. Additionally, the average
performance of the IPL-processed samples showed an improvement compared to the hot-
plate-processed samples. This advance creates an exciting new method to quickly create
dense layers of perovskite, eliminating the rate-limiting annealing step detrimental to
industry adoption, and shows the first known occurrence of sintering in CH3NH3Pbl;
perovskite particles.

Lastly, the fast photonic processing of the IPL enabled the first conversion of a
stable 2D perovskite structure into a 3D structure. This caused an band gap shift from 2.0
eV to 1.6 eV and showed the capabilities of band gap tuning enabled by the IPL. While
this work is the first documentation of band gap tuning enabled by a photonic effect, it
presents a possible inexpensive manufacturing technique that could use one material to

create several different colors for the future development of pixel-based LED displays.
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CHAPTER 1
INTRODUCTION
1.1 Global Energy Outlook

A growing population along with developing nations are increasing the demand for
energy. The International Energy Agency forecasts a global electricity demand increase of
70 percent by 2040.! This is an increase from nearly 18 TW to over 30 TW.2 The sun can
be a great clean source of achieving this energy demand. It continuously delivers 174,000
TW to the upper level of Earth’s atmosphere.> After taking into account atmospheric
absorption and scattering, latitude-dependent oblique incidence, seasonal variation, and
cloud cover, the global-average solar irradiance over land is 183 W/m2.* To meet the 12
TW increase in energy, 437,160 km? of 15% efficient solar panels would be needed.
Knowing the Earth has a land surface area of 149 million km?, this would correspond to
only 0.3% of the land being covered with solar panels.’

Unlike other forms of emerging renewable energy like thermal generators and wind
turbines, solar panels have no moving parts that require maintenance and they retain high
efficiencies independent of the size of their application.® Another advantage of solar energy
is that it can be used anywhere in the world unlike fossil fuels and other extractive sources
of energy that may not be readily available in a region. Because of these advantages, there
has been rapid growth in the solar market. Between 2000 and 2014, global solar energy
capacity doubled nearly every two years and grew from 1.3 GW to 139 GW.” Even with

these advances, the market is still growing as solar energy only accounted for 0.87% of the



global energy production in 2013.° The opportunity exists to manufacture more affordable
solar energy that can penetrate more of the global energy market.
1.2 Designing the Next Generation of Solar Energy

To date, the most popular solar energy material being used is silicon. Crystalline
silicon (c-Si) solar cells constitute 90% of current global production capacity and are the
most mature of all PV technologies with over 60 years of research.® Silicon can be
manufactured into non-toxic, efficient, and extremely reliable solar cells. However, it may
not be the ideal candidate for solar energy needs. Silicon is inherently an indirect bandgap
semiconductor which leads to weak light absorption and requires thicknesses of over 100
um in the absence of light trapping techniques to achieve highly efficient solar cells.® This
may not appear to be an obstacle, but it restricts fabrication substrates to bulky panels and
prevents the industry from advancing toward cheaper and more ergonomic flexible plastic
substrates. As silicon prices have continued to decrease over time, module costs are
becoming a higher percentage of the total cost of the silicon solar cell (exceeding 35%) as
designs and materials remain largely unchanged.® The majority of these module costs come
from the glass, backsheet and frame with no cheaper replacements anticipated in the
upcoming years.

Efforts to decrease the cost of manufacturing related to the solar industry have
motivated researchers to create next generation solar cells. When creating next generation
solar cells, the first requirement is to find a material that absorbs as much of the solar
spectrum as possible. The solar spectrum consists of wavelengths spanning from the
ultraviolet, to the visible and infrared sections of the electromagnetic spectrum. As it passes

through Earth’s atmosphere, light of less than 300 nm is filtered out by atomic and



molecular oxygen, ozone and nitrogen. At the higher end of the electromagnetic spectrum,
infrared is mostly absorbed by water and carbon dioxide (CO2). Given these filtered
regions, the greatest irradiance is between the visible wavelengths of 300-800 nm (Figure

1.1), so the ideal solar cell should absorb in this range of wavelengths.
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Figure 1.1. Solar spectrum of Earth including regions absorbed by atmospheric gases H,0
and CO,

The next fundamental requirement for the material is to be able to separate charges
and produce electricity. As the material absorbs sunlight, it will need to promote an electron
from the ground state to a state of higher energy (excited state) that can be extracted in the
form of electricity. This level of separation from the ground state to the excited state should

be large compared to the Boltzmann’s constant K, T and contain at least two or more energy



levels. Materials with these characteristics are called semiconductors and contain a
separation of energy levels called the band gap.

Within semiconductors there are two distinct classes of band gaps, the direct and
indirect band gap. Of the two, a direct band gap semiconductor would be desirable for next
generation solar cells because they have a higher efficiency in separating charges, leading
to less material needed to absorb the solar spectrum. Less material usage saves cost in
manufacturing and produces thinner materials with enhanced flexibility that can be used
on roll-to-roll processes. Meanwhile, indirect band gap semiconductors like silicon require
an additional momentum change from lattice vibrations (phonons) in addition to solar
energies greater than the band gap to generate charge separation. This additional
momentum requirement means that solar absorption is usually weaker in indirect
semiconductors so thicker devices incorporating these materials are needed to fully absorb
the solar spectrum. The solar cells based on indirect semiconductors require more material
to manufacture and have limited flexibility leading to rigid panels.

The last primary objective in finding next generation solar cell materials is finding
abundant low cost materials that can be fabricated near atmospheric conditions without the
need for expensive vacuum or high temperature manufacturing. This is difficult to find in
semiconductor materials as they typically require chemical vapor deposition (CVD)
performed under vacuum to achieve highly crystalline materials with minimized defects.
The defects are further minimized by using high temperature treatments to anneal and
eliminate defects in-between crystals.

Of the current and emerging next generation solar cell technologies, cadmium

telluride and perovskite solar cells (PSCs) are among the most promising and are



categorized as thin film solar. They require device thicknesses on the nanometer range,
reducing material usage and providing the opportunity to create new solar array form
factors on flexible substrates. Additionally, thin film solar technologies will produce less
greenhouse gas emissions during production compared to c-Si PV (45 g CO»-equivalent
per kWh for c-Si, 21 g COz-eqivalent per kWh for a-Si:H, 14 g COz-equivalent per kWh
for CdTe, and 27 g CO»-equivalent per kWh for CIGS solar cells).”"!°

Cadmium telluride heterojunction solar cells with cadmium sulfide have long been
considered as an alternative to silicon based solar cells. The technology has a global
photovoltaic (PV) market share of 5% and leads the thin film market with 56% in 2013."!
This combination of semiconductors from groups II and VI have attained efficiencies of
greater than 21%.'2 Although efficiencies were largely stagnant from 1992 to 2012, devices
have improved considerably by over 4% in the last 5 years with the implementation of
graded band gap architectures that can achieve IPCE values of over 140% due to impact
ionization effects.!*> With a band gap of ~1.5 eV, CdTe solar cells have a high absorption
coefficient > 5 x 10%/cm and can achieve high efficiencies in thin cells within 2 pm.'*

As mentioned previously, PSCs have also attracted increased interest in thin film
solar manufacturing with efficiencies exceeding 22%.'° The term “perovskite” refers to the
ABXj crystal structure. In the case of the organometal halide perovskite, the A site refers
to an organic group, B represents a metal such as lead, and X is a halide group such as
iodide, chloride, or bromide (Figure 1.2).!° Unlike traditional semiconductor solar cells,
the PSC is amenable to changes in the atoms of its crystal structure. This opens up many

possibilities in tuning band gaps,!” as the optical bandgaps can be tuned from 1.25 to 3.0



eV by cation (A, B) or anion (X) substitution (e.g., HC(NH2):-Pb(I;xBrx)3,”

CH;NH;Snl3, %" and CH3NH3Pb(I;.4Bryx)3.2°

Figure 1.2. The perovskite ABX crystal structure. In the case of the organometal halide

perovskite, the A site refers to an organic group, B represents a metal such as lead, and X
is a halide group such as iodide, chloride, or bromide

Beyond the large material sets that enable band gap engineering and durability, the
PSC technology offers a processing advantage using solution phase depositions and low
temperature synthesis. The majority of the PSC devices reported in the literature, including
the highest performing cells, use low cost and low temperature techniques. PSCs form at
temperatures below 200 °C compared to the 800-900 °C temperatures needed to fabricate
crystalline silicon solar cells.?! Reductions in heat treatment will generate cost savings in
solar cell manufacturing, enabling a cheaper product that can be sold to more consumers.

22-23

The low temperature synthesis of PSCs also promotes different cell configurations, and

promotes multiple processing techniques and the possibility for roll-to-roll

manufacturing.?*



1.3 Challenges in Thin Film Solar

CdTe and perovskite solar cells share similar challenges. Both are in need of faster
low temperature annealing techniques that enlarge crystal grains. Grain boundaries exist
in-between crystal grains that cause recombination centers leading to decreases in solar cell
device efficiencies, so it is beneficial to grow crystal grains to eliminate their occurrence.

For the CdTe system, the highest devices are still those created using closed space
sublimation (CSS). Closed space sublimation uses a vacuum environment and high
temperatures to sublimate CdTe precursors to substrates in close proximities in excess of
400 °C. Low temperature CdTe solar cells can be fabricated using a technique called
electrodeposition. A known shortcoming of electrodeposited CdTe films are their resulting
small grains that limit devices from achieving high efficiencies. For the electrodeposited
CdTe solar cells to achieve higher efficiencies comparable to those using the CSS
technique, a second higher temperature annealing step is required.

In the case of the PSC, crystal growth is desired but thus far conventional annealing
methods used on other semiconductors have not been applicable to the perovskite material.
A problem that often arises when annealing at high temperatures is reduced surface
coverage, resulting in the formation of perovskite islands due to agglomeration during
heating. Eperon et al. demonstrated that as the annealing temperature increases, the number
of pores in the final film decreases, but the size of the pores increases and the morphology
transitions from a continuous layer into discrete islands of perovskite.? An active layer
morphology composed of discrete islands can create multiple shunting pathways by
exposing the underlying contact and severely dampens solar cell performance. Creating

larger perovskite crystals and improving the surface coverage of perovskite films is



therefore important for optimizing device performance and has been a topic of discussion
in PSC research.
Initially researchers improved the crystal formation by utilizing a two-step

sequential deposition of Pbl, followed by methylammonium iodide (MAI).?

Recently, a
more expedient one-step deposition of CH3NH3Pblz; was advanced by using solvent-
solvent extraction techniques. These techniques utilize low boiling point solvents such as
diethyl ether to remove high boiling point solvents such as N-Methylpyrrolidone (NMP)
or Dimethylformamide (DMF) from the perovskite films after spin coating.?’-* While
these solvent-solvent extraction techniques can be used to produce highly efficient solar
cells with larger grains, they add another step in the perovskite manufacturing process and
require the use of hazardous chemicals such as diethyl ether, toluene, or chlorobenzene.
1.4 Proposed Approach

While perovskite and CdTe solar cells are impressive candidates for flexible
substrates, given their high performance as a thin-film, both still require long annealing
times of excess of an hour. This is detrimental to roll-to-roll processing and creates a
bottleneck in a continuous operation. To overcome this, a new technique called intense
pulsed light (IPL) will be used to manufacture CdTe and PSCs. The IPL process (Figure
1.3) delivers high-energy pulses of light from a Xenon flash lamp in a very short duration
over a large processing area, able to heat thin films containing photosensitive materials to
temperatures exceeding several hundred degrees Celsius.?’3? The light energy absorbed by
the thin films results in a near instantaneous rise in temperature that lasts for the duration

of the pulse, commonly a few milliseconds. These thin films exist on a substrate carrier

with a thermal mass many times larger hence the time to establish thermal equilibrium



between the film and the substrate exceeds that of the flash. Consequently, the high
temperatures are not transmitted into the substrates as the amount of heat energy introduced
is quickly dissipated.’! Thus the process focuses heat only where it is necessary, which is
on the thin film and can be implemented on more fragile organic substrates such as

polymers and papers.
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Figure 1.3. Schematic of the Intense Pulse Light (IPL) displaying the wavelengths emitted
from the Xenon plasma flash lamp with a color guide as reference

Bulk CdTe has a high melting temperature of 1092 °C, so it is unlikely the IPL
processed films would be able to reach temperatures high enough to induce changes in the
film. However, electrodeposited CdTe exhibits much smaller grains on the nanometer
scale. Reducing the size of a semiconductor to the nanoparticle regime is known to produce
significant physical and chemical changes to a material’s behavior. Within this size range,

quantum confinement effects created by these extremely small sizes results in a rise in the
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optical bandgap of the semiconductors, whereas the enhanced surface area can improve the
materials photocatalytic properties.*>** Increasing the surface to volume ratio of the
semiconductor particle can also yield a substantial depression in the melting point
temperature.’® This effect is caused by the relatively smaller cohesive energy of atoms
positioned at the surface of a film or particle compared to the atoms in the bulk.
Consequently, the temperature needed to melt the surface is lower than for the bulk of the
material. Typically, a particle size less than 20 nm in diameter is needed to produce a
decrease in the melting point temperature by a few hundred degrees centigrade.*3-3® This
characteristic is beginning to be employed in the printed electronic industry in order to
produce conductive metal patterns on low temperature substrates for metal nanoparticulate
inks.” However, this development has yet to be fully exploited in the semiconductor
manufacturing industry.

Unlike the CdTe system, the perovskite in PSCs does not need to be in the
nanoparticle regime to have a melting point temperature low enough for IPL processing.
As previously mentioned, high temperatures exceeding 150 °C are known to cause
degradation of the material. For the perovskites used in PSCs, a different strategy based on
sintering will be used for the IPL processing. Sintering is the process of particles converting
into a coherent object of controlled density and microstructure at an elevated temperature
(but below the melting point) due to the thermodynamic tendency of the particle system to
decrease its total surface and interfacial energy.’® The recognized forms of solid-state
transport sintering mechanisms include: surface diffusion, volume diffusion, grain
boundary diffusion, viscous flow, plastic flow, and vapor transport.>® In the initial stage,

particles begin to bond to one another through necking. In this stage, the surface area is
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still at least 50% of its original value. In the intermediate phase, pores are smoother and
grain growth occurs. Then in the final stage, pores are spherical and closed and total
porosity is less than 8%. Sintering generally uses multiple mechanisms to achieve a
densified layer. The sintering in the perovskite could be induced by vapor phase transport,
solid-state growth of particles, the melting of the organic components and the formation of
new seed sites, the breaking and reforming of hydrogen bonds, the transport of halide ions
across surfaces to enable new seed sites at boundary interfaces, etc. Literature proposes
that the most likely scenario for the sintering of perovskites used in PSCs is the local
evaporation and condensation of the material (Figure 1.4). This form of sintering
dominates the sintering of low-stability materials such as lead and lead-based compounds
and also in halide complexes.*® In evaporation-condensation sintering, vapor transport
leads to the repositioning of atoms located on the particle surface without densification.
Evaporation occurs from a surface and transport occurs across pore space, leading to
condensation on a nearby surface. The sintering is controlled by the equilibrium vapor

pressure:

P = Pyexp (;_’]Q‘)

in which the equilibrium vapor pressure (P) depends on the absolute temperature (T) with
an Arrhenius dependence (thermally activated), P is the pre-exponential material constant,
and Q is the activation energy for evaporation with k being the Boltzmann constant. From
the above equation, higher temperatures correspond to higher vapor-pressures and
increased vapor-phase transport, as flux depends on the evaporation rate. The condensation

occurs in-between particles where the vapor pressure is below equilibrium.
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Figure 1.4. Illustration of proposed sintering mechanism of CH,NH,Pbl, perovskite

1.5 Objectives of This Study

The main goal of this study is to enhance the processing of CdTe and PSCs by
utilizing a low cost and faster IPL manufacturing technique. Using the IPL to photonically
process these materials and enhance their efficiencies will aid in the processing of next
generation thin film solar energy on more affordable plastic substrates. Meanwhile the
objective of this dissertation is to understand the capabilities of IPL processing through its
effects on a variety of materials.

1.5.1 Specific Objectives

a) Enlarge the grain size of electrodeposited CdTe through IPL processing and

determine the optimal processing window.
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b)

d)

Understand the effects of the IPL on the crystal orientation of CdTe as well as
its electronic properties.

Use the IPL to initiate the CdCl, treatment of electrodeposited CdTe and
understand the reaction that enables higher efficiency devices after being
exposed to CdCl.

Sinter perovskites used in PSCs using the IPL to create a thermal technique that
can be used on temperature sensitive solar materials.

Improve the repeatability of creating high efficiency PSCs. The PSC is known
to have large deviations in efficiency resulting from wet chemistry synthesis.
Develop a method using the IPL to change the band gap of perovskites. Being
able to change the band gap of perovskites with a simple photonic technique
like the IPL could encourage new developments in tandem solar cell design as

well as the LED pixel display research.

1.6 Organization of Thesis

Chapter 1 will provide emphasis for the need of solar energy research, documenting

the growing energy demands in the world. It will continue by developing the challenges
associated with providing more affordable solar energy and provide the basic background
knowledge necessary to understand the development of next generation solar cells. The
next generation “thin film” CdTe and perovskite solar cells will be introduced along with
their need for more inexpensive fabrication manufacturing. The proposed approach to
solving these manufacturing issues by using IPL processing methods and the specific
objectives associated with understanding this research endeavor conclude the introduction

section of the thesis.
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Chapter 2 delivers a comprehensive review for the state-of-the-art solar cells, and
their operating principles. It concludes by discussing the manufacturing challenges that
compromise the development of next generation solar cell technologies.

Chapter 3 details an overview of the experimental procedures used to fabricate
CdTe and PSCs. Each step of the experimental procedure will be dissected and explained
to provide insight on the problems presented in thin film solar research. In addition, the
section highlights the characterization techniques and tools that provide understanding of
the materials physical, optical, and electrical characteristics.

Chapter 4 shows the results of IPL processed CdTe solar cells. It documents the
changes underwent by electrochemically deposited CdTe and delivers a proof of concept
that IPL processing can be used for solar cell research.

Chapter 5 continues to access the problems of the CdTe solar cell. In this chapter
the popular CdCl: treatment is investigated and utilized in IPL processing. Furthermore,
the findings of the CdCl, treatment mechanism prompted studies of changes needed in the
precursor solutions of electrochemically deposited CdTe. The results of these changes and
improvements to the CdTe solar cells are discussed.

Chapter 6 documents the first ever sintering of the perovskite material used in PSCs
and discusses improvements made to its operation. This section illustrates the effects of
IPL processing on the perovskite material used in PSCs and provides a process map for
roll-to-roll manufacturing using the IPL.

Chapter 7 investigates another intriguing feature of PSCs: the ability to tune band

gaps. The highlights of this chapter provide the first ever transition of a stable 2D layered
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perovskite to a 3D perovskite and provide a material that could someday be a possible entry
into the LED pixel display market.
The conclusion and recommendations of this study can be found in chapters 8 and

9, respectively.
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CHAPTER 2
BACKGROUND
2.1 Solar Cell Background

In 1839, Becquerel at the age of 19 was the first to uncover the possibilities of using
solar to generate electricity when he described the photoelectric effect by generating
electricity in an acidic bath using AgCl or AgBr electrodes.*® The first solar cell material
was later developed in 1877 by Adams and Day when they noticed a photoconductive
effect in selenium.*' They attributed the generated current to light induced crystallization
of the outer layers of the selenium bar. This process wasn’t well understood until the
development of semiconductor physics several decades later.

2.11 Semiconductor Physics of Solar Cells

There are several different device architectures and materials used to create solar
cell devices. Here, the basic fundamentals that can be applied to all solar cell devices will
be discussed to lay the ground work for a more detailed look into the CdTe and perovskite
solar cell technologies.

As mentioned in the introduction, solar cells consist of a class of materials called
semiconductors. Semiconductors possess a band gap between the occupied states (valence
band) and higher energy unoccupied states (conduction band) that is necessary to provide
the electrical energy from the extra potential energy that electrons gain from photon
absorption (Figure 2.1). The band gap is crucial to solar cell materials, if the band gap is

too large as is the case in insulating materials, then most of the energy from the sun will be
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insufficient to excite electrons from the valence band to the conduction band and generate
electricity. If the band gap is too small like in the case of metals, then the excited electrons
do not remain long enough in the higher energy levels to be extracted as electricity. The
bands in semiconductors come from the difference in energy levels formed from molecular
orbitals arranged at different energy levels. The molecular orbitals originate from the
formation of pairs of atomic orbitals. As an increasing amount of atoms are introduced to
form a solid, each atomic orbital splits to form a very large number of bands that are so
close in energy that they collectively form a band of allowed states. The discrete bands of
allowed states are primarily due to the Pauli exclusion principle, which forbids more than
two electrons as fermions with spin up and down to occupy one state which causes the
energy levels to split. To analyze the crystal band structure of a material, these bands are
mapped on a chart of energies (E) vs. wavevector (k) (Figure 2.1). The wavevector (k) is

used in the Schrodinger’s equation to calculate of the energy levels of an atom or molecule.
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Figure 2.1 Crystal band structure of a semiconductor material, with bands mapped on a

chart of energies (E) vs. wavevector (k)
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When an electron is removed from a bond between atoms and injected into the
conduction band by either by thermal or solar (photonic) input energy, it leaves behind a
positively charged region from the vacancy of an electron effectively called a hole. This
movement of holes and electrons enables the generation of electricity. For easier generation
of holes and electrons, impurity materials with valence electron numbers differing from
that of the native atoms can be introduced in a process called doping. Doping is essential
to the homogeneous solar cell devices like silicon. Materials that have an injected excess
of electrons become negatively charged (n-type) while materials with an excess of holes
become positively charged (p-type). In addition, materials generally lacking in charge are
known as intrinsic (i-type). For the holes and electrons to move within a solar cell, there
needs to be a driving force. This driving force occurs at junctions in a solar cell in which
p-type, i-type, or n-type materials come in contact with one another and create an electric
field under illumination. The three main contributions to the charge separation at the
junctions in a solar cell are: gradients in the vacuum level or work function, gradients in
the electron affinity, or gradients in the band gap. Of the three, the most common in today’s
silicon solar cells use the gradients in the vacuum level or work function by means of
doping. The work function is defined as:

® = (Eyae — Er)
where @ is the work function, E,,, is the energy at vacuum, and Ey is the Fermi Level.
The Fermi level (Er) is described mathematically by using Fermi Dirac statistics when the

Fermi Dirac function f;, is equal to 1/2:

fO(E,EF,T) = e(E_EF)/kBT +1
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in which f; is the fermi dirac function, E is the fermi level, kg is the Boltzmann constant,
and T is the temperature

When in equilibrium under illumination, Eris a constant, causing an electric field between
any two regions of differing work functions from the gradient in Eyac. This causes band
bending, as the quasi fermi levels from each side of the junction must be the same (Figure

2.2).

