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1. Introduction
1.1. Motivation

The ability of our society to progress is predicated by our ability to innovate technologically.
A fundamental pillar of progress is the need to generate energy on larger scales, lower costs, and
with a minimized environmental impact. One potential solution to meet the growing energy
demand of the future is photovoltaics, which utilize abundant solar radiation to convert light
energy to electrical energy, with minimal environmental impact. In order to make photovoltaics a
compelling solution to the energy demands of the future the power-conversion efficiency (PCE)
of solar cells must continue to improve [1], and the cost of production must continue to decrease
across all areas [2]. The trend in higher PCE and lower costs is seen in the, “third generation”, of
solar cells which utilize new materials, novel fabrication techniques, and unique nanostructures
to achieve greater efficiencies and economies. A new class of materials at the forefront of the
third generation of solar cell technology are hybrid perovskites (HPs). A rapid ascent in PCEs
from 3.8% when first implemented in 2009 [3] to 22.7% in 2017 [1] has garnered a great deal of
interest in the increasingly more versatile HP solar cell.

One of the inherent problems of HP solar cells is in the HP material itself, which is
chemically unstable and easily-susceptible to degradation on-set by environmental factors such
as humidity, ultra-violet light, and excess heat. The unstable nature of the HP material has led to
investigations into methods to mitigate or halt degradation of the HP material all-together.
Approaches at staving off degradation often involve either the tailoring of HP chemistry or
through modification of the physical environment of the HP itself. Both approaches seek to
prevent degradation while also maintaining the unique optoelectronic properties of HPs and the

relatively low cost of production involved in fabrication of HP-based