Figure 2.2. Band bending in a semiconductor p-n junction induced by an electric field
Rather than doping, next generation thin film solar devices like CdTe and the PSC
utilize multiple materials in heterojunction architectures. In this approach, the materials
themselves will be of differing p, 1, or n types. The heterojunctions used in thin film solar
cells are enhanced by the last two previously mentioned major contributions to the charge
separation at the junctions in a solar cell: gradients in the electron affinity, and gradients in

the band gap. The disadvantages in using heterojunction designs are the discontinuities in
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the conduction and valence band edges at the junction resulting from mismatches in the
lattices of the two materials. These mismatches can cause sub-band Schockley Read Hall
recombination centers in solar cell devices and limit efficiencies. Other known issues are
the diffusion of one material into the other, and the formation of alloys at the junctions.
2.2 CdTe solar cell design

The first CdTe solar cell was reported in 1972 by Bonnet and Rabnehorst when
they created a 6% efficient heterojunction CdTe-CdS p-n device. Most of the devices still
retain this architecture, incorporating interface layers to improve durability; although
newer designs include graded bandgaps to improve efficiencies. The two main methods for
depositing CdTe are physical vapor deposition (PVD) and electrodeposition. The PVD
process can produce larger grains; however, the electrodeposition technique has advantages
in selective doping and can be implemented at a lower cost. The CdTe devices in this
dissertation are electrodeposited with an architecture consisting of glass as the substrate
with fluorinated tin oxide (FTO) as the conductive oxide, n-type cadmium sulfide (CdS),

n-type CdTe, p-type CdTe, and gold (Au) (Figure 2.3).
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Figure 2.3. (a) Schematic diagram and (b) energy band diagram of the glass/FTO/n-CdS/n-
CdTe/p-CdTe/Au thin film electrodeposited CdTe solar cells

The CdTe layer can be grown either n-type or p-type depending on growth
conditions.***** Cadmium-rich CdTe is n-type due to the Fermi Level being pinned near the
mid gap by Cd** donors, while tellurium-rich CdTe is p-type as the Fermi Level is pinned
close to the valance band.** The diffusion length of CdTe is between 1 and 5 um, so devices
are typically constructed in this regime.* This is not detrimental to device performance
because of the great absorption capabilities of CdTe, displaying over 90% absorption
coefficient of photons > 1.45 eV in only a few microns.*6*3

Although the CdS layer of the CdTe solar cell does not absorb large amounts of
energy compared to CdTe because of its larger band gap, it serves many purposes in CdTe
solar cell devices such as: enhancing the crystallinity during the formation of the CdTe
layer, facilitating the formation of large band gap CdTe.xSx mixed crystal layers near the
CdS-CdTe interface that improve the properties of the CdTe absorber layer, and providing

a “buffer layer” that prevents the interfacial mismatch between the FTO and the CdTe

layers.*> % Because of its usage, the CdS layer should be thin (50-100 nm) to provide a
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high transmission for the absorbing CdTe layer and uniform to prevent shorting of the
device.®
2.3 CdTe Manufacturing Issues

CdTe manufacturing is much further in development than the PSC, so several of
the significant issues like device lifetime have already been solved by the industry.
However, as silicon prices continue to drop, CdTe solar cells will need to implement more
inexpensive manufacturing efforts to stay competitive. The first way to reduce the cost of
the manufacturing of CdTe solar cells is to reduce the thickness of the CdTe absorber layer
to reduce material costs. Tellurium is a scarce material and cadmium is a known toxic
health hazard, so successfully reducing CdTe absorber layer thickness from 3-8 um to a 1
um design would be economically advantageous.*® Research has improved in thinner CdTe
devices, Gupta et al. achieved an efficiency of 9.7-11.8% for ultrathin CdTe devices of
0.7-1.28 um compared to standard device with 2.3 um CdTe (13%).>! When creating
thinner CdTe devices, surface morphology suffers; creating a high density of non-uniform
weak diodes and poor yield of high efficiency devices.’! Another improvement that could
be made in the manufacturing of CdTe would be to eliminate or alter the toxic chlorine
atmosphere used to activate the junction.’? Improving this step will help alleviate safety
costs. The last improvement that will be mentioned here is to eliminate the high processing
temperatures (400-600 °C). Eliminating these steps will reduce the energy costs in the
manufacturing. Aside from the obvious energy cost savings, changing the annealing step
would prevent the diffusion of harmful substrate materials into the CdS and CdTe layers.
Indium can diffuse from indium tin oxide (ITO) transparent conducting oxides during the

annealing stages and results in a loss of V. and facilitates direct contact between CdTe and
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ITO via pinholes in the window layer.* Sodium from the glass substrates can also
contribute in diffusion during the annealing steps and serves as a shallow acceptor in CdTe
with a low activation energy of 59 meV and can lower the space charge width and also
increase the grain boundaries resulting in decreased efficiencies.>

2.4 Perovskite Solar Cell Design

The perovskite solar cell (PSC) has been an exciting addition to solar research in the
last several years with its low temperature synthesis, efficiencies exceeding 22%, and
flexible device capabilities. With efficiencies already exceeding 22%!, PSC performance
is already comparable to that of the state-of-the-art copper indium gallium diselenide
(CIGS) solar cells and is approaching commercial monocrystalline silicon solar cells.>*
Adding to this excitement is the vast number of manufacturing techniques that have been
utilized to create these devices and the large number of complementary materials that can
be used to produce several different architectures.

The organic perovskite material used in PSCs was first introduced in 1978 when
Poglitsch and Weber replaced the cesium ion in the CsPbX3 (X = Cl, Br or I) with the
methylammonium cation (CH3NH3").>> Research continued in the 1990s when IBM
published several papers on the materials including tin based perovskites and a paper
involving the sequential deposition of the precursors to form perovskite materials.>®>’ IBM
was investigating perovskites as attractive candidates for emitter materials in
electroluminescent devices. At the time, they were not considered as a possible solar cell
material. Later in 2009, Miyasaka et al. used the perovskite for the first time as part of a

dye-sensizited solar cell.>® The breakthrough came in 2012 when Miyasaka teamed up with
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Snaith et al. and created the first PSC exhibiting an efficiency of over 10%.%° Since its
inception, the perovskite has reached efficiencies exceeding 22%.
2.4.1 The Instability of PSCs Background

The perovskite solar cell is best described as a p-i-n device (Figure 2.4). The
perovskite material is capable of transporting both holes and electrons so it is modeled as
an intrinsic semiconductor (i). Holes are injected into the hole transport layer (p) attached
to one side of the perovskite layer while electrons are injected into the electron transport
layer (n) situated on the opposite side of the device. The devices are generally fabricated
on transparent conductive materials such as fluorinated tin oxide (FTO) glass or on indium
tin oxide (ITO) polymer substrates and use a metal such as gold for the second contact. The

instability of the PSC can originate in any one or several of these layers.

a. b.

Figure 2.4. Illustration of charge transfer in high efficiency perovskite solar cell from
intrinsic perovskite layer (i) to p-type hole transport layer (p) and n-type electron transport
layer (n). b. Illustration of recombination occurring as the intrinsic perovskite layer (i) is

no longer separating the p-type hole transport layer (p) and n-type electron transport layer

(n).
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2.4.2 Electron transport materials
Table 2.1. Highest performing devices using low temperature electron transport material

(ETM) processing and best overall performing devices regardless of processing conditions

Material Low Tempera-ture (<2000) Highest Efficiency Devices
Efficiency
Temp Area Efficiency | Temp Area Efficiency
TiO, | 150°C | 0.108 cm” | 17.35%% | 450°C | 0.16 cm” | 21.6%°
o 2 0,62 o 2 0/.62
SnO, 180°C | 0.16 cm 20.8% 180°C | 0.16 cm 20.8%
o 2 0/63 o 2 0,64
ZnO 70°C | 0.071 cm 15.7% 250°C | 0.12cm 16.1%
Carbon 2 0/.65 o 2 0/.65
150 °C | 0.096 cm 18.1% 150 °C | 0.096 cm 18.1%
Fullerenes
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Relative Stability Ratio to TiO,

Figure 2.5. Relative stabilities of some of the most common electron transport materials
compared to titanium dioxide % 62 66-68

Titanium dioxide (TiO,) is currently one of the most popular choices as an electron
transport material (ETM) in PSCs and has a history dating back to the dye-sensitized solar
cell. Because of this and the wide variety of stability testing conditions with variabilities in
humidity, illumination, and temperature, the stability of the ETM discussed in Figure 2.5

will only come from experiments in which a TiO, PSC was used as reference. The relative

stability ratio (RSR) in Figure 2.5 is defined as:

RSR = % of the initial efficiency of PSCs made with the specified ETM after stability testing

% of the initial efficiency of the reference TiO, PSC after humidity testing

In scenarios in which one of the devices degraded to nonworking conditions, the

devices were compared at the half-life of the least stable device. Devices made using TiO»
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hold the highest efficiency (21.6%) published in a scientific journal for single junction
cells.®! Despite impressive efficiencies, there is concern of UV-initiated TiO> superoxide
formation that causes deterioration in device performance. Leijtens et al. reported that
TiO2 PSCs encapsulated in a nitrogen atmosphere suffer from an extremely rapid (30min
half-life) decay in photocurrent and performance under simulated sunlight with the full UV
component present.”” When a UV cutoff was used in their tests, cells decayed to only 85%
of their initial performance within the 5 h. Transient absorption spectroscopy (TAS) and
photocurrent extraction measurements suggested the UV-degraded cells suffered from
deep trapping of injected electrons within newly available sites in the TiO>. While
photoinduced electron transfer to TiO2 and hole transfer to spiro-OMeTAD were largely
unaffected, a large fraction of the electrons injected into TiO2 were trapped in deep trap
sites where they eventually recombined with holes in the spiro-OMeTAD. The mechanism
was described in four steps: (1) UV light caused photogenerated holes to react with the
oxygen radicals adsorbed at surface oxygen vacancies on the TiO> (2) The molecular
oxygen desorbed from these sites, leaving unoccupied, deep surface trap sites and a free
electron per site (3) The newly formed electrons then recombined with excess holes in the
doped-hole transporter (4) Upon photo excitation of the PSC, electrons are trapped after
being injected into the conduction band or go directly into the deep surface trap states
where they are immobile and recombine readily with holes in the hole transport material.®

Besides stability concerns, another problematic issue of using TiO> as an electron
transport material is the necessity of a mesoporous layer. This requires an extra step in a
manufacturing process. Ideally, PSCs will have a planar structure that requires only one

processing step for the ETM. This has been challenging to achieve as TiO2 planar devices
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suffer from low efficiencies and noticeable hysteresis.””’> To eliminate the hysteresis,
Baena et al. used tin oxide (SnO.) for planar devices with its more favorable conduction
band alignment to the conduction bands of the perovskite materials compared to the larger
energy mismatch with the conduction band of TiO2. The conduction band of MAPDbI; is
about 80 meV below that of TiO2 and about 170 meV above that of SnO». This inhibits
electron extraction to the TiO> in comparison to SnO,.” In addition, bulk SnO> with an
electron mobility of 240 cm? V! s is over 100 times more conductive than TiO2.”* Another
added benefit in the research was the relatively low processing temperature (120 °C)"? for
SnO, devices made with atomic layer deposition (ALD) and 180 °C for SnO; devices made
using sol-gel spin coating’®> which enables future processing on cost-effective flexible
substrates. Anaraki et al. improved the SnO> planar device efficiency to 20.8% and
enhanced the processing capabilities by using a more scalable wet chemistry approach
compared to ALD.*? Two processing methods were tested to create the 30 nm SnO, layers.
The first used spin coating of SnCl4 precursor solution in isopropyl alcohol, as shown by
Ke et al.”® The second method added a chemical bath deposition (CBD) as a post treatment
after the spin-coating to improve the conformity and blocking capabilities of the SnO>. The
CBD was based on past research by Zhang et al.”” and was previously used to create SnO>
blocking layers for PSCs with voltages of over 1.2V containing high fill factors. This
approached the maximum thermodynamic voltage of 1.32V.”®7° The method used
SnCl>*2H»0, urea, and deionized water with the addition of mercaptoacetic acid and
hydrochloric acid as precursors. The SnO> produced by spin-coating with CBD produced
higher efficiencies than the ALD deposited SnO likely from a higher roughness that

allowed increased contact of the SnO, with the perovskite material during processing.
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Another benefit of the work was increased reproducibility compared to the ALD coated
devices.®?

Although SnO: is an excellent candidate for planar devices, its durability still falls
short of mesoporous TiOz devices. Roose et al. created mesoporous SnO> cells and showed
improved durability under UV illumination compared to mesoporous TiO2 and planar SnO»
devices.®® One complication occurred during the annealing of the SnO> mesoporous layer
in which fluorine migrated from the FTO slides into SnO> mesoporous layer and posed a
serious problem that limited device efficiencies below that of the mesoporous TiO2 and
planar SnO> devices. The fluorine doped the SnO: to an extent in which charge selectivity
was compromised and recombination was increased. Switching to aluminum doped zinc
oxide (AZO) glass slides increased device efficiencies from 8.7% to 11.6%. After 10 hours
of testing under UV conditions, the mesoporous SnO; retained =~ 98% of its starting
efficiency compared to =~ 87% for mesoporous TiO> and = 89% for planar Sn0,.% It’s
important to note that the mesoporous devices plateaued in device efficiencies while the
planar SnO> devices continued to steadily decrease in efficiency after 10 hours. The
mesoporous network has been reported to provide mechanical and chemical stability to the
PSCs, inhibiting the penetration of harmful substances such as moisture, oxygen, or gold
into the perovskite layer.%® 8! Unfortunately even after implementing AZO and being
treated in a UV environment, the mesoporous SnO; devices still had inferior efficiencies
(10.4%) compared to the mesoporous TiO2 devices (13%).%

The other primary oxide being considered as an ETM is zinc oxide (ZnO). Like tin
oxide, the conductivity of ZnO is superior to that of titanium dioxide and it can be

processed at lower temperatures in many different microstructures.’28* Kelly et al. were
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able to create a planar zinc oxide device with an efficiency of 15.7% without needing any
high temperature sintering steps.®® Dong et al. also successfully prepared 13.1% efficiency
ZnO devices at low temperatures (70 C) using ALD.® Interestingly the perovskite
precursors lead chloride (PbCl) and M Al reacted at room temperature within a few minutes
without the need of a thermal treatment which would be advantageous in manufacturing.
This was due to the reaction between CH3NH3Cl and ZnO. At room temperatures, reaction
(1) is energetically favorable but its rate is very slow. However if the byproduct of this
reaction, CH;NH3Cl, is depleted, then reaction (1) will be accelerated.® This was easily
seen by a color change in the perovskite film on the ALD-ZnO, so it was speculated that
the ZnO reacted with CH3NH;3Cl, as shown in reaction (2). Energy dispersive spectra
(EDS) measurements were used to confirm a large number of chloride ions, suggesting the
existence of ZnCl. Oddly, reaction (2) did not happen for the solution prepared ZnO films.
The difference between ALD-ZnO and solution prepared ZnO is the larger number of
oxygen vacancies in ALD-ZnO.%” The oxygen vacancies in ALD-ZnO enhanced its
reaction activity, shown previously in the photocatalytic field.” In the perovskite reaction,
the oxygen vacancies promoted the reaction of ZnO and CH3NH;Cl. Of the products of
reaction (2), CH3NH: is in the gas phase and H>O is absorbed by ZnCl, because ZnCl> is
extremely deliquescent in air (reaction (3)). The ZnCl, prevented the H>O from

decomposing the CH;NH;Pbl;.% —

3 CH;NH;I + PbCl, - CH,NH,Pbl; + 2 CH,NH,CI (1)
2 CH3NH;Cl + ZnO — 2 CH3NH, + ZnCl, + H,0 )
ZnCl, + H,0 — H[ZnCl,(OH)] 3)
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The ZnO based devices achieved 16% efficiency when Mahmood et al. created
electron-rich, nitrogen-doped ZnO (N:ZnO) nanorods (NR) with enhanced electron
mobility produced using ammonium acetate.®* Polyethyleneimine (PEI) was used as a
dipole layer and a selective polymer capping layer to synergistically promote the formation
of high aspect ratio (HAR) electron-rich nitrogen-doped ZnO NRs with reduced work
functions suitable for use as ETM in highly efficient mesostructured perovskite solar cells.
The high aspect ratio ZnO nanorods improved efficiencies from 10 to 16.1% with
decreased hysteresis and stabilized efficiencies.®* The length of the nanorods was
controlled by the growth time. Growth times of 60, 90, and 120 min produced nanorods
with lengths of 575 nm, 750 nm, and 1070 nm respectively. Meanwhile, the diameter of
the rods was set by the precursor concentration. The 1070 nm long nitrogen-doped ZnO
NRs performed with the highest efficiency. Nanorods grown to 1410 nm decreased in
efficiency. The nitrogen doping increased the short circuit current and efficiency by
increasing the electron density.%® The increase in open circuit voltage (from 926 to 958.5
mV) after doping was attributed to an increase in the Fermi energy levels, owing to the
increase in the charge-carrier density, which broadened the direct optical bandgap and
lowered the barrier to electron transfer.® It could have also increased due to reduced
recombination losses as a result of improved electron-transport properties within the NRs. %

The problem facing ZnO devices is their instability attributed to the presence of
surface hydroxyl groups and/or acetate ligands, as well as the higher basicity of ZnO, which
deprotonates the MAI cation and degrades perovskites.”>! Another issue facing ZnO
adoption is its weak thermal stability. Without sufficient annealing, perovskite films grown

on ZnO contain smaller grain sizes compared to perovskite films grown on TiO2, and
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produce lower efficiencies.’’” Shown in Figure 2.5, ZnO is currently the least stable among
the most popular ETM for PSCs.

Outside of the oxides, carbon fullerenes like phenyl-Csi-butyric acid methyl ester
(PCBM) have been used as electron transport materials. PCBM is more conductive than
TiO2 and its lowest unoccupied molecular orbital (LUMO) (-3.9 eV) is well aligned with
the LUMO level of CH;NH3PbI; perovskite (-3.93 eV).”?* Accordingly, when a fullerene
like PCBM or Cgo is in contact with CH3NH3Pblz, PCBM with a LUMO of —4.0 eV and
C60 with a LUMO of -4.5 eV have small mismatches in energy and could be ideal “electron
acceptors” for perovskites.”> Heo et al. achieved a high efficiency of 18.1% using PCBM
as the ETM.%

The best ETM may be a combination of the materials previously mentioned. The
surface of TiO: films have been modified using a self-assembled monolayer (SAM) of
fullerene derivatives to create higher device stabilities against UV illumination.*® The
problem with this approach is the deposition of a SAM layer usually takes more than 10 h
for the molecular anchoring, and is not convenient for industrial manufacturing. Li et al.
modified the TiO> layer by depositing a triblock fullerene derivative [6,6]-phenyl-C61-
butyric acid-dioctyl-3,3'-(5-hydroxy-1,3-phenylene)-bis(2-cyanoacry-late) ester (PCBB-
2CN-2C8) as a modification layer on the Ti0,.%° The derivative used electron-deficient
cyano-groups to pacify the oxygen vacancies that plague TiO> devices. Lewis base groups
like -CN and -SCN have been proven to occupy the oxygen vacancies (or Ti*" sites), and
thus to pacify oxygen vacancies.’® To minimize its solubility in polar solvents and not
deteriorate during perovskite deposition, dioctyloxy chains and cyano-groups were added

to make it highly soluble in nonpolar solvents. In addition, PCBB-2CN-2C8 was
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engineered to have a high thermal stability with a decomposition temperature of 356 °C.
These stability improvements made the composite the most stable of the ETM analyzed in
this review. The composite also increased the efficiency (17.35%) of planar low
temperature fabricated (150 °C) TiO; devices with minimal hysteresis (hysteresis index of
0.052) enabling manufacturing on plastic substrates.

2.4.3 Perovskite materials

Table 2.2 Highest performing solar cells based on different perovskite systems

Material Band gap (eV) Area Efficiency
Tin Perovskites 1.3-2.15 0.12 cm’ 6.4%"°
Lead Perovskites 1.48-2.28 0.16 cm” 21.1%7
Lead and Tin
Hybrid 1.3-2.28 0.07cm’ 21.7%%
Perovskites
Germanium 1.6-3.1 unknown 3.296%
Perovskites
Copper 2 0,100
Perovskites 1.8-2.5 0.2 cm 0.2%
2-D Lead 2 0,101
Perovskites 1.6-2.2 0.5 cm 12.51%

2.4.3.1 Degradation Pathways
In PSCs, the perovskite layer is typically the least thermally stable so low temperature
processing is not an issue compared to the ETM and HTM. Progress has been made to
increase the durability of this layer but PSCs are still susceptible to water degradation and
oxygen. The generally accepted water degradation'®? for CH;NH;3Pbl; is as follows:
CH3NH3PblIz(s) — CH3NHz(g) + HI(g) + Pbla(s) 4)
The reaction begins when water deprotonates CH3NH3" resulting in several degradation

products. After this step, there still could be many unknown intermediate steps. Intense
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research is ongoing to determine these missing steps. The formation of oxides and
carbonates like PbCOs3, and PbO can occur alongside Pbl,.! They form at different rates
than from purified Pbl, suggesting compounds other than stoichiometric Pbl> may serve
as decomposition intermediates.'® Hydrate complexes can also form with CH;NH;3Pbl;
like CH3NH3PbI3H>0, or (CH3NH3)4Pbls*2H>0 as shown in the equations below!93-1%;
4CH3NH;Pbl; + 4H20 - 4[CH3NH;Pblz-H20] (5)
4CH3NH3Pbl; + 4H>0 < (CH3NH3)4Pbls-2H,0 + 3Pbl; + 2H20 (6)
Oxygen radicals are another source of possible degradation to the perovskite layer in
the PSC. The reaction (equations 7-9) begins when photoexcited perovskite containing
both electrons and holes (MAPbI3*) transfers an electron to molecular oxygen and forms
a superoxide O2"". Next the superoxide breaks down the perovskite by first deprotonating
the MALI, leading to the formation of Pbl, iodine, and water as by-products. The resulting
water can then participate in further degradation pathways such as the hydrate formations

mentioned earlier.”’ '°7 Aristidou et al. showed that CH3;NH;3Pbl; films rapidly degrade

(e.g., on a timescale of a few hours to days) when exposed to both light and oxygen.!98-1%°
This could have a significant impact on the future processing capabilities of the PSC.
Light
MAPbI, """, MAPbI,"
-‘ : ©)
MAPbI;"
0, .05
®)
’ o — Deprotonation )
MAPbI; + O} ~ MeNH, + Pbl, + 1/21, + H,0 o)

While there are still many degradation issues that need to be addressed in the PSC, there

have been several manufacturing and formulation improvements to increase the efficiency,

34



durability, reproducibility, and uniformity of perovskite films.
2.4.3.2 Halide Substitution

Halide substitutions in the MAPbI3 perovskites have resulted in CH3NH3PBI;,
CH3NH3Br3, CH3NH3Clz and mixtures of these halides. Varying the amount of bromine
has created broad spectrums of colors and band gap tuning from 1.58 eV to 2.28 eV.!!0-!!1
Substituting bromine for iodide increases the conduction band edge minimum and results
in open circuit voltages (Vocs) as high as 1.5V.'1%!!! For formamidinium perovskites the
band gap tuning is between 1.48eV to 2.23 eV, and for tin-based devices the band gap
tuning ranges from 1.3 eV to 2.15 eV.!”- ! The highest conversion efficiencies seen thus
far for bromine based perovskites without iodine (10.45%) were achieved by Heo et al. by
using a solvent-engineering method in which HBr was added to DMF to slow the
crystallization process and decrease the evaporation rate. !

Adding chlorine to the perovskite structure has also been investigated by several
groups, however so far only small amounts of the ion have been successfully added to the
structure and the resulting changes on the optical and structural properties are not clearly
discernable.!!® Conversely, the electronic property enhancements are well documented,
showing increased charge transport and reductions in recombination rates. 4113

Substituting either bromine or chlorine encourages cubic structure formation as
opposed to the tetragonal formation commonly seen in CH3:NH3Pbls. This is due to
decreasing the size of the halogen ion from 2.2 A for I, to 1.96 A for Br, and 1.81 A for
CL.3 116 Despite cubic perovskite structures having theoretically more enhanced light

absorption and electrical properties, their larger band gaps absorb less of the solar spectrum

and generate lower power conversion efficiencies. '’
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2.4.3.3 Lead precursors

Zhang et al. studied the lead iodide, lead chloride, and lead acetate growth kinetics
with x-ray diffraction (XRD) and revealed faster growth kinetics depended on the choice
of lead precursor (PbAc,>>PbCl>>Pbl,). Lead acetate films formed in 2.5 minutes, lead
chloride in 10 minutes, and lead iodide in 43.8 minutes.!'® Meanwhile analysis using the
Scherrer equation revealed the faster lead acetate kinetics created smaller crystal sizes
(>500nm (PbCly), 305+65 (Pbl:), and 135+45nm (PbAc:). The reason for the faster kinetics
of the acetate system are believed to be from the CH3NH3Ac byproduct which is unstable
and easier to remove than the excess CH3NH3Cl and CH3NH3l. Thermal gravimetric
analysis (TGA) supported this theory: the initial decomposition temperature (defined by T
at 95% weight) was 97.4 °C, 226.7 °C, and 245.0 °C for CH3NH3Ac, CH3NH3Cl and
CH3NHsI, respectively.!!® The lead acetate precursor created an enhanced morphology and
full coverage of the perovskite layer with no discernable pinholes. Enhanced morphology
correlated to higher efficiencies. The average PCE with optimized annealing times for
perovskites from PbCl,, Pbl, and PbAc> routes was 12.0%, 9.3% and 14.0%,
respectively.!!8
2.4.3.4 Metal substitution

Lead is a toxic substance so it would help in the manufacturing of PSCs to use another
metal. Thus far, tin has remained the most popular metal to substitute for lead. Tin-based
perovskites exhibit good electrical properties but their affinity towards the +4 oxidation
state when exposed to air rather than the +2 oxidation state needed for perovskite formation
has presented many complications. The highest efficiency to date is 6.4% '° for an all tin

device, and 7.37% for the lead containing CH3NH3Sno25Pbo 7513.!'? The low photocurrent
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densities have been ascribed to poor perovskite film coverage on TiO> and the previously
mentioned oxidation problem of Sn?* ions ascribed as the cause of low open-circuit voltage.
19 Another problem for tin-based devices is their low charge diffusion length of 30 nm;
limiting device performance.'?’ Tin based devices improved with incorporation of chlorine
atoms to 10.1% efficiency in the CH3NH3Sn.Pbi I3 xClx planar device.'?! Zhu et al.
improved this efficiency to 15.2% by controlling the film formation by introducing DMSO
as a solvent.'”? To make the tin more stable in the 2+ oxidation state, SnF, and cesium
substitution for CH3NH3;" have had moderate success at suppressing the +4 oxidation
state.!?> Cesium incorporated tin perovskites CsSnls are p-type with band gaps around
1.3eV and efficiencies of 1.67%.'?* The stability of the CH3;NH3SnI3 PSC can be protected
by proper sealing. After sealing with surlyn films, Kanatzidis et. al discovered their tin
perovskite devices retained almost 80% of the initial performance in the first 12 h.
Performance loss was mainly caused from the decrease in photocurrent density and FF,
primarily due to the p-type doping via Sn?" oxidation induced during the fabrication
process.!” Bromine incorporated cesium tin perovskites yield higher open circuit voltages
by widening the band gap akin to their lead counterparts. '**

Another possible metal replacement for lead is germanium. Cesium containing
germanium perovskites CsGeX3 have a rhombohedral structure and R3m symmetry, 123126
They are beginning to attract attention with a maximum efficiency of 3.2%.°° Band gaps
of 1.6, 2.3, and 3.1 suggest these structures have higher efficiency potentials.” Other
metals commonly suggested are the transition metals: Cu, Mn, Fe, Co, and Ni. Transition
metal perovskites like KoNiF4 tend to form layered structures resulting from smaller ionic

radii leading to steric hindrance to the 3D structure.'?’ These layered “Ruddlesden-Popper”
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phase structures were also evident in the copper containing perovskite
(CH3NH3),CuCls«Bry.”” The incorporation of the CI ion was necessary to prevent the
reduction of Cu®*. Copper perovskite solar cells are relatively new with maximum
efficiencies of only 0.02%. Lowered efficiencies come from the partial reduction of Cu®"
caused by bromine which causes anion vacancies acting as electron traps.”’

2.4.3.5 Organic cation substitution

PSCs have also benefited from the substitution of the organic cation. The main organic
cations studied to date have been methylammonium CH3NH3" and formamidinium
(HC(NH,),"). Formamidinium-based devices have achieved the highest efficiencies and
are preferable as they are less sensitive to temperature degradation than methylammonium-
based perovskites. Formamidinium does not show thermal degradation in air at 150 °C
whereas methylammonium discolors after 30 minutes.'”

The allowed organic cation substitutions can be predicted using the Goldschmidt
tolerance factor.!?® The tolerance factor is based on the size of the perovskite’s constituents.
Formamidinium lead perovskites have a tolerance factor of 0.99 which is higher than
methylammonium lead perovskites which have a tolerance factor of 0.91. Ideally the cubic
phase has a tolerance factor of 1. The perovskite lattice expands as the size of the cation
expands; causing for a decrease of the band gap. Although formamidinium has a more ideal
band gap of 1.48 as opposed to 1.55, early attempts to make this structure suffered from
the yellow polymorth non-perovskite formamidinium structure. Efficiencies improved
when higher annealing temperatures were used and transitioned the yellow polymorth to
the preferred black structure.'?® Another advantage for formamidinium is the lack of a

phase transition at 57 °C that plagued the methylammonium perovskites. A higher power
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conversion efficiency (14.9%) was reached by mixing the two cations.'*® In the lead
bromide perovskites, formamidinium exhibited longer PL lifetimes and larger charge
diffusion length 200 ns vs. 17 ns for methyl containing perovskites. 3!

Another cation used was ethylammonium, however its efficiencies were much lower
than that of formamidinium and methylammonium.!*? Future options predicted by the
Goldschmidt tolerance factor include hydroxylammonium [H3NOH]", hydrazinium
[Hs3N-NH:]", azetidinium [(CH2);NHz]", imidazolium [C3N>H®] + and guanidinium
[C(NH2)*]".!33 These cations are predicted to form cubic perovskites. '*?

Inorganic cations are another option in perovskite solar cells. Concerns over the low
decomposition temperatures (150-200°C) of organic cation based perovskites have sparked
the study of using inorganic materials such as cesium. Cesium lead iodide perovskite cells
have reached efficiencies of 2.9% for planar and 1.7% for mesoporous structure.'3*
Efficiencies for cesium lead iodide perovskites are plagued by a nonideal 1.73 eV band gap
and the material decomposing to its yellow orthorhombic non-perovskite structure at room
temperature. Eperon et al. discovered that adding hydroiodic acid (HI) can help to stabilize
CsPbl; at lower temperatures. '>*
2.4.3.6 Mixing of Organic Cations, Halides, and Metals

Lately the most efficient solar cells have used mixtures of inorganic cations with
organic cations and a variety of different halides. This became highlighted by Gratzel et al.
when they studied cesium containing triple cation perovskites. The group created solar
cells with efficiencies >21% using Cso.05(MAo.17FAo.83)0.9sPb(I0.s3Bro.17)3.”” Cesium was
effective in assisting the black phase of formamidinium perovskites due to entropic

stabilization.!*®> Methylammonium is also able to push formamidinium into the preferred
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black perovskite phase but at a much slower rate. The cesium containing “triple cation”
perovskites had greater reproducibility than mixtures of methylammonium and
formamidinium alone. Gratzel et al. reported that this was likely due to the extreme
temperature sensitivity of the crystallization process for formamidinium and
methylammonium based devices. In comparison, the triple cation perovskites were more
robust and showed a greater potential to be manufactured under a variety of temperatures.
At full illumination of over 250 hours, the triple cation devices maintained an efficiency of
over 18% meanwhile those lacking cesium fell to below 10% after 50 hours.®’ Saliba et al.
later introduced the rubidium ion into the cesium, MAI, FAI based perovskite. After adding
5% rubidium, an efficiency of 20.6% was achieved from the PSC with a band gap of 1.63
eV.%! The devices were aged for 500 hours at 85°C under continuous illumination with full
solar intensity and maximum power point tracking in a nitrogen atmosphere and retained
95% of their initial performance.®!

The available band gap tuning ability of the PSC has generated interest in creating
graded band gap solar cells. Unlike tandem devices that require complex electrical coupling
and interconnections between the perovskite sub-cells; generating electron—hole
recombination centers, graded band gap solar cells utilize impact ionization to generate
current from multiple band gaps within a single cell design.!> *® Ergen et al. fabricated
CH3NH3Snl; and CH3NH3Pbl;«Brx on plasma-etched GaN to achieve unsteady state
efficiencies of nearly 26% and stabilized efficiencies of 21.7%.°® The tin perovskite in the
first layer provided a narrow bandgap in the 1.2 eV to 1.5 eV range.!®- - 136139 Replacing
tin with lead in the second layer facilitates a larger bandgap between 1.5 eV to 2.2 eV by

varying halide composition. 2% 140-142
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2.4.3.7 Layered 2-D Perovskites

In the 3-D perovskite, the anionic MXs octahedra are condensed into a three-
dimensional network; however, the size of the cation plays a critical role in determining
the thickness and separation of the inorganic layers: if the cation size is too large, it cannot
fit into the rigid 3-D perovskite network and, thus, separates the system into layers, forming
lower dimensional networks due to steric effects. '** These layered 2-D halide perovskites
take the generic structural formula of (A)>(CH3NH3),-1MXzn+1 (n is an integer), where A
is a primary aliphatic or aromatic alkylammonium cation, M is a divalent metal, and X is
a halide anion. The 2D network consists of inorganic layers of corner-sharing [MXs]*
octahedra confined between interdigitating bilayers of intercalated bulky alkylammonium
cations.'® They are known to have two orientations: (110) or (100). 2D perovskites possess
higher exciton binding energies and poor conductivity in certain crystallographic directions
along with less ideal higher band gaps.'**

The 2D perovskite (PEA)2(MA):[Pbslio], (with PEA (Ce¢Hs(CH2)NH3") and MA
(CH3NH3")) as a photovoltaic absorber yielded power conversion efficiencies close to
5%.1% Using the n-butylammonium compound, a power conversion efficiency of 4.02%
was obtained by using (CH3(CH2)3NH3)2(CH3NH3):Pbslio as a light absorber, with an
open-circuit voltage (Voc) of 929 mV and a short-circuit current (Js¢) of 9.42 mA/cm?2.!'43
Losses in efficiency are likely a result of poor heterojunction energy band alignment. As
more n-butylammonium is substituted into the perovskite, the valence and conduction
bands increase in energy and become less ideal in relation to the conventional electron and
hole transport materials TiO> and Spiro-OMeTAD respectively.!** A breakthrough in 2D

perovskites occurred in 2016, when Tsai et al. created 2D (BA)2(MA)3Pbali3 (BA referring
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to n-butylammonium) PSCs with 12.51% efficiency.!! The films were deposited using a
hot casting technique to improve the crystallinity of the films, and produced a textured
polycrystalline film in which the crystal domains were oriented with their (101) planes
parallel to the substrate surface unlike the room temperature deposited films that contained
considerable randomness in the 3D orientation of the crystal domains (grains) within the
polycrystalline film. Not only were higher efficiencies obtained, but the stability of the
encapsulated cells showed no discernable degradation or hysteresis after constant
illumination and 65% humidity for over 2,250 hours of testing. Under the same conditions
and encapsulation, the 3D device degraded to 50% of its initial efficiency within the first

10 hours.'"!
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2.4.4 Hole transport materials
Table 2.3 Highest performing devices using low temperature hole transport material

(HTM) processing and best overall performing devices regardless of processing conditions

Materials Low Tempera.ture (<2000 Highest Efficiency
Efficiency
Temp Area Efficiency Temp Area Efficiency
OMeTPA-FA 1;2;’;1 N/A | 13.63%14 1;231‘;1 unknown | 13.63%!4
PEDOT:PSS 0.096 2
° 18.1%65 ° 18.1%65
(Including Doped) 150°C em’ & 150°C 1 0.096 cm &
P3HT with carbon | Room | 0.063 o/ 147 Room 2 o/ 147
nanotubes Temp sz 15.3% Temp 0.063 cm 15.3%
Cu,0 I;z;‘; NA | 893%% | 250°C | 0.04cm’ | 13.35%4
Room 0.1 0,150 Room 2 0,150
CuSCN Temp | o 16.6% Temp | 0cm 16.6%
0.06
Cul 100 °C > | 13.58%5T | 100°C | 0.06 cm 13.58151
cm
Nickel Oxide . 0.04 17.3%"%2 . 2 17.3%"%
(Including Doped) 200°C em’ 200°C | 0.04 cm
0.2
H101 70 °C > 13.8%!% 70°C | 02em 13.8%!%
cm
Room 154 Room o 154
C-12 Carbazole N/A 11.26% N/A 11.26%
Temp Temp
EDOT-OMeTPA | Room | 0.08 o155 | Room 2 o) 155
Temp | o 11.0% Temp | 0-08cm 11.0%
copar-spr | Room | 01D 10 payse | Room 2 17.03%!5
z Temp sz U370 Temp 0.11 cm U570
0.10
Carbon 50 °C ) 12.67%'57 | 50°C | 0.10 em 12.67%!'57
cm
; Room 0,158 Room 0,158
Polythiophene N/A 16.5% N/A 16.5%
Temp Temp
0.08
No HTM 100 °C > 11.1%%° | 100°C | 0.08 em’ 11.1%'5°
cm

43



10

Relative Stability Ratio to Spiro-OMeTAD

Figure 2.6. Relative stabilities of some of the most common hole transport materials
compared to Spiro-OMeTAD 46 148, 153, 156, 160-164

The current commercial price of high purity Spiro-OMeTAD is over ten times that of
gold and platinum. State-of-the-art devices using this hole transport material (HTM) would
add around $40/m? to the photovoltaic devices.!*> It is unlikely this price will decrease to
an economical level due to the multi-step synthetic methods and high purity needed for
photovoltaic applications.!* In addition, it is known that spiro-OMeTAD causes
degradation of the perovskite layer.'®> This is unsurprising as similar results were found
with the Dye-Sensitized solar cell.!*¢-167 Mainly, the issues surrounding the degradation are

due to thermal stress effects and oxidation.'® New HTMs will need to be developed to

commercialize the PSC. The most studied of these alternative HTM are shown in Table
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2.3 and discussed below. Again because of the wide variety of stability testing conditions
with variabilities in humidity, illumination, and temperature, and the long history of
devices made using spiro-OMeTAD, the stability of the HTMs discussed in Figure 2.6 will
only come from experiments in which a spiro-OMeTAD PSC was used as reference. The

relative stability ratio (RSR) in Figure 2.6 represents

% of the initial efficiency of PSCs made with the HTM specified after stability testing

RSR =
% of the initial efficiency of the reference Spiro — OMeTAD PSC after humidity testing

In scenarios in which one of the devices degraded to nonworking conditions, the devices
were compared at the half-life of the least stable device.
2.4.4.1 Conjugated Organics

In an effort to reduce the number of synthesis steps while maintaining the performance
of Spiro-OMeTAD, 2,5-bis(4,4’-bis(methoxyphenyl)aminophen-4’’-yl)-3,4-ethylene-
dioxythiophene, known commonly as H101 was created.!>> H101 can be manufactured
using 2 synthesis steps and produced a yield of 82% prior to any optimization of the
process. It’s glass transition temperature is also lower at 73 °C than Spiro-OMeTAD (125
°C), making it more suitable as a sealant for the perovskite layer.!>* To improve the
material’s conductivity and lower its HOMO level, H101 can be doped with tris(2-(1H-
pyrazol-1-yl)pyridine)cobalt(Ill) (FK102). Undoped H101 obtained an efficiency of
10.6%, whereas H101 doped with FK102 reached a maximum of 13.8% efficiency. The
stability of H101 was tested by heating prepared perovskite solar cells in a furnace at 70
°C for 7 days while noting the changes in efficiency of the cells. The short circuit current
decreased and the overall efficiency suffered a 15% decrease during the 7 days. Spiro-
OMeTAD was found to be <5% more durable than H101 during these tests.'

After H101 was created, Edot et. al. wanted to reduce the cost of the HTM and
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synthesized EDOT-OMeTPA.!5 H101 still required the cross-coupling reactions that
needed transition metal catalysts, inert reaction conditions and extensive product
purification; making large-scale production cost-prohibitive. The material cost for EDOT-
OMeTPA ($10/g) is about an order of magnitude lower compared to other conjugated
organic HTMs.'> To create EDOT-OMeTPA, Schiff base condensation reactions were
utilized because of their less complex reactions, near atmospheric reaction conditions, and
a favorable by-product of water.!*!”* With its all-aromatic backbone, EDOT-OMeTPA
possessed a high thermal stability, with a 5% weight loss at 359 °C and a glass transition
temperature of 105 °C.!> In comparison, H101 had a glass transition temperature 32 °C
lower, and spiro-OMeTAD had a glass transition temperature of 125 °C.'> Resulting
devices delivered a performance of 11.0% efficiency and only a decrease in 0.9%
efficiency compared to devices made using the same procedure but with spiro-OMeTAD
as the hole transport material. Testing of the devices showed a stability of over 1000 hours
with less than 10% drop in efficiency when stored in 30% relative humidity. The
disadvantage of using EDOT-OMeTPA is its reproducibility; larger spreads in efficiencies
were seen in comparison to spiro-OMeTAD. These are likely attributed to pin hole
formation and could be corrected with improved manufacturing.

Choi et al. went in a different direction when analyzing alternative HTMs and focused
on creating cost-effective small molecule HTMs. Small molecular organic HTMs have
high yields, high purities, defined molecular structures, and better batch-to-batch
reproducibility. They created planar amine or star-shape triphenyl amine derivatives, coded
as OMeTPA-FA and OMeTPA-TPA in an attempt to mimic the structural framework of

N,N,N’,N’-tetrakis(4-methoxyphenyl)benzidine (MeO-TPD), which was well recognized
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as one of the best small molecule HTMs used in solid state dye-sensitized solar cells and
organic light emitting diodes.!”>"17® Fused quinolizino acridine was chosen as the core unit
to increase the lifetime of the charge-separated state by the delocalization of the generated
cation over a planar amine. The HOMO levels of OMeTPA-FA and OMeTPA-TPA are
5.15 and 5.13 eV; making it suitable for high charge separation and charge transfer at the
interface in the mesoporous TiO2/MAPbIz/HTM junction. Despite a high efficiency of
13.63% for OMeTPA-FA based devices, both hole transport materials degraded faster than
spiro-OMeTAD. 46

Reddy et al. also wanted to explore inexpensive small molecule HTMs so they created:
7-(9,9'-spirobifluorene-2-yl)-N-  (7-(9,9’-spirobifluorene-2-yl)-9,9-dioctyl-9H-fluoren-2-
yl)-N- (4-(9H-carbazol-9-yl)phenyl)-9,9-dioctyl-9H-fluoren-2-amine (CzPAF-SBF) and
7-(7'-carbonitrile-9,9'-spirobifluorene-2-yl)- N-(7-(7'-carbonitrile-9,9'-spirobifluorene-2-
y1)-9,9-dioctyl-9H- fluoren-2-yl)-N-(4-(9H-carbazol-9-yl)phenyl)-9,9-dioctyl-9H-
fluoren-2-amine known as CzPAF-SBFN.!5® In CzPAF, the nitrogen atom serves as a
linker between phenylcarbazole and fluorene groups to enhance hole mobility and
solubility. Both small molecules possess triphenylamine, dioctylfluorene, and
spirobifluorene as the core, spacer and end-caps, respectively which are common to hole
transport materials such as PTAA, and spiro-OMeTAD. Despite its similar structure to
spiro-OMeTAD, CzPAF-SBF and CzPAF-SBFN (<$150 USD per gram) are more
affordable than spiro-OMeTAD (=$800 USD per gram). The extracted hole mobilities of
pristine CZPAF-SBF and CzPAF-SBFN were 2.18 x 10™* and 1.05 x 10* cm? V! 57!,
respectively, which are comparable to or higher than that of spiro-OMeTAD (1.80 x 10~*

cm2 V! s71). This impacted the overall efficiencies of the perovskite devices as CzPAF-
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SBF (17.03%) had higher efficiencies than spiro-OMeTAD (16.45%), and CzPAF-SBFN
(15.90%).136 Stability tests of 500 hours in ambient conditions showed an improvement in
stability for CZPAF-SBF (71% efficiency retention) vs. spiro-OMeTAD (45% efficiency
retention). The larger water contact angle of 95.2° for CZPAF-SBF compared to that of
spiro-OMeTAD (65.1°) helped to prevent moisture penetration into the perovskite layer.'*°

Research continued for easier to manufacture smaller molecular HTM as Lim et al.
synthesized  8,16-didodecyl-8,16-dihydrobenzo[a]benzo[6,7] indolo[2,3-h]carbazole
(C12-carbazole).!>* Cl2-carbzole PSCs achieved an increase in 1.64% efficiency
compared to similarly fabricated cells using spiro-OMeTAD.!** An added benefit of C12-
carbazole is its relatively hydrophobic nature. Field effect transistors made of C12-
carbazole were synthesized outside of a glove box and experienced no change in
performance after 30 days in ambient conditions. Investigating it’s electrical properties,
C12-carbazole has a hole mobility of 1.5 cm? V! s! which is much larger than spiro-
OMeTAD (5.31 x 107 cm? V! ). 177

Others sought inspiration from organic solar cell research and wanted to incorporate
the popular PEDOT:PSS ((3,4-ethylenedioxythiophene):poly-styrene sulfonate) into the
PSC as a replacement for the HTM. In the initial trials, PEDOT:PSS was discovered to be
detrimental to device stability and longevity due to its acidic nature.!”® To create a more
stable perovskite solar cell, 1.0 wt% MoO3; was mixed with PEDOT:PSS to yield enhanced
stability of the perovskite solar cell for over 250 hours.!” MoOs is not the only material
that has been added to prevent the corrosion effects of acidic PEDOT:PSS; CuAlO: is
another candidate that when mixed with PEDOT:PSS demonstrated higher efficiencies of

12.48% vs 10.11% for PEDOT:PSS without CuAlO, and improved device stability.'%
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Devices with CuAlO2 maintained over 80% of their initial efficiency after 240 hours under
ambient conditions, an improvement over the 35% mark set by standard PEDOT:PSS
devices under the same conditions. '

Choi et. al also wanted to replace the acidic PEDOT:PSS so they developed a pH
neutral and low temperature processable conjugated polyelectrolyte. Using poly[2,6-(4,4-
bis-potas-  siumbutanylsulfonate-4H-cyclopenta-[2,1-b;3,4-b’]-dithiophene)-  alt-4,7-
(2,1,3-benzothiadiazole)] known as CPE-K, the group created devices exceeding 12%
efficiency with enhanced durability under ambient conditions.'®® CPE-K displayed
enhanced charge separation with more efficient photoluminescence (PL) quenching than
PEDOT:PSS, with quenching efficiencies of 71% and 99% for PEDOT:PSS and CPE-K,
respectively. Moreover, the average PL decay decreased from 91 ns for
glass/PEDOT:PSS/perovskite to 1.41 ns for glass/CPE-K/ perovskite. !¢

To overcome the economic manufacturing limitations associated with creating
polymer HTMs by using existing industry techniques like solution-processing or vacuum
coating, Yan et al. used electrochemical polymerization to fabricate thin conductive
polythiophene films presenting a simple, economic and controllable method to deposit the
polymer HTM. '8! Polythiophene showed an improved performance when measured
against similarly designed cells using PEDOT:PSS. Time resolved PL demonstrated
polythiophene’s improved charge transfer with faster decay times of 1.17 ns compared to
PEDOT:PSS (2.84 ns). Faster decay rates resulted in higher efficiencies of 15.4%, an
improvement over similar devices produced with PEDOT:PSS (11.9%).!8! Polythiophene
also demonstrated a higher stability of over 800 hours in a nitrogen-filled glove box.

Meanwhile, the PEDOT:PSS cells suffered dramatic decreases in efficiency after one week
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under the same conditions.!®! Both tests used the fullerene Ceo as the electron transport
material. To enhance the polythiophene’s interface with the perovskite HOMO level,
halides bromine and chlorine were added to increase the work function of the
polythiophene. Adding chlorine increased the efficiency of polythiophene-based devices
to 16.5%.1%%

2.4.4.2 Carbon nanotechnology

Along with spiro-OMeTAD, another common organic hole transport material used in
solar cells is P3HT (poly(3-hexylthiophene)). P3HT is popular because of its solubility in
a variety of solvents, yet its performance suffers in PSCs due to its flat molecular structure
causing enormous charge recombination problems.!®? Another known issue is its low hole
conductivity on the order of 10 S cm™ due to its poor crystalline nature.'®* Carbon single
wall nanotubes have been added to encourage crystallinity with m—r stacking interaction. '3
This changes the local molecular orientation of P3HT in a nanoscale dimension along the
wall of the nanotubes; resulting in a higher order of crystallinity. The same effects can be
seen in multi-walled nanotubes. Bamboo carbon nanotubes (BCN) “knots and joints inside
tube structures resembling bamboo” have increased performance from 3.6% efficiency for
pure P3HT to 8.3% efficiency for P3HT/(1 wt% BCNs) composites. '®?

Habisreutinger et al. continued the carbon nanotube composite HTM research in PSCs
by using Poly(methyl methacrylate) known as PMMA as a sealant for P3HT and carbon
nanotubes.'*’” They examined the moisture shielding effects of P3HT, Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and commonly used spiro-OMeTAD by
subjecting them to ambient air at 80 °C. spiro-OMeTAD, P3HT, and PTAA all turned from

black to yellow, displaying poor protection and degradation to the lead iodide precursor.
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The color change to yellow is associated with a transformation of the perovskite crystal
structure to a zero-dimensional system in which the individual compounds are present as
isolated octahedra.!'*” To compensate for the lack of © bonding in PMMA, single-walled
carbon nanotubes coated with P3HT were added underneath the sealant of PMMA; creating
efficiencies of 15.3% while remaining protected from moisture. The coating was so
effective that devices remained operational after submersing them in water.'¥’

Carbon can also be utilized alone without the need for a polymer composite. Multi-
walled carbon nanotubes with a 15 nm diameter and lengths of several micrometers have
achieved efficiencies of 12.67%.'%” Carbon’s ability to transmit charge is largely affected
by its size as graphite and carbon black 30 nm particles had efficiencies of only 6.1% and
9.4% respectively.!>” Hysteresis was also minimized by using the MWCNTSs compared to
the graphite or carbon black.
2.4.4.3 Metal Containing HTMs:

In an attempt to move away from difficult and expensive exotic organic HTM
syntheses, less expensive metal containing HTMs have been investigated. Cuprous oxide
(Cu20), copper iodide (Cul), copper thiocyanate (CuSCN), and NiO> are among the most
studied.>% 83188 Cuprous oxide is an ideal hole transport material owing to its’ natural p-
type conductivity and high carrier mobility of about 100 cm?/(V-s) and a long carrier
diffusion length ranging up to several micrometers.'**'°! Cuprous oxide is a naturally
occurring p-type semiconductor because of the negatively charged copper vacancy defects
rather than interstitial oxygen.'*? In addition, because of cuprous oxide’s relatively large
band gap of 2.16 eV, it will not detract light from being absorbed by the perovskite layer.

Results of Cu20 have been impressive with a conversion efficiency of 13.35%, a fill factor

51



of 0.76, Jsc of 16.52 mA/cm?, and a Vo of 1.07 V.'* Cu,O suffers from a transition at
room temperature to cupric oxide (CuQO). CuO is not as suitable as a HTL since it reduces

carrier mobility and hence also the conductivity.!*® In addition, cupric oxide has a smaller

band gap (~1.4 eV) that is less suitable in alignment with the perovskite valence band

edge.!”! In comparison to spiro-OMeTAD, cuprous oxide devices remained stable after one
month in ambient moisture; whereas spiro-OMeTAD based devices lost all efficiency in
12 days.'8

Another interesting copper HTM is copper thiocyanate (CuSCN), which has good
chemical stability, transparency throughout the visible and near infrared spectrum, and a
high hole mobility of 0.01 - 0.1 cm? V™' s! (as compared with 4 x 10 cm? V! s”! for spiro-
OMeTAD).""*17 Unlike most organic HTMs that cost more than 100 USD per gram,
CuSCN costs ~1 USD per gram; making it a promising viable HTM for large scale
manufacturing.'® Furthermore, its low temperature processing makes it compatible with
flexible substrates.!¢ Qin et al. developed the first CuSCN PSCs with higher efficiencies
of 12.4%.'%¢ Their work revealed a potential manufacturing problem in the partial
dissolution of the perovskite during the CuSCN deposition. Ye et al. later used low
temperature electrodeposition to increase the efficiency of CuSCN devices to 16.6%.!%°
More impressively, the electrodeposition method finished in only 50 s, making it ideal for
large-scale manufacturing, with an ideal thickness of 57 nm on ITO.!°

The last commonly used copper HTM that has been investigated is copper iodide
(Cul). Christians et al. used Cul during the early years of perovskite manufacturing, and
the results were promising with devices nearing those fabricated using spiro-OMeTAD. !'#?

The short circuit current density (Jsc) and conductivity were higher for Cul than spiro-
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OMeTAD. However, devices suffered from a low open circuit voltages (Vo). This low Ve
was attributed to a higher recombination rate compared to spiro-OMeTAD. The champion
Cul solar cell exhibited a power conversion efficiency of 6.0% compared to 7.9% for the
group’s champion spiro-OMeTAD device.'®> Chen et al. improved the device efficiency to
13.58% in an inverted PSC architecture and utilized PCBM as the electron transport

.50 Furthermore, Cul devices displayed improved stability compared to

materia
PEDOT:PSS devices. The Cul device maintained 90% of its initial efficiency after 14 days
storage in air, while the PEDOT:PSS device retained only 27% after 14 days. !

Along with cuprous oxide, nickel oxide is another attractive metal oxide candidate
with a large band gap and deep valence band (5.4 eV).!® Undoped nickel oxide layers have
delivered 11% efficiency, largely limited by low conductivity.!®® Copper can be used to
dope nickel oxide and improve its conductivity from 2.2 x 10 S cm™! to 8.4 x 10°* S
cm '.!%® Devices displayed an increased efficiency of 15.40%.'%® In terms of stability, cells
tested in ambient conditions after 240 hours retained 90% of their initial performance
compared to PEDOT:PSS devices which deteriorated to below 50% in under 144 hours.
This was mainly due to the hygroscopic and acidity problems of PEDOT:PSS mentioned
earlier.!”® Park et al. prepared a lower temperature (200 °C) well-ordered nanostructured
NiO film by using pulsed laser deposition (PLD).!>? PLD uses the high energy of ejected
particles from a target and the resulting laser plume to contribute to the improvement of
the crystalline film even at low temperatures. Adjusting the oxygen partial pressure during
the deposition changed the film formation from a thin film (10 mTorr) to a nanostructured

film (200 mTorr) to a disordered film (900 mTorr). The nanostructured film achieved the

highest efficiency with an increased (111) reflection and a minimized (200) reflection. '>?
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Lastly, others have tried to avoid a hole transport material by using extremely thin
oxide layers like AlOx. Trimethyl aluminum and water were used as precursor gases in an
ALD system using high-purity N2 as the carrier gas. Five cycles of AlOx provided an
increase in efficiency from 8.6% to 11.1%.'> IPCE measurements showed that the charge
collection ability of the cell in the long-wavelength region was significantly enhanced by
the presence of a metal-insulator-conductor (MIS) back contact. The thin the AlOx layer
acted as an electron blocking layer to suppress electron transfer from CH3NH;3PbI; to the
Au electrode.'

2.5 PSC Roll-to-Roll Manufacturing

The ultimate goal for PSCs is roll-to-roll manufacturing on inexpensive plastic
substrates that can drive down the cost of solar energy. Despite this realization, most
perovskite research articles focus on spin-coating techniques. Spin-coating provides
uniform films and has been tremendously successful at the lab scale; however, it is not
suited for large-scale industry manufacturing.?’’ Instead, this review will focus on
established perovskite deposition techniques that are suitable for roll-to-roll

manufacturing. Such techniques include spray coating, doctor blading, slot die coating, and

inkjet printing. The top devices based on these techniques are shown in Figure 2.7.
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Figure 2.7. Yearly top performing perovskite solar cells using roll-to-roll applicable
inexpensive processing techniques and their respective architectures?°*-210
2.5.1 Spray Coating

Spray coating is advantageous in large scale applications as it provides high
throughput, uniform film coverage, better control over directional deposition, and has
compatibility with a wide range of substrates.?! 2! Spray coating perovskite articles first
began to appear in 2014 when Burrows et al. created cells with efficiencies exceeding
11%.2%7 The group utilized an ultrasonic spray nozzle to deposit methylammonium iodide
(MAI) and lead chloride (PbCl») to form CH3NH3Pbs«Clx. The nozzle operated with a 35
kHz vibrating tip. The oscillating nozzle was critical as it minimized the formation of large

droplets coalescing on the substrate and effecting film uniformity.?!>-21¢
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Another important aspect of the work highlighted the importance of solvent boiling
point. Lower boiling point solvents such as chloroform are prone to pinhole formation as
the solvent dries before reaching the substrate. 2!” On the contrary, using higher boiling
point solvents such as DMF and DMSO can lead to shrinkage or dewetting of the coating
from prolonged drying times.?!® To avoid this, a two part thermal treatment was utilized.
The first thermal treatment accelerated the drying process to avoid dewetting and
shrinkage. The second thermal treatment annealed and crystallized the perovskite to
enhance its photovoltaic properties. Optimization of the first thermal treatment proved
crucial in creating a uniform layer void of pinholes. Meanwhile the second thermal
treatment was optimized between 90 °C and 130 °C. At temperatures less than 90 °C, the
perovskite did not fully crystallize while at annealing temperatures above 110 °C, the
perovskite underwent partial dewetting and had poor surface coverage.

Spray coated PSC efficiency improved to over 13% in the following year (2015) by
optimizing the infusion rate of the precursor and solution concentrations to 3.2 mL/min
and 10 wt% solutions respectively. Another addition was the use of a pressurized atomizing
nitrogen-gas that prevents clogging of the nozzle head while providing an inert
environment for the perovskite precursors.?%®

The research had a breakthrough in 2016 when over 5 works eclipsed the 2015
efficiency. Heo et al. created an 18.3% PSC comprised of CH3NH;3Pb;.xClx with an atomic
ratio of Cl:I of 3:97 by mixing a 3:1 molar ratio of MAI to PbCl» in a mixture of DMF and
GBL.?"” Higher uniformity perovskite crystals were obtained by removing the unreacted
products and side products with isopropanol washing and filtration.?”” The perovskite

crystals were then redispersed in a solvent mixture of DMF and GBL for spraying. GBL
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was added to suppress the vapor pressure and prolong the crystal growth period, creating
larger crystals with greater film uniformity. The addition of GBL helped to smooth the
perovskite film until it reached a volume ratio 7:3 DMF:GBL . At concentrations > 7:3,
dewetting of the film occurred due to incomplete drying. Other important findings included
the growth of small deposited crystals by a re-dissolution/grain merging/re-crystallization
mechanism, and the inverse correlation between the solvent concentration profile and
crystallization rate profile from the top to the bottom of the perovskite film.?* A larger
connected module of 40 cm? delivered an efficiency of 15.5%.

Sequential deposition is another method that has been utilized to achieve high
efficiencies of over 16%.2!° In this approach DMSO was chosen as the solvent for Pbl,.
DMSO was preferred over DMF to prevent rough surface morphologies resulting from the
relatively weak interaction between Pbl, and DMF that leads to fast crystallization and
growth of Pbl, in an atmospheric environment.????2 DMSO also has a higher binding
energy to Pbl, so it can be used to produce thicker Pbl, films. Smooth Pbl; films were
deposited with DMSO resulting in high uniformity; likely from the formation of
Pbl2(DMSO)x complexes. These complexes are important in the Pbl> film uniformity and
full conversion to perovskite upon the addition of MAIL. Annealing temperature is also
critical to Pbl(DMSO)x complexes. At 60 °C, the Pbl, completely converted to
CH3NH3Pbls. Temperatures higher than 80 °C were too high for the Pblo(DMSO)x
complexes and temperatures lower than 60 °C contained an excess concentration of
PblL(DMSO)x complexes that produced poor perovskite coverage due to left over
Pblo(DMSO)x complexes.?!” Another advantage mentioned in the work was the increased

thermal stability of the sprayed perovskite in comparison to the spin-coated perovskite. The
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spin-coated perovskite began to decompose after a 115 °C heat treatment for 6 hours.
However, the spray coated perovskite did not degrade until after 36 hours. This is likely
due to higher crystallinity in the spray coated sample as noted by the increase in the
intensity of the XRD reflections.?!

Unlike the first two methods, Tait et al. concurrently sprayed the precursors and
allowed them to mix in the process line before reacting on the substrate heated by a hot
plate.??® They investigated precursor mixtures of PbAca/MAI and PbClo/MAI in DMF
solvent. Molar concentrations of 0.8:2.4 of lead precursor to MAI were used for all devices.
The mixing of the precursors produced crystals of higher uniformity and suggested less
microstructural strain and defects came from the mixed precursor solutions.??* The highest
efficiency devices were made using a precursor molar ratio of 3:1 PbAc> to PbCl,.
Compositions with <30% PbAc; required longer annealing times at lower temperatures for
optimal coverage and performance. At compositions between 40-90 mol% PbAc>, the fill
factors for the devices remained higher than 70%. However, outside of this range the device
performance dropped off considerably as pinholes and stress-induced cracks at grain
boundaries formed. Substrates were heated at 40-60 °C as lower temperatures resulted in
dewetting and higher temperatures dried the droplets before they could coalesce and
formed poor films.

While many researchers concentrated on the spraying parameters, others focused on
the post-treatment of the sprayed films. Nejand et al. utilized a cold pressing technique that
continuously spread viscous liquid and paste by simultaneous rolling and pressing.?** The
cold pressing technique smoothed the roughness caused by spray coating and removed

pinholes in the films. A 1:3 molar ratio of PbClo/MAI in DMF was sprayed on to a heated
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substrate at 180 °C followed by a slight vapor stream of DMF (1.67 mL/min) at room
temperature before being cold pressed with 0.2 MPa of force. The introduction of the DMF
partially dissolved the surface of the perovskite so that it could be compressed into a
homogeneous film. The cold pressing compressed taller perovskite columns with smaller
diameters into shorter connected columns with wider diameters to obtain a continuous
perovskite film. The cold pressing technique improved efficiencies from 10.06 to
13.24%.2%

In a later work, Nejand et al. also used heated Teflon compression plates to create a
smooth pin-hole free film.?>> Whereas other groups insisted that the solvent was essential
in the spray coating process, Nejand et al. sprayed perovskite crystals dispersed in
isopropanol and avoided hazardous DMF and DMSO solvents. Prior to spraying, the
perovskite crystals were ball milled in a ball milling jar containing MAI dissolved in
isopropanol in a nitrogen environment. Without the use of DMF and DMSQO, it was feasible
to fabricate devices on copper iodide and an efficiency of 7.71% was achieved compared
to 11.28% using spiro-OMeTAD as the hole transport layer.??®

Later, perovskite spraying mechanisms were also an area of interest as Remeika et. al
investigated the parameters that achieved high quality perovskite spray coatings like wet
film thickness and evaporation rate.?!® Laser light interference and scattering enabled real-
time monitoring on wet films. The average liquid evaporation rate was determined from
oscillations of the reflected beam intensity of the laser. The data provided a way to calculate
the evaporation rates of any solvent. This method could be easily adopted to other spray
coating systems to determine the evaporative mass transfer coefficient and wet film

thickness as a function of specific machine settings. This is a more accurate technique than
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a simple mass conservation as spray profiles are difficult to characterize, the fraction of the
solvent that evaporates from the ink during its flight from the nozzle to the substrate must
be known, and the ink may flow laterally before it achieves a stable thickness.>!°
2.5.2 Doctor Blading and Slot Die

Like spray coating, doctor blading is also appealing to roll-to-roll manufacturing with
its simplicity, cost effectiveness, and application onto flexible substrates.?*¢2*8 In 2015,
devices were fabricated with efficiencies exceeding 15%.2%° The perovskite was deposited
on heated slides at a speed of 27 m/h from precursors of MAI and Pbl; in DMF. Only 10-
20 uL of solvent were required for 2.25 cm? slides providing a reduction in material usage
when compared to the 50-100 pL of precursor needed for similar sized spin-coating
depositions.??’ Similar to spray coating, slide temperature proved to be important for blade
coating to obtain dense pinhole free films with high efficiencies. Films formed at 100 °C
had rough surfaces with large voids and only amounted to efficiencies of 7%. Meanwhile
quick drying films (<2 s) at 125 °C created uniform and continuous films. A study of the
composition of the precursors showed that stoichiometric ratios of MAI to Pbl yielded the
highest efficiencies. Thickness of films was also changed and the highest efficiency devices
had a thickness of 3.1 um. This is much larger than spin coated devices which is likely due
to higher carrier diffusion lengths shown in blade coated samples in comparison to spin
coated samples. This could be a result of an increase in the (220) plane intensity of the
perovskite doctor bladed films. It could also be due to the larger grain sizes, as doctor
bladed crystals extended from the anode to the cathode without grain boundaries.

Similar to doctor blade coatings, Hwang et al. developed slot die coatings on planar

zinc oxide electron transport material.””® To avoid ion migration and the formation of
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overgrown crystals that produce uncoated areas on films, the substrates were heated and
underwent nitrogen gas quenching immediately following the coating. The Pbl; films
formed on the heated substrates proved to be too dense and prevented full reaction of Pbl>
to perovskite when reacted with MAI applied by dip coating or slot die coating. This was
common in the sequential perovskite deposition spin-coating process.?* To avoid this, a

230-231 was used

solvent vapor soaking technique, used previously in organic solar cells,
immediately following the nitrogen quenching. The technique turned the lead iodide layer
cloudy and provided micro cracks in the film for full infiltration and reaction of MAI to
form a perovskite layer void of remnant lead iodide without being too large to create
pinholes and negatively affect device performance. The glassy lead iodide based cells
showed a poor average efficiency of 0.47% compared to the average 11.94% efficiency of
the cloudy lead iodide based cells.??® Efficiency also improved by increasing the
temperature of the slot die coated MAI solution to 70 °C. Above this temperature, the
solvent started to evaporate.

Following the introduction of formamidinium into PSCs by spin-coating, the
formamidinium PSCs were also produced by blade coating with an efficiency of 15.23%
over an area of 1.2 cm?.2*? In this work, Chang et al. prepared devices with a modified
hexamethonium bromide doped PCBM to reduce the work function of the PCBM to better
match more stable metal contacts like gold and silver. Then lead iodide was doctor bladed
onto the substrates and reacted with FAI in isopropanol.

As solvent-solvent extraction gained popularity in spin-coated devices, researchers at

NREL wanted to expand the processing time of applying the secondary solvent to configure

it to scalable blade coating processing. By manipulating the solvent composition, Yang et
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al. extended the precursor processing time from seconds to several minutes.??? Processing
delay times for the perovskites made with DMF were immediate whereas mixing DMF
with DMSO extended the processing time by >2 minutes, and mixing DMF with NMP
extended the processing time by >8 min. The change in processing time was related to the
time spent as a wet film. The higher vapor pressure DMF evaporated quickly while the
lower vapor pressure NMP evaporated slower and stayed in the wet film stage longer.
Although NMP would appear the best choice as a solvent, it had a relatively high viscosity
that resulted in heterogeneous traces after the blade coating. Mixing with DMF helped to
lower the viscosity of the NMP to provide uniform films. To decrease the annealing time
and enhance process throughput, an excess of MACI was added to the precursor mixture
of Pbl, and MAI The excess MACI shortened the annealing time from 10 minutes down
to 1 minute. The optimal amount of excess MACI was 30%. Yang et al. achieved device
efficiencies of 19.05% when deposited on PCBM modified TiO2 with spiro-OMeTAD as
the hole transport layer and silver as the contact.?*
2.5.3 Inkjet printing

The last technique of interest is inkjet printing. Inkjet printing is advantageous as a
material-conserving deposition technique for fast deposition of materials on various
substrates over larger areas.’*>3% Wei et al. created the first cells of higher than 10%
efficiency by inkjet printing a MAI/carbon hole transport material composite.?*® Cells were
prepared using two methods: the first method inkjet printed the carbon layer followed by a
dip in an MAI isopropanol bath; the second method inkjet printed the carbon and the MAI
together in a composite ink. The ink prepared with both the MAI and the carbon produced

a more crystalline perovskite and better interface quality between the carbon and
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perovskite. This resulted in higher efficiencies (11.60%) compared to the cells prepared
with separate inks (8.51%).23¢

Li et al. improved on this technology by eliminating the Pbl: spin coating step and
depositing Pbl,, MAI, and MACI in a 35 wt% solution of gamma-butyrolactone using a
piezoelectric flatbet inkjet printer.?®* Gamma-butyrolactone was chosen as the solvent to
prevent nozzle clogging due to solvent evaporation during printing. In contrast to spin-
coating techniques where centrifugal forces are used to drive away the solvent, inkjet
printed films exist in a fluid state and must be dried quickly to prevent large thickness
variations in the perovskite films. When deposited at room temperature the printed films
were covered with perovskite crystallites of distinct edges and corners. The film
morphology changed to uniformly spread round and flattened crystal plates when annealed
at 40 °C, similar to spin coated films. The optimal coverage occurred at 50 °C when smaller
crystallites appeared in-between the large crystals. However, at 60 °C, abundant pinholes
formed on the surface resulting in deteriorated perovskite performance. Adding MACI
helped improved devices from 7.3% to 12.3%.2°* When the addition of MACIl was at a 0.3
molar ratio to MAI flower like crystal plates formed differing from the disc plates seen
from iodide precursors. The flower like crystal plates smoothed to uniform films when
increased to 0.6 molar ratio. When raised to 0.9 molar ratio, the films underwent dewetting
and exhibited worse surface coverage in comparison to the 0.6 molar ratio films.

After this publication, efficiencies stalled using inkjet deposition. While efficiencies
have not increased, techniques have been introduced to improve the inkjet deposition.
Vacuum annealing was introduced by Mathies et al. as a method to create smooth dry films

with complete coverage in under 5 minutes.?®> Further increase of the vacuum annealing
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to 10 minutes created rough perovskite films. Another contribution to the field by Bag et
al. showed improved reproducibility (standard deviation of only 0.3%) by using multi-
channel printing rather than mixing the precursors prior to printing.?’

2.6 Outlook for Flexible PSCs
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Figure 2.8. Yearly top performing flexible perovskite solar cells fabricated and their
respective architectures 238242

While the perovskite solar cell (PSC) still has many uncertainties regarding its
instability to light and moisture, the processing challenges are being resolved. Efficiencies
have increased to over 19% by using scalable technologies including spray coating, doctor
blading and slot die, and inkjet printing. The future of PSCs is in flexible device

manufacturing. Being able to process on inexpensive materials will greatly benefit the PSC

module costs as it tries to compete with the market favorite silicon technologies. Already
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flexible PSCs are gaining efficiencies of over 18% (Figure 2.8). The researching
breakthroughs so far in the manufacturing of flexible PSCs generate exciting optimism for
the future of the perovskite solar cell.

2.7 IPL Photonic Manufacturing

The energy pay-back time (EPBT) for manufacturing the market leading silicon
solar cells is currently between 2 and 4 years, and continues to fall.>*3->* However, very
high energy thermal processes exist within the manufacturing process, from the growth of
the ingot through cell processing and the panel assembly.?*>2* The challenge exists to
minimize these high energy thermal processes to bring down the cost in the manufacturing
of solar energy.

A localized heating technique, Intense Pulsed Light (IPL), also known as flash light
sintering and photonic sintering, has been very successful in the printed electronics
industry.?*’ In this application, metal nanoparticle films are deposited onto flexible
substrates using well known printing techniques such as screen printing, gravure and inkjet
printing.2*3-252 These films are then subjected to the IPL process in which the materials
often undergo both chemical and solid state modifications, resulting in conductive bulk
thin films. The developed inks and range of depositions with the scalability of the IPL
process yield prospects of large scale production in roll-to-roll manufacturing on flexible
substrates.

The IPL technique works by using a Xenon plasma bulb to deliver high-energy
light, in the broad range of 190 nm to 1100 nm, (Figure 1.3) in a very short duration over
a large processing area, heating thin films containing photosensitive nanoparticles with

measured temperatures of several hundred °C.*-3° In this process the incident radiation
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lo(A) 1s directly related to the spectrum of light (S(A)) a fixed property of the lamp (Figure
1.3) where the energy density (ED) of the light is a function of the voltage applied to arc
the Xenon source. The conversion of the electrical to optical radiation is at least 30% and
exceeds that of lasers, making IPL a more efficient manufacturing technique.

The absorption of the light by the film is modeled using a Beer-Lambert law, where
the amount of absorption is related to absorptivity of the material (o) which varies over the
wavelength range (1) (Figure 1.3) and may also vary along the depth (y). The generated
heat (Q) at a depth y is then computed by integrating the absorption of the light source over

the wavelengths produced multiplied by the area of illumination (A) as:

Q) =4 [[ 1,e-dzdy

Note that the heat generated is depth dependent and the a and t of the film will
determine how much of the light is absorbed. The heat generated then results in a
temperature (T) response that varies by time (t) and position as described by the heat

equation:

oT
pCy(T) 5, = V(kVT) + Q()
Where the material properties are the density (p), heat capacity (Cp) and the thermal

conductivity (k). The thermal diffusivity of a material (k/pC,) establishes the rate at which

heat will conduct and the diffusion length of a pulse can be computed as:

d=2 kt
PGy
The diffusion length of metallic and semiconducting materials for PV are on the

order of hundreds of microns, so the heating of thin films less than 1 micron is near
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instantaneous. On the contrary, the diffusion length for a polymer substrate is tens of
microns and the ratio of the diffusion length to thickness is much smaller for the substrate
than the film. Consequently, the substrate is spared of the high temperatures as the heat
energy introduced is quickly dissipated before being transmitted into the substrate.?! Thus
the process focuses heat only where it is necessary, which is the within the thin film and
can be implemented on more fragile organic substrates such as polymers and papers.

All of the material properties (o, p, Cp and k) are a function of the porosity of the
material and may experience variations underscored by changes to the morphology. This
may not influence the response of the films to a single IPL pulse, but may become
significant for prolonged exposure to multiple pulses. Correspondingly, the pulse
frequency and the number of pulses are simply functions of time and influence the thermal
response in the time domain, but do not figure into the instantaneous absorption. Dhage et
al. successfully reacted selenium nanoparticles into a thin film of Cu(In0.7Ga0.3) (CIG)
metallic alloy nanoparticle precursors using IPL within milliseconds. They were also able
to melt and recrystallize CIGS particles into larger grains without structural deformation

or phase transformation,?33-2%
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 IPL Treatment of electrodeposited CdTe
3.1.1 Electrodeposition of CdTe

CdTe films were grown by two-electrode cathodic electrochemical deposition on
to TEC-8 fluorinated tin oxide glass substrates (FTO, Hartford Glass Co. Inc.). The FTO
was used as the cathode and a graphite rod was used as the anode. The 6.0 x 4.5 cm?
substrates were placed in a Teflon vessel holding 1400 mL aqueous solution of 0.5M
CdSOs4 (Sigma Aldrich) and the pH was lowered to 1.44 using 1 M H2SO4 (Sigma Aldrich).
The deposition was carried out at 85°C, and the films were deposited for 2 h. The cathodic
growth voltage (V) applied using a Keithley 2400 source-meter was varied from 1.401 V

to 1.626 V with stoichiometric films produced at 1.526V. The deposition current density

was maintained at ~125 pA/cm?, by adjusting the stirring rate and adding TeO- (Sigma

Aldrich) dissolved in 1 M H2SOs.
3.1.2 IPL Sintering of the CdTe Films

Once the films were grown, CdTe was IPL sintered in air using a Sinteron 2000
(Xenon Corporation). The system delivered rapid pulses of light with wavelengths ranging
from the UV to IR region, as mentioned previously. In this case, CdTe was treated with
pulses lasting 1.0 ms. The system was set so that the lamp cycled between its “ON” and

“OFF” conditions. During the ON segment, the lamp pulsed/ flashed twice, whereas no
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flashes occurred during the OFF segment. Each segment lasted 1.0 s, with a 0.5 s gap
between pulses. The total energy input to the films was varied by changing the energy
density (ED) of each pulse from 8.6 to 25.9 J/cm?. The number of pulses applied to the
films was fixed to 100 pulses; this corresponded to a total processing time of 100 s.
3.2 CdCl: Treatment of CdTe Films

CdTe was IPL treated after the deposition of a thin CdCl> film. The CdCl, was spin
coated on to the surface of the as-deposited film from an aqueous solution of 1.0 M CdCl:
(Sigma-Aldrich). The films were then IPL processed by using energy densities of 8.63,
12.94, 17.26, 21.57, and 25.88 J/cm? and 100 pulses, for a total processing time of 100 s.
Thus total energy input of 860, 1290, 1730, 2160, and 2590 J/cm? was used.
3.3 IPL Sintered Perovskite Solar Cell
3.3.1 Device Fabrication

The etching, TiO2 deposition, and IPL sintering steps were conducted in ambient
conditions outside of a glovebox. All other steps were done in a nitrogen glovebox with
less than 150 ppm moisture and less than 10 ppm oxygen. IPL processing conditions were
performed in a sealed container with a nitrogen atmosphere. To create positive contacts for
the perovskite devices, FTO-coated slides of glass were etched using zinc powder and 2M
HCI. Then the slides were cleaned by sonicating in Hellmanex alkaline detergent for 10
minutes to remove heavy debris, then DI water for 10 min to remove the detergent,
followed by ethanol for 10 min to remove organics, and then again in DI water for 10 min
to remove the excess ethanol. After cleaning the slides, they were dried under a stream of

compressed nitrogen to avoid dust. Next, the slides were cleaned under an oxygen plasma

69



to get rid of any remaining residue followed by a UV treatment for 30 min to passivate the
FTO surface for higher wettability of the TiO> layer.

The TiO> layer consisted of three steps: a compact layer of ~ 20 nm to prevent
shorting of the devices, a mesoporous layer of 200-400 nm to facilitate in charge transfer
from the perovskite to the n-type TiO2, and then a sol-gel chemical bath deposition (CBD)
to facilitate interconnections between the mesoporous TiO; particles. The compact TiO>
layer was performed by spin coating a 0.15 M titanium diisopropoxide bis(acetylacetonate)
“TAA” (CAS: 17927-72-9) solution dispersed in anhydrousl-butanol. The solution was
spin coated onto slides at 700 rpm for 8 s, 1000 rpm at 10 s, and then 2000 rpm for 40 s.
The slide was not stopped between the different spin speeds. After spin coating, the contact
areas were wiped with a cotton swab wet with ethanol. Then the slides were heated on a
hot plate set at a low temperature of 120 °C for 5 min to remove the solvent without causing
cracks or pinholes in the film. The mesoporous TiO2 Layer consisted of Dyesol 18NR-T
TiOz paste diluted in a mixture of 1:4 by weight with ethanol and sonicated until it became
a well-dispersed solution. The solution was spin coated at 2000 rpm for 60 s to produce
200—400 nm thickness. Again, after spin coating, the ends were cleaned of the TiO> paste
with a cotton swab dipped in ethanol to provide device contact areas. The slide was heated
on a hot plate set at 120 °C for 5 min to remove the solvent. The slides were then heated in
an oven at 500 °C for 1 h to crystallize the TiO; particles. In the final CBD, a 90 mM
solution of TiCls (CAS: 7550-45-0) in 20% HCI was diluted to 40 mM in DI water. The
slides were placed in the solution and heated in an oven at 70 °C for 30 min to fill any

remaining pinholes in the film. Following the reaction, the slides were removed and rinsed
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with water to clean away any unreacted solvent. Slides were heated again at 500 °C for 30
min to crystallize the thin layer of TiO> provided by the TiCl4 solution.

The Pbl, Layer was prepared by mixing a 498 mg/mL solution of Pbl (CAS:
10101-63-0) with dimethylformamide (CAS: 68-12-2), “DMF”, anhydrous, using a stir bar
and heated on a hot plate at 80 °C. Slides were preheated on a hot plate to 45—-60 °C, as
checked using an IR thermometer. Slides were moved quickly to the spin coater, and the
hot solution of lead iodide was dropped onto the cell using a glass pipet until the cell was
fully covered. Following the drops, the slides were spun at 4000 rpm for 20 s to get a dense
coverage of 200—250 nm on top of the mesoporous TiO: layer. Following the spin coating,
the slides were placed on the edge of hot plate until the batch was finished and then heated
on a hot plate set at 100 °C for 5 min to remove the remnant solvent.

The lead iodide was then reacted with a mixture of 10 mg/mL of MAI (CAS: 14965-
49-2) dissolved in anhydrous isopropanol to form CH3NH3Pblz perovskite. The mixture
was shaken until evenly dispersed. Slides were dropped into a solution of isopropanol for
2-3 s before being dipped into a mixture of MAI and isopropanol for 90 s to slow the
reaction and enable a longer nucleation period. After conversion, the slide was dipped again
in isopropanol for a few seconds to clean off any unreacted MAI solution. Reference slides
were heated on a hot plate set at 70 °C for 30 min to grow perovskite crystals. IPL sample
conditions are explained in the body of the paper.

The hole transport material spiro-OMeTAD was also deposited via spin coating. A
72.3 mg portion of spiro-OMeTAD (CAS: 207739-72-8) was shaken in 1 mL of
chlorobenzene until it dissolved. Then it was doped with 28.8 pL portion of 4-tert-butyl-

pyridine (CAS: 3978-81-2), 17.5 pL of stock solution of 520 mg/mL lithium bis-
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(trifluoromethylsulfonyl) imide (CAS: 90076-65-6) in anhydrous acetonitrile, and 29 pL
of Dyesol cobalt dopant FK209 TFSI salt (CAS: 1447938-61-5) 300 mg/mL in anhydrous
acetonitrile. The spiro-OMeTAD solution was dropped onto the perovskite slides until it
covered the entire film (70 uL) and was spun at 1700 rpm for 30 s to get a thickness of 200
nm.

The contacts regions were prepared by scraping with a blade to expose the glass
and FTO sides. An 80 nm layer of gold was deposited using a thermal evaporator at a rate
of 1 A/s inside a nitrogen environment.

3.3.2 Finite Element Analysis

The 1-D finite element analysis was carried out using COMSOL Multiphysics to
simulate the time-dependent heat transfer of the perovskite under the IPL. The pulses were
modeled using triangular waves over a duration of 2 ms to simulate a pulse from the IPL.
Glass was used as the substrate with the following properties: a density of 2200 kg/m?, a
thermal conductivity of 1.1 W/m*K, a heat capacity at constant pressure of 480 J/(kg*K),
and a surface emissivity of 0.94. The CH3NH;3Pbl; perovskite had the following properties:
a density of 4000 kg/m3, a thermal conductivity of 0.5 W/(m*K), a heat capacity at constant
pressure of 320 J/(kg*K), and a surface emissivity of 0.85. Convective, conductive, and
radiative heat transfer were used in the simulation. To simulate the heat generated by the
IPL, a boundary heat source was used. Xenon Corporation supplied data correlating the
input and output energy of the IPL setup for different processing conditions. These ranged
from 20-25% electrical energy to broadband photonic energy. As a final check to ensure

the simulation was accurate, a test was performed on a silicon substrate with a k-type
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thermocouple attached to the back. The plot of the heat vs. time given by the thermocouple
was a match to that of the simulation.
3.4 2-D Layered Perovskite
3.4.1 Device Fabrication

The cleaning, compact TiO2, mesoporous TiO», TiCls treatment, spiro-OMeTAD,
and gold deposition are the same as detailed in section 3.31. The only change is the
perovskite reaction in which a mixture of 1.7 M 1:1 by molar BAI:MAI with 1.7M Pbl; in
a 1:4 V DMF:DMSO solvent was stirred overnight and deposited via spin coating. The
spin coating settings were 1000 rpm for 10 s followed by 3000 rpm for 20 s, during which
100 pL of chlorobenzene was dropped as an anti-solvent. Slides were then immediately
moved to a hot plate set at 100 °C and heated for 1 h.
3.5 Electrochemical Device Characterization

The linear sweep voltammetry, electrochemical impedance spectroscopy (EIS), and
photoelectrochemical measurements (PEC), were performed using a BioLogic SP200/Z-
01 potentiostat. The measurements were performed under the illumination of a Xenon lamp
equipped with a AM 1.5 filter and the light power was adjusted by changing the distance
from the source to the device.
3.5.1 Linear Sweep Voltammetry

Linear sweep voltammetry is a critical characterization tool in photovoltaics,
delivering the short circuit current Js, open circuit voltage V., fill factor FF, and the solar
cell efficiency. Linear sweep voltammetry is run by a potentiostat that measures the current

(A) as the potential (V) is varied linearly at predetermined step sizes.
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Solar cells create photocurrent under illumination which is related to their quantum
efficiency (QE) and incident spectral photon flux density bs(E). The quantum efficiency is
the probability that an incident photon of energy E will deliver one electron to the external
circuit. The bs(E) is the number of photons of energy in the range of E to E +dE that are
incident on unit area in unit time. When the electronic charge (q) is multiplied to the
integral of these two parameters we have the short circuit photocurrent density Jsc which is

an important metric used to describe solar cell performance.

Jsc = q]bs(E)QE(E)dE

Solar cells are also characterized by their open circuit voltage (Vo). This is the
maximum potential difference a solar cell can have and is measured when there is zero

current density of the solar cell. It can be described as:

kT
Voo = Lincie 4 1)
q 0

in which k is the Boltzmann’s constant, T is the temperature, q is the electronic charge, Js
is the short circuit current density, and Jo is a constant.

If analyzed in an electrical circuit, solar cells would feature an equivalent circuit of a
current generator in parallel with an asymmetric, nonlinear resistive element such as a
diode (Figure 3.1). In operation, the diode provides the photovoltage necessary to drive
the photocurrent proportional to the light intensity divided between the variable resistance

of the diode and the load.
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Figure 3.1. Equivalent circuit diagram depicting a solar cell

Multiplying the voltage by the current gives the power density. The maximum
power point is the solar cell’s maximum operating power and is used to calculate the fill
factor (FF) which describes the squareness of the J-V curve and is used to describe losses
in efficiency. The fill factor is defined as:

.]SCI/OC

where Jn and Vi, are the current and voltage generated at the maximum power point
respectively and Jsc and V. are the short circuit current density and open circuit voltage,
respectively.

The efficiency of the solar cell is then related to the fill factor by:

_JscVocFF
P

where 7 is the efficiency, J,. is the short circuit current density, V. is the open circuit
voltage, FF is the fill factor, and Ps is the incident light power density. The Standard Test

Condition (STC) for solar cells is the Air Mass (AM) 1.5 spectrum with an incident power
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density of 1000 W/m? and a temperature of 25 °C. The AM 1.5 spectrum corresponds to
the sun being at an angle of elevation of 42°.
3.5.2 PEC Measurements

Photoelectrochemical (PEC) measurements were conducted in a three-electrode
setup to investigate the photovoltaic properties of the CdTe films. The samples were
measured in an aqueous 0.1 M NasS solution, using a Ag/AgCl reference and a platinum
counter electrode. The potential was scanned with an eDAQ potentiostat using a scan rate
of 20 mV/s. The films were illuminated from the front side using AM 1.5 simulated light
from a Newport 300 W Xenon Arc lamp.
3.5.4 Impedance Spectroscopy

Impedance spectroscopy (IS) measurements were performed to help understand the
internal electrical processes and suggest the shortcomings of the converted 3D perovskites.
Impedance spectroscopy applies a small-amplitude modulated voltage stimulus and detects
the responding modulated (alternating) current.?>> Impedance spectroscopy results are
conventionally presented as a Nyquist plot, with the real component of the impedance (Z")
as the abscissa and the imaginary part (Z") as the ordinate.>®
3.6 UV-Vis Spectrometry

The optical properties of the films were analyzed using UV-Vis spectrometry. A
Perkin Elmer Lambda 950 UV-Vis spectrometer with a 60 mm integrating sphere was used
to understand the absorbance (A) and transmission (T) characteristics of the films. The two
metrics are related are related accordingly:

A =2-logio %T
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Coupled with the thickness of the films analyzed using cross-section scanning
electron microscopy (SEM) measurements or a profilometer, the absorption coefficient can
be calculated:

A
a=—
t

where the absorption coefficient («) is equal to the absorbance (A) divided by the thickness
()
3.7 Photoluminescence (PL)

The PL work was carried out using a Renishaw inVia Raman Microscope with a
632 nm (1.96 eV) He—Ne laser as the excitation source. Since the excitation source is in
red, the light beam can easily penetrate through the thin films of 1.0-2.0 pm thick CdTe or
perovskite layers. Therefore, the PL results reported in this dissertation represent the
changes within the bulk of the thin film. The surface area of 25 um? was excited by 14.8
mW laser beam. The detector used in this system is a combination of a diffraction grating
and a CCD camera. The system is capable of measuring a wide range of energies. The
samples were cooled to approximately 80 K using a Linkam THMS600/720 temperature
controlled stage with liquid nitrogen and maintained at this temperature over the length of
the PL measurements. The PL peaks in the energy range, 0.55-1.85 eV below the
conduction band (CB) were explored in order to investigate any changes in the defect levels
and the band-to-band electron transitions.
3.8 Microscopy Methods

An FEI Nova NanoSEM 600 scanning electron microscopy (SEM) was used to
study the morphology of the surfaces with an accelerating voltage of 15 kV and a working
distance of 5-6 mm. A thin layer of gold was sputtered on the surface of the nonconducting
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samples before being studied by the SEM to avoid charging effects. The SEM
topographical images were analyzed to find the particle diameter by using the ImageJ
software. The average maximum and minimum Feret diameters were measured by
excluding the particles touching the edge of the image. Cross-sectional images of the as-
deposited and IPL-treated films were performed by mechanically breaking the sample and
charging effects were reduced by covering the surface with a platinum and iridium coating.
Optical microscopy images of films were carried out using a ZEISS Axio Imager A2m.
The high contrast images were taken in the differential interference contrast mode.

3.9 X-Ray Diffraction (XRD)

The material crystallinity and phases were studied using a Bruker AXS D8 X-ray
diffractometer. The equipment was operated with an X-ray source of Cu Ka (A = 0.1548
nm), a position sensitive detector (PCD), with varying scan speeds of 0.5 to 4 s/step, and a
step size of 0.02°. XRD patterns were measured using the 6—26 method in the 26 range

7-90°.
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CHAPTER 4
IPL OF CdTe

4.1 Introduction

The CdTe solar cell industry is under intense pressure to minimize their
manufacturing costs as the price of silicon continues to drop and competition increases.
The IPL represents a new leaner manufacturing technique that can process materials in
seconds rather than the long high temperature (400-600°C) close-space sublimation (CSS)
deposition methods used in commercial CdTe devices. Furthermore, with its ability to
sinter nanoparticles, it can be used in conjunction with low temperature CdTe deposition
techniques that produce nanoparticles. In addition, it would apply the heat directly to the
surface with minimal heating of the substrate, limiting the diffusion of substrate materials
mentioned earlier in chapter 2.
4.2 Growth Voltage effects of Electrodeposition

Before applying the IPL, the electrodeposition parameters were studied to
understand the growth of p-type CdTe vs n-type CdTe films. Whereas CSS commonly
produces p-type conductivity because of Cd deficiencies in the film, low temperature
techniques tend to create n-type CdTe with an excess of Cd.>>’ The unique advantage of
using low temperature electrodeposition is its ability to control the p or n type doping of
the film by growth voltage (V) rather than temperature.?>® Altering the V, results in
changes to the Cd:Te ratio. At high Vg, excess Cd is present in the film, yielding n-type

films. Meanwhile lower V values produce p-type films due to excess Te in the film. When
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the Cd:Te ratio is 1:1 the film is considered to be stoichiometric and intrinsic. Figure 4.1a
shows the XRD patterns of as-deposited CdTe grown at 1.451, 1.526, and 1.601 V. The
films demonstrate a good match to the (111), (220), (311), and (400) crystalline planes of
cubic CdTe (ICDD 01-015-0770). All the films demonstrated preferential orientation
towards the (111) crystal plane. Figure 4.1b shows the intensity of the (111) reflection of
CdTe vs. the Vg As explained in Chapter 3, the intrinsic point where the material is

stoichiometric and had the highest intensity for the (111) reflection was observed at 1.526
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Figure 4.1. (a) XRD patterns of as-deposited CdTe at 1.451, 1.526, and 1.601 V. (b)

Intensity of as-deposited CdTe (111) reflection vs. growth voltage, Vg. The XRD patterns

were normalized to the SnO, reflection at 26.7° of the FTO substrate.
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4.3 IPL Influence on CdTe Material Properties

The conductivity type of CdTe can change with thermal heat treatments as
unreacted Cd and Te in the film form CdTe. Like in CSS, high temperatures can also form
Cd vacancies, due to the higher vapor pressure of Cd compared to Te.?> In addition,
changes in the film orientation and morphology are also expected depending on the
processing conditions. Figure 4.2 and Figure 4.3 show the XRD spectra of the as-
deposited and IPL treated CdTe and a plot of the (111)IPL/(111)as-deposited ratio vs. the
total energy input during IPL treatment, respectively. The number of pulses applied to the
films was kept constant at 100, whereas the total energy input to the films was varied by

changing the energy density (ED) of the light pulses.
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Figure 4.2. XRD spectra of the as-deposited and IPL treated films. The 111 reflection of

CdTe is highlighted in blue, the 220 reflection of CdTe is highlighted in orange, and the
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311 reflection of CdTe is highlighted in green. All remaining reflections are from the

fluorinated-tin oxide (FTO) glass substrates.
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Figure 4.3. (111)IPL/(111)as-deposited ratio of CdTe vs. total energy input during the IPL

treatment. The films were treated using 100 pulses of light with an energy density of 8.6,

12.9,17.3,21.6, and 25.9 Jem'.

The results showed that when pulses with an ED of 8.6 J/cm? were applied to the
film the crystallinity of the films decreased slightly, indicating the temperature rise
generated by the pulses was sufficient to begin the rearrangement of atoms in the film. As
the ED of'the pulses was increased, the film showed an increase in the intensity of the (111)
reflection. The crystallinity of the CdTe increased, indicated by a decrease to the full width
at half maximum (FWHM) values for the reflections treated with an ED of 21.6 J/cm?.
Increasing the ED of the pulses past 21.6 J/cm? resulted in a decline in the crystallinity.
The decrease in crystallinity was an indication that the temperature in the films became
high enough to initiate the loss of Cd or CdTe from the film. The IPL also created changes

in the lattice parameter a of the films with the as-deposited films (6.479 A) having the
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highest lattice parameter, decreasing to 6.476 A for pulses with an ED of 21.6 J/cm?, and
decreasing further to 6.472 A for pulses with an ED of 25.9 J/cm?. This reduction in a with
increasing energy input indicates a relaxation of the stress within the lattice.
4.4 Optical Properties of IPL Treated CdTe

The lattice mismatch between FTO and CdTe prevented electrodeposited films
from growing greater than 1 pum in thickness. This was detrimental to the solar harvesting
of the CdTe films and showed in the transmittance spectra obtained with UV—Vis
spectrometry (Figure 4.4). There was a large amount of transmittance in the visible region
of the 400-600 nm CdTe films. Device quality CdTe films are typically greater than 1 um
in thickness, in order for the films to efficiently absorb sun light. As mentioned earlier, this
is one of the reasons CdS is effective in CdTe devices as it provides a buffer layer for the
lattice mismatch. The optical bandgap (E;) of the films was found by generating Tauc plots
of (ahv)? vs. hv from the transmittance spectra. The as-deposited films showed a band gap
of 1.47 eV which is customary for CdTe, and the band gap of the film sintered with 25.9
J/em? pulses from the IPL decreased slightly to 1.46 eV. A benefit of the IPL sintered
samples was a decrease in their transmittance in the visible light region. This could advance

efforts of creating thinner CdTe devices with reduced material costs.
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Figure 4.4. UV—Vis transmittance spectra of CdTe IPL treated without CdCl,. The films

were treated with a total energy input of O (i.e. as-deposited), 8.6, 12.9, 17.3, 21.6, and 25.9

Jem'.
4.5 Morphology Changes

Figure 4.5(a—c, g—i) shows the SEM topographical images of as-deposited and
IPL-treated CdTe. As expected, the low temperature nature of the electrochemical
deposition resulted in granular nanoparticle films. Upon IPL treatment, the surface of the
particles appeared to become smoother and as the ED of the pulses was increased to 12.9
J/em? particle growth and melting became more observable (Figure 4.5¢). Increasing the
pulse output further to 17.3 J/cm?, resulted in significant particle growth, as the smaller
particles coalesced into particles with cross sections as large as 400 nm (Figure 4.5g).

Further increasing the ED to 21.6 J/cm? and 25.9 J/cm? produced an almost continuous
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surface (Figure 4.5h) and the formation of particles as large as 1 um (Figure 4.5i),
respectively. An increased surface roughness was observed in the IPL processed CdTe
films. This also occurs when CdTe is thermally processed using a laser light source. This
surface roughening phenomenon was found to be due to the loss of Cd during the heating
process; resulting in a highly enriched Te surface.?®® This was confirmed in the XRD
spectra, as the IPL-treated films with increased surface roughness displayed a decrease in

the (111) reflection indicating the loss of material from the surface.
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Figure 4.5. SEM and black and white topographical images of IPL-treated CdTe. The films
were treated using 100 pulses of light with an energy density of (a, d) O (i.e., as-deposited),
(b, e) 8.6, (c, ) 12.9, (g, j) 17.3, (h, k) 21.6, and (i, 1) 25.9 J/cm®.

A continuous film of CdTe processed by IPL after low temperature
electrodeposition (Figure 4.5h) would be an are an important development for thin film
solar cells. It would alleviate the formation of pin-holes in the structure and decrease grain
boundary recombination sites. The presence of a continuous surface layer and reduction in
pin-holes will help reduce the previously mentioned short circuiting and reproducibility

problems experienced by ultrathin CdTe devices of thicknesses less than 1 um. To observe
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the reproducibility of this feature, experiments were repeated using 21.6 J/cm? pulses, but
in this case, the number of pulses was varied from 80 to 90 and 110 pulses. The films
topographical views are shown in the SEM images in Figure 4.6. The images confirm the
reproducibility of this feature and its repeatability over a wide process window. These
results demonstrate the potential for the IPL technology to be used to process large-area

semiconductor thin films in short time frames suitable for manufacturing.

Figure 4.6. SEM topographical images of CdTe IPL treated using pulses of energy
densities with 21.6 J/cm?. The number of pulses applied was (a) 80, (b) 90, (c) 100 and (d)
110.

One of the concerns of using the IPL process, was the possible delamination of the
films from the substrate during the densification. However, tape pull experiments did not
show any decrease in the adhesion of the films to the substrate as none of the films could

be removed. Figure 4.7 shows the cross-sectional image of the CdTe-FTO substrate
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interface after IPL treatment using 100 pulses with an ED of 21.6 J/cm? The image
corroborates the assertion that delamination of the film does not occur because of stresses
induced by the IPL treatment. Instead, the cross-section of the films showed a densification
of the film at the air interface due to melting. The densification proceeded vertically down
the film to the glass substrate with more defined CdTe particles located near the glass
substrate. This demonstrated that the pulses of light induced a temperature gradient in the
vertical direction of the film, and not in the lateral direction; with higher temperatures

occurring closer to the surface and inducing melting.

200 nm

Figure 4.7. Cross-sectional SEM image of CdTe IPL treated using 100 pulses with an
energy density of 21.6 J/cm? at a tilt of 45°. The inset shows a close up of the glass—CdTe
interface.
4.7 CdTe Crystal Growth

During thermal processing, recrystallization is initially dominant followed by
particle growth. However, recrystallization is inextricably linked to both the particle size

and stress in the film. This is why CdTe films grown at high temperatures with CSS do not
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always demonstrate changes to their large grains after treatment.?®! The low-temperature
growth of electrochemical deposition, on the other hand, produces small particles under
stress that are susceptible to thermal treatment. The average maximum and minimum Feret
diameter calculated from the SEM images, with respect to the energy input during the IPL
process is shown in Figure 4.8. During the IPL treatment, pulses with low ED’s less than
or equal to 12.9 J/cm? generated sufficient energy for the recrystallization process to begin
(Figure 4.5¢). Under these conditions, a small degree of particle growth was also observed,
where the smaller particles underwent solid state surface diffusion. The results showed that
when the energy input exceeded 12.9 J/cm?, a sharp increase in the particle size was
observed as the particles began to melt (Figure 4.5g). CdTe in its bulk form is known to
have a melting point of approximately 1100 °C. Therefore, the reduced melting
temperature of the small particle sized as-deposited films coupled with the high
temperature rise induced by the IPL was paramount to the success of the melting and

particle growth observed during IPL treatment.
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Figure 4.8. Average maximum and minimum Feret diameters vs. the total energy input
during IPL treatment. Feret diameters were measured using the black and white images
shown in Figure 4.4. The error bars were calculated using the standard error.
4.8 Recombination Sites Analysis

As mentioned in chapter 3, photoluminescence (PL) is a technique that can be used
to analyze mid gap recombination sites. This characterization technique was used to
compare the as-deposited films to the IPL treated films. Figure 4.9 shows the room-
temperature photoluminescence (PL) spectra for the as-deposited and IPL treated electro-
chemically deposited CdTe films in the energy range of 1.0 to 1.9 eV. The signal observed
for the as-deposited layer had a broad peak with a low intensity, indicating the presence of
a large number of shallow donor and acceptor type defects in the material. These donor to
acceptor like transitions produce photons less than the E; which gives the broader signal
seen in the PL spectra. For emissions greater than the E; this is attributed to the existence

of nanosized particles showing quantum confinement effects. As a result, the band to band
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emissions showing the E; are low, and both higher and lower energy photons than the E;
are emitted producing a weak and broad signal.

As the layers were treated with IPL pulse ED’s increasing from 8.6 to 21.6 J/cm?,
the band-to-band emissions increased. The width of the peak (i.e., FWHM) was also
reduced, showing the best results at treatments with 21.6 J/cm? (Figure 4.9 inset). Photon
emissions below the E; were reduced, suggesting the reduction of donor and acceptor like
defects in the material. Meanwhile, photons emitted with energies greater than the Eg
decreased due to the coalescence of nano-sized particles into large grains, thereby reducing
the quantum effects. Therefore, optimum IPL pulse ED for CdTe appeared to be close to
21.6 J/cm?. Treatment with higher energy pulses (25.9 J/cm?) displayed a reduction in band
to band emissions reducing the peak intensity and a slight shift to higher energies. This

indicated deterioration of the optical/electrical properties of the CdTe films.
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Figure 4.9. Room-temperature photoluminescence (PL) of the as-deposited and IPL
treated films excited with a 632 nm laser. The inset shows the effect of the total energy
input during the IPL treatment on the full width at half maximum (FWHM) of the PL peaks
and the maximum intensity of the peaks.
4.9 Solar Energy Capabilities

Photoelectrochemical (PEC) measurements were conducted in order to elucidate
the effect of the IPL treatment on the CdTe films. Figure 4.10 shows the current density
vs. potential (J—V) characteristics of an as-deposited and IPL treated film using 100 pulses
with an ED of 21.6 J/cm?. The J-V curves were measured under chopped illumination
conditions to show the film under dark and light conditions during the linear voltammetry

measurement. Both the as-deposited and IPL treated samples displayed cathodic
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photocurrent confirming the p-type behavior of the films. As expected, the increased grain
size improved crystallinity and reduced defect density of the IPL treated film resulting in
a significant increase in photocurrent. The shape of the photocurrent transient was similar
for both films, with an initial spike in photocurrent which rapidly decayed to steady state
values. In many materials these spikes have been attributed to surface recombination as a

result of the charging and discharging of surface states.?%%23
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Figure 4.10. Chopped J—V measurements of the as-deposited and IPL treated CdTe films
using 100 pulses with an energy density of 21.6 J/cm?. The films were illuminated from
the front side using AM 1.5 simulated light in an aqueous 0.1 M NaxS solution using
platinum as the counter electrode.
4.10 Conclusions

This was the first reported intense pulsed light treatment of CdTe thin films. The

low temperature electrodeposition growth resulted in films consisting of nanoparticles,

93



with reduced melting point temperatures. In combination with the high temperature rise
produced by the pulses of light, the lower melting temperature resulted in pores/voids being
filled as well as enhanced grain growth. As a result, pin-holes and grain boundary
recombination were diminished. Subsequently the fill factors of PV devices created using
this technology are likely to be significantly increased. Unlike many conventional heating
techniques, IPL irradiates the entire surface of the film and a temperature gradient is only
expected in the vertical direction corresponding to the film depth, and not in the lateral
direction. This phenomenon was demonstrated by film densification closer to surface. This
also resulted in the surface particles showing significant lateral growth producing grains as
large as 1 pum in less than 2 minutes, in addition to a reduction in gaps between particles.
The fast processing times under atmospheric conditions without evidence of oxidation,
demonstrated the suitability of the IPL to be used to thermally process semiconductors for

PV devices.
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CHAPTER 5
CdCl, TREATMENT OF CdTe SOLAR CELLS

5.1 Introduction

Despite creating low-temperature processed pin-hole free films using the IPL
technology, another CdTe solar cell manufacturing problem remained unresolved: the high
temperature processing involved in the CdCl, treatment. This is a technique that although
not well understood by the community, is necessary in activating the junction in CdTe solar
cells to produce high efficiencies devices.’?> An opportunity exists to perform this
manufacturing step faster and with reduced costs associated with no longer operating a
chlorine environment in high temperature furnaces.
5.2 IPL Processed CdCl: Grain Reorientation

One of the most common and simplest methods to apply CdCl, before heat
treatment is to apply a saturated solution of CdCl; on the surface of the CdTe film to create
a thick film. As discussed previously, the efficiency of the IPL process is based on the
material’s ability to absorb light. CdClz is known to absorb UV light, therefore much of
the energy required to heat the CdTe film will be absorbed by this layer.2%* This will result
in the sintering of the CdCly, reducing the thermal treatment in the CdTe layer. Therefore,
to counteract this effect, a thin coat of CdCl» was spin coated on to the surface prior to IPL.
Figure 5.0(i) shows the effect of the total energy input during the IPL process on the
(11DIPL/(111)as-deposited ratio. Meanwhile, Table 5.1 Compares the 220 and 311

reflections of CdTe to 111 plane before and after CdCl» treatment.
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Table 5.1 Comparison of the 220 and 311 reflections of CdTe to 111 plane before and after

CdCl; treatment

IPL Intensity (220/111 IPL Treated)/ (311/111 IPL Treated)/
(J/cm?) (220/111 As-Deposited) (311/111 As-Deposited)
8.6 1.05 1.24
12.9 1.08 1.36
17.3 1.03 0.95
21.6 1.05 0.80
259 0.82 1.07
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Fig. 5.1. (1) (111)IPL/(111)as-deposited ratio of CdTe (grown at 1.526 V) vs total energy
from the IPL treatment. (ii) crystallite size vs total energy from the IPL treatment. (ii1)
(220)IPL/(220)as-deposited ratio and (iv) (311)IPL/(311)as-depsoited ratio. The results are

shown for the CdTe IPL treated (¢) without CdCl> and CdCl, and (@) with CdCl,. The
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scale above the graph shows the energy density of each pulse. The scale below each graph
shows the total energy input after multiplying each pulse by its energy density.

CdCl is believed to work as a “‘fluxing’’ agent on the surface of the particles,
leading to a reduction in the processing temperature needed to induce physical changes.?%
In the IPL process, the pulse ED was not shifted to lower values to promote maximum
recrystallization when CdCl; was used. However, it was observed that while a pulse ED of
8.6 J/em? induced disorder in the untreated films, the CdCl, treatment caused the
(111DIPL/(111)as-deposited ratio to remain above 1. This indicated the catalytic effect of
CdCl; in the re-crystallization process. CdCl, treatment has been known to induce a loss
of orientation in the (111) crystalline plane and induce random orientation showing other
increased CdTe related peaks. The CdTe films treated with CdCl; retained their preferential
orientation to the (111) crystalline plane until 100 pulses with an ED of 21.6 J/cm? was
used. After this point, the collapse of the (111) peak is shown by XRD results (Figure
5.1(i)). Figure 5.1(ii) shows the effect of energy input on the crystallite size for the CdCl»
treated samples. A maximum crystallite size of 58 nm was found for the films treated with
a pulse ED of 21.6 J/cm?.

Interestingly, the changes in the (220) and (311) orientations were drastically
different when CdCl, treatment was used (Figures 5.0(iii), (iv)). Without CdCl; on the
surface, the loss of Cd from CdTe takes place, resulting in a reduction to the intensity of
(111) and (220) peaks and minimal change to (311) peaks. The presence of CdCl; on the
surface prevents loss of Cd from CdTe layer, and acts as a fluxing agent or catalytic source,
causing reorientation. In the presence of CdCl,, rapid growth of (220) and (311) peaks

occurred when the (111) peak started to collapse. At this point, the grains lost their
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preferred orientation and showed a random nature. The grain boundaries entered a melt
phase, resulting in a movement of the CdTe grains to a random structure as the film cooled.
During this time grains can also coalesce easily across the liquid margins forming larger
grains.
5.3 Morphology Changes

The reorientation of large grains resulting from IPL treatment should lead to a
higher surface roughness. This is evident in Figure 5.2 showing the SEM topographical
changes of the CdTe thin films exposed to CdCl, after 100 pulses of ED 17.6, 21.6, and
25.9 J/em?. These films produced particles similar in shape, but larger in size compared to
the uncoated films; however, the films appeared to be rougher. This structural
reorganization often precedes a rise in grain size followed by a reorientation to the

preferential (111) as more energy is delivered to the thin film.

Fig. 5.2. SEM topographical images of IPL processed CdTe films treated with CdCl, for
100 pulses at varying ED of (i) 17.6 J/cm?, (ii) 21.6 J/cm?, and (iii) 25.9 J/cm?

Figure 5.3 shows optical microscope images of the uncoated and CdCl,-treated
films. When 100 pulses of light with an ED of 12.9 J/cm? were applied, no structural
changes were observed. Upon application of pulses with an ED of 25.9 J/cm?, significant
macroscopic structures were observable in the films treated with CdCl.. The structures in

the film appeared to have a centralized point, which propagated out to make islands greater
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than 200 nm in width (Figure 5.3(vi)). This phenomenon, termed °‘explosive
crystallization’” has been observed in the laser and IPL treatment of amorphous silicon.?%¢-
267 Exposure to the irradiation source causes the amorphous region to melt and recrystallize.
If the latent heat released during crystallization is large enough, adjacent amorphous
regions will also melt and recrystallize. In this manner, crystallization in the film
accelerates until an autocatalytic process occurs. The propagation front will cease when the
rate of heat dissipation (influenced by the thermal conductivity of the material and
irradiation time) exceeds the latent heat released during crystallization process.?®® In the
CdTe films, it would appear that these explosive fronts originate from areas of densely
coated CdCl> on the surface. However, this requires further investigation to confirm.
Increasing the ED of the pulses further, resulted in the propagation waves being less

observable. However, the large discrete islands remained. In addition, delamination of the

films appears to have been observed.

Fig. 5.3. Optical microscope images of CdTe IPL treated (i, ii, iii, iv) without CdCly, (v,
vi, vii, viii) with CdCl; on the film. The films were treated with an energy density of (i, v)

12.9, (ii, vi) 17.3, (i, vii) 21.6, and (iv, viii) 25.9 J/cm>
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5.4 CdCl: Treatment Using Different Electrodeposition Precursors

The enhancements seen in device efficiencies using the CdCly treatment have
inspired the development of new electrodeposition precursors. To assess the potential of
the different precursors, photoluminescence (PL) was utilized to investigate the mid band
gap recombination centers before and after CdCl» treatment. When the CdTe surface is
excited by laser light during PL measurements, electrons are continuously pumped from
the valence band to the conduction band. Electrons captured by electron traps are incapable
of making the full transition from the conduction band back to the valence band and
therefore emit photons with different energies that create additional PL peaks along with
the peak associated with the Eg. The PL spectra recorded at 80 K for the thin film CdTe
layers (labeled S1-S4) grown from different precursors are shown in Figure 5.4. Five main
PL peaks exist with the trap states labeled T1-T4 and the band gap labeled E,. This is
summarized in Table 5.1 with the energy values corresponding to the maxima of these
peaks together with their approximate energy spread. The peak positions at 80 K can be
converted into room temperature values when necessary, using the rate of change of Eg:

(dE¢/dT) =-4.2x 10 eV/K
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Figure 5.4. Typical photoluminescence spectra recorded at 80 K for four as-deposited
CdTe layers using different Cd-precursors (Cd- sulfate, nitrate and chloride). The intensity
of peaks are normalized to that of the bandgap emission peak, E

The maxima of the peaks appeared at 0.66, 0.79, 0.97, 1.37 and 1.50 eV at 80 K,
indicating at least four deep defect bands situated in the explored energy range, below the
conduction band minimum. The peak at 1.50 eV contained the E; of CdTe and was broader
due to various energy transitions on both sides of the Eg of the material. The emissions
greater than E; may arise due to the presence of a sulfur-rich CdSxTe(x) alloy at the
CdS/CdTe interface, or due to quantum effects. As previously mentioned, electroplated
CdTe material consists of grains in the nano-scale that can exhibit quantum effects in
electron transitions creating photons with energy greater than the bandgap. Conversely,
emissions with energies less than Eg can arise due to donor-to-acceptor type transitions,
involving shallow energy levels, within the bandgap. They can also come from Te-rich
CdSxTe(1x) alloys present on the CdTe side of CdS/CdTe interface that have lower Eg than

that of CdTe due to ‘‘bandgap bowing effect’’.2%’
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Table 5.1 Summary of electron trap levels (T1-T4) and the energy bandgap peak (Eg)
observed at 80 K for the four as-deposited CdTe layers. 2E and 3E stands for 2-electrode
and conventional 3-electrode systems respectively. Pt and C show the materials used for
anodes. Growth conditions of the samples are as follows: S1: 1.0 M CdSOg4, low con. of
TeO», pH = 2.00, temp. = 85 °C, growth voltage = 2.238 V; S2: 1.0 M CdSOg4, low con. of
TeO», pH = 2.00, temp. = 85 °C, growth voltage = 1.576 V; S3: 1.0 M CdNO3, low con. of
TeO», pH = 2.00, temp. = 85 °C, growth voltage = 1.253 V; S4: 1.0 M CdCl,, low con. of

TeO», pH = 2.00, temp. = 70 °C, growth voltage = 0.693 V

Sample ID Material T, £ 0.02 (eV) T, £+ 0.15 (eV) T3 £ 0.03 (eV) T4 £ 0.08 (eV) E, peak (eV)
S1 CdTe (SO4*)/2E/Pt 0.66 0.77 0.97 1.36 1.51
S2 CdTe (SO4>7)2E/C 0.66 0.79 0.97 1.37 1.50
S3 CdTe (NO5 )/2E/C 0.66 0.79 0.98 1.37 1.50
S4 CdTe (C17)/3E/C 0.66 0.79 0.98 1.37 1.50

The trap levels T1, T3 and T4 were narrow, but the electron traps at 0.79 eV (T2)
were spread over = 0.15 eV. This is problematic as T2 is situated right in the middle of the
bandgap, meaning these defects are very effective in the recombination process and cause
detrimental effects in PV performance. These defects have been so disastrous in device
efficiencies, that they have been nicknamed *‘killer centers’’ in II-VI semiconductors.?”°
A good solar energy material should be free of these mid-gap killer centers. Although the
defect level T4 also has a broader distribution, the probability of recombination of charge
carriers through this level is very low due to its closeness to the valence band.

5.4.1 CdSO4 Precursor Recombination Sites after CdCl2 Treatment

Figure 5.5 shows the PL spectra recorded for the CdTe layer (S1) electroplated
using the CdSOs precursor 2-electrode system with a Pt anode. The three spectra
correspond to the as-deposited and CdCl, treated CdTe in two steps. The observed peak

details are summarized in Table 5.2, and a few major changes were clear from these results.
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The two defect levels at T1 and T3 completely disappeared during the CdCl. treatment.

The broad distribution of T2 narrowed and the T4 level reduced, indicating the drastic

removal of defects. The broad peak E consisted of several transitions, but sharpened after

CdCl treatment producing 1.47 eV for the Eg of the material. This indicated the elimination

of higher energy emissions of small crystallites after growing into large CdTe grains.
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Figure 5.5. Photoluminescence spectra for as-deposited, first CdCl» treated and second

CdClr-treated CdTe layers, electroplated using CdSO4 precursor in 2-electrode system with

Pt anode (S1)

Table 5.2 Summary of electron traps at 80 K for CdTe layers electroplated from CdSO4

precursor using 2-electrode system with Pt anode (S1)

Energy (eV) T, T, Ts Ty E,

As deposited 0.66 0.77 0.97 1.36 1.51
CdCl,—step 1 - 0.73 - 1.39 1.47
CdCl,—step 2 - 0.73 - 1.39 1.47

103



Figure 5.6 and Table 5.3 show the PL spectra and details of the defects for the
CdTe layer (S2) grown from CdSO4 precursor using the 2-electrode system with graphite
(C) anode. The same four defect levels were observed, and the disappearance of T1 was
clear after CdCly treatment. Reduction of T3 was evident but the defects were not
completely removed. Although the intensities of T2 and T4 peaks reduced, their
distribution did not decrease. Unlike the CdTe made with the CdSO4 precursor and 2-

electrode system with the Pt anode, the layers were still full of defects even after CdCl»

treatment.
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Figure 5.6. Photoluminescence spectra for as-deposited, first CdCl, treated and second
CdCl,-treated CdTe layers electroplated using CdSO4 precursor in 2-electrode system with

graphite anode (S2)
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Table 5.3 Summary of electron traps at 80 K for CdTe layers electrodeposited from CdSO4

precursor using 2-electrode system with graphite (C) anode (S2)

Energy (eV) T, T, T; Ty E

o
>

CdTe—As deposited 0.66 0.79 0.97 1.37 1.50
CdTe-CdCl,—step 1 - 0.76 0.97 1.37 1.50
CdTe-CdCl,—step 2 - 0.74 0.97 1.38 1.48

5.4.2 Cd(NO3)2 Precursor Recombination Sites after CdCl: Treatment

Figure 5.7 and Table 5.4 present the PL spectra and the peak details for the CdTe
layers (S3) grown with Cd(NO3)> precursor, using a 2-electrode system with graphite
anode. The most striking observation was that the peak positions were in general very
similar to those grown using the CdSO4 precursor. After CdCl» treatment, T1 completely
disappeared and, T3 peak still remained. Although the intensity of T2 reduced
considerably, the distribution remained the same. Intensity of T4 first reduced after the first
CdCl, treatment and then increased after the second CdCl. treatment. The E; peak
sharpened and moved closer to 1.48 eV after CdCl, treatment, reducing the high energy PL

emissions.
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Figure 5.7. Photoluminescence spectra for as-deposited, first CdCl,-treated and second

CdCl,-treated CdTe layers electroplated, using Cd(NO3), precursor in 2-electrode system

Table 5.4 Details of PL peaks at 80 K for CdTe layers electroplated using Cd(NO3)2

Energy (eV) T, T, T; Ty E,

CdTe—As deposited 0.66 0.79 0.98 1.37 1.50
CdTe—CdCl,—step 1 0.66 0.86 0.99 1.38 1.48
CdTe—-CdCl,—step 2 - 0.71 0.99 1.40 1.48
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5.4.3 CdCl: Precursor Recombination Sites after CdCl2 Treatment

Figure 5.8 and Table 5.5 showed similar results for CdTe layers (S4) grown using
the CdCL precursor, in a 3-electrode system with a graphite anode. All five peaks in the
as-deposited layer were identical in energy position compared to those of CdTe grown from
the other precursors, but showed drastic changes after CdCl, treatment. The T1 and T3

defect levels were completely eliminated during the CdCl treatment and the T2 energy



distribution reduced considerably from 0.34 to 0.09 eV. Another drastic reduction of the
intensity of T4 and sharpening of the E; peak were excellent results to observe. In
particular, the drastic reduction of the mid-gap killer centers at T2 is good news for
photovoltaic devices. Electrodepositing using the CdCl, precursor provided a built-in
CdCl; treatment while the materials were grown. Therefore, the effect of the CdCl;
treatment should be the highest in this material and indeed the changes at the band-to-band
transitions were drastic and noteworthy. Formation of highly crystalline CdTe with low
defects, in the presence of Cl” was clear from these results. It seems that Cl ions are acting
as a fluxing agent for the growth of CdTe with large crystals and low defect density. Nano-

scale crystals coalesced to form a few micron size grains after CdCl. treatment.
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Figure 5.8. Photoluminescence spectra for as-deposited, first CdCl,-treated and second
CdCl,-treated CdTe layers (S4) electroplated using CdCl» precursor and 3-electrode system

with graphite anode and saturated calomel reference electrode
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Table 5.5 Details of PL peaks at 80 K for CdTe layers (S4) electrodeposited using CdCl»

precursor and 3-electrode system with graphite anode and saturated calomel reference

electrode

Energy (eV) T, T, T3 Ty E,

As deposited 0.66 0.79 0.98 1.37 1.50
CdCl,—step 1 - 0.76 - 1.39 1.51
CdCl,—step 2 - 0.76 - 1.39 1.51

5.4.4 Summary of CdTe made with different precursors after CdClz Treatment

A summary of the PL studies on all four CdTe layers is given in Table 5.6. Trap

levels for both the as-deposited and CdCl» treated (after second stage) samples are shown

for comparison. Four trap levels were observed for all the CdTe layers in the explored

energy range. When heat treated in the presence of CdCl,, T1 and T3 completely reduced

in some samples, while others showed a considerable reduction. T2 was the main defects

band present in the middle of the bandgap and was distributed over a wide energy range of

0.30 eV. Because of its broad distribution, it could include a large number of PL peaks

arising from closely situated defect levels forming a broad PL band. These are the most

detrimental defects for PV action, with the highest probability of recombination process.

T4 appeared at (1.36-1.40) eV, with varying intensity after CdCl, treatment. CdCl,

treatment effectively removes radiative defects clearing the bandgap of CdTe.
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Table 5.6 Summary of observed PL peaks at 80 K for four different CdTe layers

electrodeposited from three different Cd-precursors (Cd- sulfate, nitrate and chloride)

Growth details Material condition T, (eV) T, (V) Tz (V) T4EV) E; (V)
S1—CdTe—(SO4>)/2E/Pt  As-deposited 0.66 0.77 0.97 1.36 1.51
CdCl, treated - 0.73 - 1.39 1.47
$2—CdTe—~(SO4>7)/2E/C As-deposited 0.66 0.79 0.97 1.37 1.50
CdCl, treated - 0.74 0.97 1.38 1.48
S3—CdTe-(NO; )/2E/C As-deposited 0.66 0.79 0.98 1.37 1.50
CdCl, treated - 0.71 0.99 1.40 1.48
S4—CdTe—(C17)/3E/C As-deposited 0.66 0.79 0.98 1.37 1.50
CdCl, treated - 0.76 - 1.39 1.51

These results are comparable to bulk CdTe wafers. The defect level positions in
bulk CdTe have been observed by many techniques such as Schottky barrier measurements,
Deep Level Transient Spectroscopy, Ballistic Electron Emission Microscopy and PL.?"*-
271 The three defect levels reported for bulk CdTe; 0.65, 0.73 and 0.96 eV below the CB
coincide with T1, T2 and T3 levels observed for electrodeposited CdTe. Although the T4
seems to be introduced and enhanced by CdCl» heat treatment. After CdCl, treatment, the
E; of the CdTe layer corresponded to (1.36—1.42) eV at room temperature, which was also
similar to that of bulk CdTe.

5.5 Working Mechanism of CdCl: Treatment

Following the success of using the CdCl treatment on CdTe made with different
precursors, the question still remained as to why the CdCl» treatment works. Understanding
this mechanism would advance the manufacturing capabilities of the CdTe solar cell. To
begin to understand this treatment, bulk purchased CdTe wafers were processed using the
CdCl; treatment and PL measurements were carried out to examine the trap states. Figure
5.9 shows the PL spectra recorded for the CdTe wafer before and after the CdCl, treatment.
The as-received material showed two sharp peaks corresponding to the 0.76 eV (T2) mid-
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gap defects and the 1.52 eV (Eg) peak of the material. These were identical to the two
peaks, T2 and E; observed for thin films of CdTe. After CdCl; treatment, the T2 level
shows slight broadening and an additional peak at 1.39 eV (T4) appears, showing that these

changes are induced by the CdCl treatment on the surface layer.
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Figure 5.9. Photoluminescence spectra recorded before and after CdCl, treatment, for bulk
CdTe wafers purchased from University Wafers Company. These wafers were produced
using a melt-growth technique

A review by Fernandez on PL and cathodoluminescence (CL) also summarized the
increase of this particular level upon CdCl» treatment. Hernandez-Fenollosa et al. showed
from their PL studies, that the 1.36 eV level rapidly increased during HCI treatment in the
presence of oxygen.?’? This information is extremely important in understanding what
happens during this key processing step. The conclusion is that this additional defect level,
T4 emerges due to Cd-richness or the incorporation of Cl in CdTe in the presence of
oxygen. This PL observation is also very similar to the CL work reported by Mazzamuto
et al.?”> These authors reported the development of this peak at 1.39 eV occurred when the

Freon (CHFCp) gas pressure in the heating chamber was gradually increased during the
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heat treatment of close space sublimation (CSS) grown CdTe thin films. Since there was
no additional Cd involved in this treatment, Cd-richness can be ruled out with confidence.
This provides us a firm conclusion of the origin of this defect at 1.39 eV (T4), below the
CB edge. It shows that Cl interacts with the CdTe lattice, forming a defect level at 1.39 eV
which is very close to the valence band. This level therefore, can act as a shallow acceptor
in CdTe, increasing the acceptor concentration within the material. It also helps to better
explain Cl as a dopant in CdTe solar cells. At the ppm level, when Cl displaces Te atoms
in the lattice, it is a well-known donor in CdTe.?’" However, when the CI concentration is
high as in the case of CdCl; treatment, and interacts with the CdTe layer, it produces an
acceptor like defect at 1.39 eV (T4), acting as a p-type dopant in CdTe. The presence of
oxygen seems to catalyse this interaction.?’> These results show that defects present in
CdTe are common for several different CdTe materials produced with different conditions.
The heat treatment in the presence of CdCl turns the material into electronic grade layers
with only two or three deep defect levels present in them. Earlier work by Dharmadasa et
al. used XPS to identify the T2 trap state as being dominant for Te-rich layers while the T3
and T4 were dominant for Cd-rich CdTe layers.?’*

In Te-rich surfaces, defects (T2) in the mid-bandgap are dominant, and in Cd-rich
surfaces, defects in lower half of the bandgap (T3 and T4) are dominant. Results
summarized in Table 5.6 clearly show that CdCl. treatment removes the trap levels at T1
and T3, and drastically reduces the wide distribution of T2 to a narrow distribution level.
These are the defect levels situated towards the middle of the bandgap and are related to
the Te-richness of CdTe materials. Of the two elements, Cd and Te in CdTe, Te is the

easiest element to discharge first and deposit during electroplating (E° for Te is +0.593 V,
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and E° for Cd is -0.403 V with respect to hydrogen reference electrode). Therefore, Te can
be precipitated within the layer or form a thin layer of CdxTeOy on the surface.?”>"8 Hence,
most of the as-deposited CdTe layers have Te-rich nature and therefore T1 and T2 trap
levels are dominant. However, when these layers are heat treated in the presence of CdCl»
on the surface, excess Te converts into useful CdTe phase improving the composition
towards stoichiometric CdTe layers.?”
Excess Te + CdCl, = CdTe + 2(CI")

The presence of Cl” in this process also helps in recrystallization and doping of the CdTe.
In fact, the CdCl; treatment converts Te-richness of the initial CdTe layer into Cd-richness,
and also reduces defects at T1 and T2. This produces a CdTe layer with a fairly clean band
gap without defects in the mid-gap. The same process increases the band-to-band
transitions of electrons, as a result of removal of mid-gap defect levels producing a better
solar energy material.
5.6 Conclusions

Chapter 5 documents the structural transition taking place in electrodeposited CdTe
layers throughout the IPL initiated CdCl treatment. During IPL treatment without CdClo,
grains grow gradually keeping the (111) preferred orientation. At a threshold total energy
input, variant on the ED, XRD peaks reduced in intensity indicating deterioration of
crystallinity most probably due to loss of Cd from the CdTe film. In the presence of CdClo,
however, the situation was different. At early stages of IPL treatment, crystallinity
improved, keeping the (111) preferred orientation. At a total energy input threshold, the

layer became randomly oriented, but crystal grains grow continuously. These grains are
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randomly oriented showing all three CdTe peaks with comparable intensities. The PL
results presented in this chapter helped draw the following important conclusions:

(1) All four CdTe layers electroplated using sulfate, nitrate and chloride of cadmium, pre-
cursors exhibit four electron traps (T1, T2, T3 and T4) situated at similar energy positions.
(2) After CdCly treatment, T1, T2 and T3 are completely annealed-out or show
considerable reduction in concentration. This reduction was a positive effect for device
performance.

(3) CdClI; treatment drastically reduced the mid-gap killer centers situated at the T2 level.
Wide defects distribution (*0.30 eV) reduced to a narrow defect band (*0.09 eV) and the
intensity also reduced by considerable amounts. This will have a drastic and positive effect
on improvement of solar cell performance by reducing recombination of photogenerated
charge carriers.

(4) The two defect levels T1 and T2, situated in the mid-gap are closely related to Te-
richness in CdTe layers. The CdCl; treatment converts the Te-richness towards Cd-
richness, reducing precipitated Te, and drastically removing mid-gap defects.

(5) Out of all four CdTe layers studied in this work, the material grown using the CdCl»
precursor seems to produce a better material with a cleaner bandgap. This material is

comparable to bulk CdTe wafers in terms of defect levels.
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CHAPTER 6
IPL SINTERING OF METHYLAMMONIUM LEAD TRIIODIDE PEROVSKITE

6.1 Introduction

As previously mentioned, the PSC is in need of a faster thermal heat processing
technique that can grow crystal grains without sacrificing the integrity of the film.
Perovskite layers are typically heated on a hot plate to thermally anneal the layer to reduce
grain boundaries and enlarge crystal size. The resulting films are in the tetragonal crystal
structure of CH3NH3Pbls perovskites.!*® Poor film surface coverage is common in this
formation.?® The gaps within the perovskite film cause lower shunt resistance and lower
short circuit current densities when the hole-transport layer is in direct contact with the
electron-transport layer.2% 28° This has spurred research attempts to densify the morphology
of the perovskite layer to prevent shunting pathways and improve the fill factor and
reproducibility of perovskite solar cells.?®! Research has shown that increasing the
annealing temperature leads to an increase in the efficiency of the perovskite solar cell until
150 °C. At this temperature, the perovskite begins to decompose into Pbl.%¢

The advantageous short time scale of IPL processing would be ideal for
manufacturing perovskite solar cells without degradation and possibly allow for higher
temperature processing in short bursts. The two areas of concern with the IPL method are
the high heats that will result in the films and the exposure to UV, both with the potential

to destroy the CH3NH3PbI3 thin films. In this chapter, the effects of the IPL on the
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CH3NH;3Pbl; perovskite layer (Figure 6.1) will be discussed as a new thermal processing

technique that can be applied to the roll-to-roll manufacturing of PSCs.

Figure 6.1. Scale-up for a perovskite solar cell based on roll-to-roll processing detailing
each part of production: the as-deposited perovskite, the sintered perovskite, and a cross
section of the completed device. The IPL sintering mechanism is deployed to create a faster
continuous assembly line.
6.2 Sintering of CH3NH3PbIs Perovskite

Perovskite solar cell devices were fabricated using a sequential approach detailed
in chapter 3. The device consisted of a 50 nm TiO> hole-blocking layer, a 150—250 nm
mesoporous TiO; electron-transport layer with CH3NH3Pbls perovskite crystals filling the
pores, a 150 nm layer of hole-transport layer spiro-OMeTAD, and an 80 nm layer of gold
on top of the hole-transport material to make a contact. The device structure is shown in

Figure 6.2.

115



Gold
Spiro-OMeTAD
Perovskite and

Mesoporous

TiO,

Compact TiO,
FTO Glass

Figure 6.2. Device architecture of the perovskite solar cell (glass/FTO/bl-TiO2/mp-TiO>-
perovskite nanocomposite layer/Spiro-OMeTAD/Gold).

Intense pulsed light was applied to as-deposited perovskite films using varying
energy densities at 2 ms pulse times. The SEM images of the IPL-treated films in Figure
6.3 showed that higher energy pulses increased the crystallite size and started to sinter the
films. This was the first reported sintering of CH3NH;3Pbl3 perovskite. Figure 6.3 shows
the transition of cubical particles into large dense particles. Very little change appears in
the surface morphology at 1000 J/pulse (Figure 6.3b). At 1250 and 1500 J/pulse (Figure
6.3c,d, respectively), the films began to consolidate, and the surface coverage improved.
At 1750 J/pulse (Figure 6.3e), necking of the particles was shown, and the perovskite
began to sinter together. Necking between contacting particles is an obvious aspect of
sintering as mentioned in chapter 1. Volume conservation and surface energy minimization
drive this initial stage of sintering. Surface transport processes produce neck growth
without a change in particle spacing (no shrinkage or densification) due to mass flow

originating and terminating at the particle surface. Within the surface transport processing
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domain, surface diffusion and evaporation-condensation are the two most important
contributors. Surface diffusion dominates in the low-temperature sintering regime whereas
evaporation-condensation dominates in the sintering of low-stability metals like lead and
lead-based compounds. This suggests that evaporation condensation is controlling the

initial sintering stage shown in Figure 6.3e.

Figure 6.3. Top view SEM images of perovskite films (a) without IPL exposure, and after
a 2 ms pulse of IPL exposure at (b) 1000, (c) 1250, (d) 1500, (e) 1750, and (f) 2000 J/pulse.

Evaporation-condensation sintering leads to the repositioning of atoms located on
the particle surface without densification. Evaporation occurs from a surface and transports
across the pore space, leading to condensation on a nearby surface. The net result over time
is a reduction in the total surface area as bonds grow between touching particles. During
this time, there is no change in the distance between the particle centers. Halides like the
iodide found in the perovskites studied in this chapter have been added to tungsten, steels,
and titanium dioxide to initiate evaporation-condensation sintering.???%3 This was also

seen in the sintering of zirconium oxide in which sintering in air was dominated by bulk
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transport processes giving densification, while sintering in an environment with
hydrochloric acid shifted the dominant sintering mechanism to evaporation-
condensation.”®* Neck growth occurs in evaporation-condensation sintering until the
surface energy, dihedral angle, and grain boundary energy attain a force equilibrium

defined as?*:

@
Vss = ZVSVCOSE

Where Y, is the grain boundary energy, ¥y is the solid-vapor surface energy, and ¢ is the
dihedral angle.

The most radical change to the surface morphology was seen at 2000 J/pulse
(Figure 6.3f), in which the perovskite crystals increased in size and sintered together to
form a dense layer. Prior to this research, densification of this magnitude was only achieved
by using an extra solvent extraction treatment like diethyl ether or using a less scalable
chemical vapor deposition process.?” 285 This is the first time a rapid heat treatment has
been shown to deliver such a radical change to surface coverage. Previously, Snaith et al.
researched the effect of using a flash annealing step from 100 to 130 °C with a hot plate.
They were able to create large crystal sizes and increased current density. However, the
surface coverage was negatively impacted by the transition.?%

For densification to occur, the mass must originate from the interior of the particle
and deposit at the necking area. Bulk transport processes enabling this include volume
diffusion, grain boundary diffusion, plastic flow, and viscous flow. Viscous flow is
primarily reserved for amorphous materials such as polymers and glasses, so this can be
ignored. Plastic flow may also be ignored as it becomes inactive when the shear stress

declines and falls below the flow stress of the material during necking growth. Of the two

118



remaining processes, volume diffusion is unlikely as it is a slow process and the sintering
of the perovskites occurred in 2 ms. This leaves grain boundary diffusion as the likely
mechanism existing during the densification process.

In grain boundary diffusion, mass is removed along the grain boundary and
redeposited at the sinter bond. The interparticle grain boundaries, and internal grain
boundaries in the particles act as vacancy annihilation sites by processes of slip and
rotation. As the sintering progresses, transport takes place between the pores via the grain
boundaries, leading to pore coarsening. This occurs when the grain boundary is an
inefficient vacancy sink late in the sintering process and the solid structure becomes so
strong that it resists further densification.?®’

6.3 Heat Transport Within the Perovskite Layer

The key to this transformation is the rapid heat treatment at short incremental
pulses. Dharmadasa et al. showed that it was feasible to heat CdS to temperatures >700 °C
during a single pulse.?®® Using a similar energy density and the same equipment, it is

conceivable for the perovskite to experience similar if not greater temperatures.

CH3NH3Pbl; perovskite (Eg ~ 1.6 eV) is known for its high light absorption properties and

absorbs more of the visible spectrum than the larger band gap semiconductor CdS (Eg ~

2.42 eV). With a lower band gap, CH3NH;3Pbls perovskite will absorb more light from the
IPL spectrum than cadmium sulfide, causing a larger number of phonons to be generated
and dissipated throughout the material as heat. The IPL enables the perovskite to enter high
temperatures significantly exceeding 150 °C without having the time to degrade.

The thermal diffusivity (D) of a thin film is the ratio of the thermal conductivity (k

=0.005 W/cm K), to the volumetric heat capacity (pCp = 1.28 J/(cm®K)) and is a measure
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of how fast heat will move through a film. For the CH3NH3PbI; thin film, this is 0.0039
cm?/s.2%% At a pulse duration of 2 ms, the diffusion length (2(Dt)0.5) of the film is 56 um,
which is significantly larger than the 300 nm thickness of the film. This would suggest a
very fast thermal diffusion through the film. The response of the film on the glass substrate
to the IPL pulse was accomplished using the finite element analysis (FEA) method.

An FEA model was used to understand the temperature profile of the film as
exposed to the varying energy densities used in this study. The CH3NH3Pbl; thin films
absorbed 92% of the energy delivered by the pulses as measured using UV—vis
spectrometry. The pulses from the lower energy input of 1000 J increased the temperature
of the films to a maximum of nearly 400 °C and falling to under 150 °C in less than 5 ms.
The higher energy input of 2000 J reached a temperature slightly higher than 750 °C, and
the temperature of the film remained above 150 °C for almost 20 ms (Figure 6.4). Although
all of the energy intensities managed to lift the temperature of the film over the maximum
of 150 °C, only the higher temperatures at prolonged duration managed to sinter the

CH;3NH3PbIs.
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Figure 6.4. Temperature profiles as calculated using COMSOL finite element analysis of
the CH3NH3Pbls thin film over time after being subjected to pulse intensities of 1000, 1250,
1500, 1750, and 2000 J.
6.4 Changes in the Crystal Structure of the CH3NH3Pbl3 after IPL

It is critical that the perovskite structure remains intact for the duration of the rapid
high-temperature pulses to enable high-efficiency devices. To verify that no structural
changes were occurring, XRD patterns were used to analyze the crystal structures of
CH3NH3Pbls deposited on a glass slide and processed via the hot plate annealing as well
as by the IPL process. Figure 6.5 shows a side-by-side comparison of the XRD pattern of
the perovskite solar cells under the two annealing methods. The IPL samples have a higher
degree of crystallinity shown by their more intense peaks and more importantly have the

same pattern as the hot plate annealed samples. The IPL-sintered samples do not show
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peaks signifying a decomposition to lead iodide. Furthermore, the diffraction peaks from
the (110) planes of the tetragonal 14/mcm phase (P phase) of CH3NH3Pbls; were observed
at 20 = 14.08° (d = 6.26 A), along with peaks at 20 = 28.36°, 42.60°, and 58.82° due to the
(220), (330), and (440) diffractions, respectively.??° Photoluminescence of the as-deposited
perovskite and IPL-processed perovskite in the inset of Figure 6.6 also provided evidence
of the perovskite structure remaining intact after sintering, and these yielded a band gap of

1.62 eV which is in agreement with previously reported values.?’!
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Figure 6.5. X-ray diffraction of hot-plate-annealed perovskite (black), IPL-sintered

perovskite (red), and lead iodide (blue). Indices with * indicate lead iodide peaks, and the

others are CH3NH3Pblz. Arrows represent height of (001) lead iodide peak in hot-plate-

annealed and IPL-sintered perovskite samples.
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Figure 6.6. UV—Vis comparison of hot plate annealed perovskite, IPL- sintered perovskite,
and lead iodide. Inset image is the photoluminescence of hot plate annealed perovskite and
IPL-sintered perovskite.
6.5 Enhanced Electron Transport from Superior Pore Filling of Mesoporous ETM
To create the larger and less porous morphologies, the IPL process sintered the
particles together and filled in any voids in the film. This was evident from the cross-
sectional SEM images (Figure 6.7) that detailed a thinning of the perovskite layer during
the IPL process. The pictures also illustrated that the IPL-sintered samples had a smoother
surface compared to the sample annealed on a hot plate and greater pore filling of the
CH3NH3Pbl; into the TiO2 mesoporous layer. It should also be noted that the pore filling
of the hot-plate-processed samples was limited, which is detrimental to cell performance.
The smoother surface of the spiro-OMeTAD should make a better contact with the

evaporated gold cathode and improve the performance of the solar cell by decreasing series
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resistance. Greater pore filling has been shown to be an important factor to control the
completeness of perovskite coverage on the TiO nanoparticles and reduce recombination
rates.””> Lower recombination rates improve the charge transport rates and collection
efficiencies of the solar cells. UV—Vis spectroscopy data shown in Figure 6.6 provides
further evidence of a thinning of the perovskite layer. The IPL-treated samples are less
absorptive compared to the hot plate treated samples. More importantly, the UV—Vis data
supports the assertion that Pbl,, a known byproduct of the decomposition of CH3;NH3Pbls,
was not being created during the IPL process. Pbl, UV—Vis spectra show a significant
decrease in absorption at 500 nm, which was not seen in the IPL-treated perovskite

samples.

Figure 6.7. SEM cross-sectional images of perovskite after (a) hot plate annealing and (b)
IPL sintering. The colors green, magenta, cyan, and yellow correspond to spiro-OMeTAD,
perovskite, TiO», and FTO, respectively.
6.6 Electronic Properties of IPL Processed PSCs

With XRD and SEM evidence suggesting higher crystalline perovskite film
formation using the IPL, the optoelectronic properties suggest that the IPL should have an

improved performance over the thermally annealed cells. IPL processed PSCs were
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fabricated and tested using an AM 1.5 solar simulator. The JV curve in Figure 6.8 depicts
the best performance of the IPL solar cells created. A comparison of the average
performances of the IPL-processed and hot-plate- processed solar cells from the same batch
is shown in Table 6.1. The IPL-processed solar cells have a higher current density, open
circuit voltage, and fill factor than the PSCs annealed using the conventional hot plate

method. Additionally, the IPL samples have less variability.
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Figure 6.8. J—V curve of IPL-sintered perovskite solar cell under AM 1.5, 1 Sun intensity
illumination.
The higher current density values in the IPL-sintered PSCs are likely due to the
improved perovskite layer morphology and pore filling. Better coverage of the perovskite
layer prevents the leakage of current through the cell and increases the shunt resistance,

which in turn increases the current density. A more surprising result is the decrease in series
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resistance as seen by the difference in V.. As mentioned previously, the decrease is likely
due to the smoothing of the perovskite film and the creation of a more intimate, less
resistive series contact with the gold cathode.

Table 6.1 Summary of Average Performance Parameters of the Solar Cells + 1 Standard

Deviation
heat treatment Joe (mA/cm?) V. (%) fill factor PCE (%)
hot plate 13.05 + 3.55 0.96 + 0.031 0.66 + 0.068 821 + 2.38
IPL 16.55 + 1.77 1.02 + 0.032 0.69 + 0.062 11.5 + 0.62

All of the solar cells tested in this work produced lower current densities than the
highest efficiency perovskite solar cells reported in the literature. This reduced
performance is primarily attributed to low-performing spiro-OMeTAD as the hole-
transport layer. Four point probe measurements of the spiro-OMeTAD indicated a
conductivity of 2.75 x 10 S/cm, which is 2 orders of magnitude lower than that of the
spiro-OMeTAD used in the highest efficiency perovskite solar cells.?*

6.7 Conclusion

In summary, photoactive perovskite layers were successfully sintered with a novel
IPL treatment with efficiencies exceeding 12%. The processing time was reduced to 2 ms,
which is significantly faster than those from previous reports. Additionally, the average
performance of the IPL-processed samples showed an improvement compared to the hot-
plate-processed samples, although the hot plate samples are not comparable to the state-of-
the-art sequential deposited perovskite solar cells.? It is important to note that all samples
were produced within the same batch maintaining consistent processing with the exception
of the thermal treatment. IPL enabled the sintering with 2 ms flashes from a Xe lamp,

creating temperatures significantly exceeding the steady-state degradation temperature of

150 °C. The perovskite particles displayed necking and then formed larger crystal grains
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after successfully covering the TiO2 mesoporous layer. XRD, UV—Vis, and PL all verified
that the crystal structure was maintained during the morphological change. This advance
creates an exciting new method to quickly create dense layers of perovskite, eliminates the
rate-limiting annealing step detrimental to industry adoption, and shows the first known

occurrence of sintering in CH3NH3Pbl; perovskite particles.
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CHAPTER 7
2D LAYERED PEROVSKITE TRANSFORMATION INTO A 3D STRUCTURE

7.1 Introduction

The layered 2D perovskites (BA)2(MA)Pb2l; and BA>Pbls (BA meaning n-
butylammonium, and MA meaning methylammonium) preferentially grow parallel to their
substrate. This is common among 2D perovskite materials deposited on flat substrates, a
trend that has also been observed in the case of single-layer halide perovskites.?** The unit
layers are stacked together by a combination of Coulombic and hydrophobic forces to
maintain structural integrity and can be thought of as multiple-quantum-well structures in
which the semiconducting inorganic layers act as “wells” and the insulating organic layers
act as “barriers”.'#>2%5-27 Therefore, it is regarded that the alkylammonium cations usually
try to confine the growth of perovskite within the planer layer, while the small MA ions,
on the other hand, try to expand the perovskite growth outside the layer. As the inorganic
layer becomes thicker (n increasing), more MA ions are incorporated into the perovskite
sheets, thus the impact of MA ions outweighs that of the alkylammonium ions, leading to
the variation of preferred growth direction.!*’
7.2 Photonic Heat Transferred Enabled Mechanism of Transition from 2D to 3D
Structure

In addition to being more electrically insulating, the long-chain organic layers also
have lower thermal decomposition temperatures, 316 °C for the temperature at 50%

decomposition (D1/2), as compared to the 701 °C (D1/2) of the lead iodide octahedras
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responsible for the charge conduction in 3D perovskites (Figure 7.1). This large
discrepancy of thermal conductivity and decomposition temperature in the constituents of
the perovskite structure enables the possibility of using a fast photonic heating technique
to target the long-chain inorganic cations. IPL processing powered by Xenon plasma lamps
can operate in the millisecond time frame and can provide light with a wide range of
wavelengths (from the UV to infra-red region) in a short pulse. Unlike traditional heating
processes, heating of the samples is initiated through the absorption of light. This creates

localized heating within the material.2*®
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Figure 7.1. Thermal gravimetric analysis of n-butylammonium iodide (BAI) and lead
iodide (Pblo)

The suggested mechanism shown in Figure 7.2 begins by using the IPL technique
to transfer an energy exceeding the bandgap of the perovskite to induce a heating within

the 2D structure. Next, the phonon induced heating resonates within the poorly conducting
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long chain organic cation positions until they begin to decompose. When this occurs, the
3D lead iodide octahedra layers previously separated by the long chain organic cations will
begin to collapse and increase the n value in the CH3(CH2)3NH3)2(CH3NH3)n-1Pbal3n+1 2D
perovskite. Increases in the n value of the MA and BA containing 2D perovskites reduces
the band gap of the material.>>® As more energy is supplied to the 2D material, more of the

long chain organic cations will disappear until the structure becomes a 3D perovskite.

N=2 Perovskite 3D Perovskite

Figure 7.2. Mechanism of 2D to 3D perovskite transformation
7.3 Optical Confirmation of 2D to 3D Perovskite Transformation

To test this mechanism, samples were created using the popular 1-step anti-solvent
approach.’?’ Stoichiometric amounts of BAI, MAI, and Pbl, were dissolved in a mixture
of dimethylformamide (DMF) and dimethylsulfoxide (DMSO) as detailed in the

experimental section to synthesize CH3(CH2)3NH3)2(CH3NH3)2Pbslio. This mixture was
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chosen as previous publications have shown that this layered perovskite yields devices with
respectable photovoltaic performance.16 The UV-Vis and PL data for the as-deposited
samples are shown in Figures 7.3 and 7.4. Two distinguishable slopes can be seen in the
absorbance graphs: the first at higher wavelengths between 800-850 nm (~1.6 eV) belongs
to the 3D perovskite commonly seen in solar cell devices, while the second at lower
wavelengths 500-600 nm (~ 2.0 eV) is associated with layered 2D perovskites. This
mixture of 2D and 3D perovskite structures is more apparent when viewing PL spectra, in
which two peaks are visible rather than the single customary peak in 3D perovskite solar

cell devices.
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Figure 7.3. UV-Visible Spectra of 2000 J/Pulse IPL treated 2D perovskites
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Figure 7.4. Photoluminescence Spectra of (a.) before and (b.) after 12 pulses of 2000
J/Pulse IPL

After exposure to the IPL, the two peaks previously shown are suppressed to one
peak (Figure 7.4). As more pulses are applied, the 2D perovskite slope in the absorbance
spectra begins to flatten; meanwhile the 3D slope becomes more intense. This is indicative
of an increase in the number of 3D perovskites in-between each long chain organic cation
spacer. To illustrate this difference more definitively, Urbach energies (Ev) for the 3D and
2D band gaps were calculated (Figure 7.5). Urbach energy can be utilized to access the
sub-bandgap defects that originate in the grain boundaries of semiconductors.’®! The
general consensus is that the Eu is related to the dynamic phonon disorder and static
structural disorder that may arise from lattice point defects, dislocations, strain, deviation
from ideal stoichiometry, as well as the effect of the grain surface.?*?% The relationship

between Eu and the absorption coefficient (a) is as follows>%*:

a = agyexp (hV/EU) (1)

Ina = Inay + (hv/Ey) (2)
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where ao is a constant, hv is the incident photon energy and Eu is the band tail width
(Urbach energy) of the localized states in the optical energy gap.

Before the IPL treatment, the 2D bandgap was the dominant bandgap with an EU that was
8x smaller than the 3D EU. However, after 12 pulses, the 3D bandgap has become the

dominant bandgap with an EU that was 1.5x smaller than the 2D EU.
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Figure 7.5. Absorption spectra of (a.) before and after (b.) 12 pulses of 2000 J/Pulse IPL
with calculated Urbach energies (E.) for 2D and 3D perovskite bandgaps.
7.4 Crystal Changes During Transformation

X-ray diffraction (XRD) spectra can also be used to confirm the transformation to
a 3D perovskite. As the 2D perovskite layers grow thicker and become an increasingly 3D
structure, an additional low angle reflection is added for each perovskite layer.*% Although
the precursor perovskite solution was mixed with the stoichiometric ratio of 1:1 M
MAILBAI and the intention of creating the CH3(CH2);NH3)2(CH3NH3)2Pbslio (n=3)
perovskite; the most intense reflections at 9.02°, and 13.5 °, and 27.16 ° indicate the miller

indices for the (040), (060), and (0120) planes of the (n=2) perovskite (Figure 7.6). Other
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minor reflections for the as-deposited sample indicate the (110) and (310) indices of the
3D perovskite at 14.07°, and 28.37° respectively. Lack of control for resulting 2D layered
perovskites has been documented by others (Liu et al.)**° and remains an obstacle for the

adoption of 1-step processing of 2D layered perovskites.
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Figure 7.6. XRD spectra of as-deposited and 12 Pulse IPL (3.0 kV = 2000 J/Pulse) treated
samples. Symbols:* 0, and A represent the 3D perovskite CH;NH3Pbls, the 2D n=2
perovskite (BA)2(MA)Pb.I7, and lead iodide respectively.

Yang et al. recognized the influence of the solvent used in the crystallization of 2D
perovskite crystals to obtain single and few-layer free-standing phenylethylammonium
lead halide nanosheets, that is, (PEA).PbXs (PEA = CsHoNH3, X = Cl, Br, I), at room
temperature.’*® Using this knowledge, the ratio of DMF to DMSO solvent was varied in an
attempt to solve the heterogeneous nature of the as-deposited 2D structures and produce
more homogeneous as-deposited 2D perovskites of a single n integer. The PL of samples
created in a predominantly DMSO solution (4:1 DMSO to DMF) (Figure 7.7) were more
homogenous in nature; containing less of the 3D perovskite bandgap PL. This would be
advantageous in preparing devices, however the morphology was severely impacted by the
change in solvent ratio. Top view SEM images (Figure 7.8) detail the appearance of

pinholes covering the perovskite formed in the predominantly DMSO solution. Pinholes
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are incredibly detrimental to device efficiency; therefore the rest of the work was conducted

on the perovskites formed under the higher concentration of DMF to DMSO.
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Figure 7.7. 2D perovskite grown using 4:1 ratio of DMSO to DMF

Using the results from the UV-Vis testing, the 12 pulse IPL treated sample was
chosen to compare to the as-deposited sample, noting its distinguishable shift in optical
absorption. The XRD spectra (Figure 7.6) from the IPL treated sample does confirm a
change in the crystallography of the perovskite sample. After IPL treatment, the (040 at
8.91°) (n=2) perovskite reflection substantially decreased in intensity, while the (110 at
14.08%) and (310 at 28.36°) 3D perovskite reflections increased considerably. Although the
3D perovskite peaks became the most intense reflections, the remnant minor (n=2) (040 at
8.91°), (060 at 13.5%), and (0120 at 27.16°) reflections will still be detrimental in devices

as they will become large recombination centers.
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Figure 7.8. Top View SEM images of 2D perovskite deposited with (a.) 4:1 ratio of DMSO
to DMF and (b.) 4:1 ratio of DMF to DMSO solvents
7.5 Electrical Performance Enhancement of 2D to 3D Perovskite Transformation
The large recombination centers were evident in the power conversion efficiencies
of the devices made with this material. Perovskite devices were assembled on FTO glass
slides using TiO; as the electron transport material, and spiro-OMeTAD as the hole
transport material as shown in the cross-sectional SEM image (Figure 7.9). The devices
suffered from poor Fill Factor and efficiency; likely from the aforementioned variety of 2D
layered structures in the samples and lack of homogeneity needed to create high efficiency

cells.
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Figure 7.9. Cross-Sectional SEM image of perovskite devices excluding the 80 nm gold
contacts

Despite the lower efficiencies, it is worth noting that the IPL treated cells showed
an increase in efficiency, Fill Factor FF, short circuit current Jsc, and open circuit voltage
Ve, compared to the as-deposited solar cells (Table 7.1). The average IPL treated cells
were 4.8x more efficient than the as-deposited 2D cells. This is expected, as the highest
occupied molecular orbital (HOMO) of the n=2 perovskite is 4.88 eV vs. vacuum; higher
than the HOMO level of the hole transport material spiro-OMeTAD by 0.34 eV (Figure
7.10).143:3%7 At this position, hole transport is unlikely due to recombination, as holes more
efficiently travel up the band diagram rather than down in energies. Meanwhile, the 3D
perovskites have a lower shifted HOMO level that is better suited for spiro-OMeTAD. The
3D perovskites lowest unoccupied molecular orbital (LUMO) is also better matched with
the electron transport material TiO> (0.32 eV difference) in comparison to the n=2

perovskites (1.37 eV difference) as electrons flow downhill to lesser potential energies.
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Given the band edges of both perovskite materials, it is reasonable for the IPL treated
samples to have improved performance despite the noticeable n=2 perovskite impurities.
Table 7.1 Efficiency, Fill Factor FF, short circuit current Js, and open circuit voltage V.

of IPL treated 2D PSCs compared to as-deposited 2D PSCs

2 . Efficiency
V.. (V

J,. (mA/cm’) oc V) Fill Factor %)
As-Deposited 0.661 0.357 0.298 0.071
IPL Treated 0.742 0.850 0.487 0.342
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Figure 7.10. Energy band diagram of perovskite devices with Pbl; representing the as-
deposited 2D material and Pbl; representing the IPL processed 3D perovskite

Impedance spectroscopy (IS) measurements were performed to help understand the
internal electrical processes and suggest the shortcomings of the converted 3D perovskites.
Impedance spectroscopy applies a small-amplitude modulated voltage stimulus and detects
the responding modulated (alternating) current.”>> Although there is still plenty of
interpretation of the physical significance of this data; the highest efficiency perovskite

solar cells to date have a signature of two RC element semicircles while under AM 1.5G
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at 100 mW/cm? light intensity. The semicircle in the higher frequency spectrum is
attributed predominantly to the impedance arising from the electronic transport while the
semicircle in the low frequency spectrum is attributed to the impedance arising either from
charge or mass transfer at the interface or Warburg ion diffusion.?

Impedance spectroscopy results are conventionally presented as a Nyquist plot (Figure
7.11), with the real component of the impedance (Z') as the abscissa and the imaginary part
(Z'") as the ordinate.’®® Comparing the as-deposited and IPL treated samples at lower
forward bias, the IPL treated samples indicated a transport resistance visible as a 45°
straight line characteristic of a transmission line. The transmission line merging with the
semicircle at lower frequencies has been known to represent recombination resistance and
or Warburg diffusion impedance for the diffusion of ions.’® It is likely ion/Warburg
diffusion is taking place as the presence of a linear region instead of just a semicircle

indicates a double-layer capacitance.’!”
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Figure 7.11. Impedance Spectroscopy Data of (a.) as-deposited and (b.) 12 pulse at 2000

J/Pulse IPL treated perovskite devices
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The appearance of a change in the IS spectra is indicative of a change in the
alkylammonium cation in the perovskite structure. The ionic diffusion coefficient for
alkylammonium cations in perovskites increases with decreasing size of the ions. Because
the change in the spectra is occurring in the slower time regime, it is unlikely this can be
attributed with iodide transport since the iodide mobility is <l pus and would be observed
in the first semicircle, as noted by others.?!%3!! This signifies that the change in the IS
spectra is due to the elimination of the larger n-butylammonium cation, which is now
dominated by shorter chain groups like the methylammonium cation.

7.6 Conclusion

The fast photonic processing of the IPL enabled the first conversion of a stable 2D
perovskite structure into a 3D structure. This caused an Eg shift from 2.0 eV to 1.6eV and
shows the capabilities of E; tuning enabled by the IPL. While this work is the first
documentation of E; tuning enabled by a photonic effect, it presents a possible inexpensive
manufacturing technique that could use one material to create several different colors for

the future development of pixel-based LED displays.
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CHAPTER 8
CONCLUSION

CdTe thin films grown by low temperature electrodeposition were treated for the
first time with IPL. The low temperature electrodeposition growth resulted in films
consisting of nanoparticles, with reduced melting point temperatures. In combination with
the high temperature rise produced by the pulses of light, the lower melting temperature
resulted in pores/voids being filled as well as enhanced grain growth. As a result, pin-holes
and grain boundary recombination were diminished. Subsequently the fill factors of PV
devices created using this technology are likely to be significantly increased.

The popular CdCl; treatment for CdTe devices successfully improved crystallinity
in the CdTe films with after IPL treatment. At lower energy densities of the IPL treatment,
crystallinity improved, keeping the (111) preferred orientation. Meanwhile, as the energy
increased, the layer became randomly oriented, but crystal grains grew continuously. These
grains were randomly oriented showing all three CdTe peaks with comparable intensities.

Low temperature PL helped reveal the mystery behind the mechanism of the CdCl»
treatment and helped draw the following important conclusions:

(1) All four CdTe layers electroplated using sulfate, nitrate and chloride of cadmium,
precursors exhibited four electron traps (T1, T2, T3 and T4) situated at similar energy

positions.
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(2) After CdCl, treatment, T1, T2 and T3 are completely annealed-out or showed
considerable reduction in concentration. This reduction was a positive effect for device
performance.
(3) CdCl; treatment drastically reduced the mid-gap killer centers situated at the T2 level.
Wide defects distribution (*0.30 eV) reduced to a narrow defect band (*0.09 ¢V) and the
intensity also reduced by considerable amounts. This will have a drastic and positive effect
on improvement of solar cell performance by reducing recombination of photogenerated
charge carriers.
(4) The two defect levels T1 and T2, situated in the mid-gap are closely related to Te-
richness in CdTe layers. The CdCl; treatment converts the Te-richness towards Cd-
richness, reducing precipitated Te, and drastically removing mid-gap defects.
(5) Out of the four CdTe layers studied in this work, the material grown using the CdCl.
precursor seems to produce a better material with a cleaner bandgap. This material is
comparable to bulk CdTe wafers in terms of defect levels.

Photoactive perovskite CH3NH3Pbl; layers were successfully sintered with a novel
IPL treatment with efficiencies exceeding 12%. The processing time was reduced to 2 ms,
which was significantly faster than those from previous reports. Additionally, the average
performance of the IPL-processed samples showed an improvement compared to the hot-
plate-processed samples. The perovskite particles displayed necking and then formed
larger crystal grains after successfully covering the TiO2 mesoporous layer. XRD, UV—Vis,
and PL all verified that the crystal structure was maintained during the morphological

change. This advance creates an exciting new method to quickly create dense layers of
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perovskite, eliminating the rate-limiting annealing step detrimental to industry adoption,
and shows the first known occurrence of sintering in CH3NH3Pbls perovskite particles.
Lastly, the fast photonic processing of the IPL enabled the first conversion of a
stable 2D perovskite structure into a 3D structure. This caused an E; shift from 2.0 eV to
1.6eV and showed the capabilities of E, tuning enabled by the IPL. While this work is the
first documentation of E; tuning enabled by a photonic effect, it presents a possible
inexpensive manufacturing technique that could use one material to create several different

colors for the future development of pixel-based LED displays.
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CHAPTER 9
RECOMMENDATIONS
CdTe:

The IPL process has been used to create CdTe on FTO. However, because of the
lattice mismatch between these two materials, it could only be grown in the nanometer
range and was not conducive to creating high efficiency devices. Future studies could
deposit thicker and higher efficiency CdTe devices by first depositing CdS to eliminate the
lattice mismatch between CdTe and FTO. Another interesting problem that could be solved
by this study is the diffusion of substrate particles into the CdS and CdTe layers. This is
detrimental to device performance and is inherent in the high temperature CSS depositions
used by the industry. Unlike CSS, the IPL is a surface treatment and should be able to avoid
these diffusion problems inherent in CSS techniques.

High heat treatments like CSS are used to create CdTe solar cells in the industry
and inherently produce p-type CdTe. While electrodeposition can grow CdTe n-type or p-
type by adjusting growth voltage, this process is cumbersome and varies depending on the
operator of the electrochemical bath. An opportunity exists to apply a high heat treatment
to the surface of the n-type electrodeposited CdTe thin films using the IPL to change the
surface electrical properties of the CdTe from n-type to p-type to create the graded band
gap architecture shown in chapter 2.

The last recommendation for CdTe solar device research is using the IPL as a

surface doping technique. High efficiency electrodeposited CdTe devices use an
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alloy of copper and gold when making contacts. The copper is used to effectively pin the
fermi level of the CdTe to enhance device performance. Copper needs to be the minority
metal in this alloy, otherwise the CdTe can become overdoped and lose efficiency. The IPL
could be used to study the effects of the diffusion of copper on the electrical properties of
CdTe devices. With its high range of settings, the copper diffusion process could be
optimized and better understood to create higher efficiency devices.

Perovskites:

To date, little research has been accomplished on doping organometal perovskites.
It is understandable as the material is highly temperature sensitive, eliminating most heat
induced doping treatments, and fragile to physical treatments like sputtering. This is why
researchers seldom use sputtering as a method to deposit contacts on PSCs. Because of this
lack of research in doping organometal perovskites, devices have all contained
heterojunctions. Heterojunctions have an unavoidable loss in efficiency from lattice
mismatch, so it would be preferable to create a homojunction PSC. The IPL has shown the
ability to rearrange the atoms within perovskite thin films and future efforts could use the
IPL to dope the material, sparking next generation homojunction PSCs.

Additionally, research attempts have been made to utilize metal-containing
compounds as potential hole transport materials. These attempts used sole-gel reactions,
and or higher temperature sintering to create a uniform layer of the metal-containing
compound. As a result, the metal-containing transport materials must be deposited on the
transparent electrode prior to the perovskite deposition. Although these materials match
the HOMO layer of the PSC with an energy difference of (0.06-0.2 eV), they do not match

the FTO work function as nicely with an energy difference of (0.7-0.9 eV). This represents

145



a bottleneck in hole-transport between the metal-containing compound and the FTO
substrate and will limit efficiencies. A PSC utilizing IPL sintered cuprous oxide as a hole
transport material could be used to create lower cost alternatives to the conventionally used
Spiro-OMeTAD. The use of CuxO would be a breakthrough in perovskite design as it
would replace Spiro-OMeTAD with a material that is close to 1/100 of the cost. Currently
this has not been implemented using scalable wet chemistry in the conventional PSC
architecture due to the porous structure resulting from depositing nanoparticles on the
perovskite material. The particles cannot be sintered using conventional techniques
because of the PSC’s low degradation temperature. A porous hole transport layer is highly
undesirable as it enables the possibility of shorting the metal electrode to the perovskite
contact and disables the efficiency benefits of a hole-transport layer. The IPL could be used
to overcome this limitation by sintering the top layer of cuprous oxide nanoparticles with
short bursts of energy while limiting the heat transfer that would otherwise degrade the

perovskite.
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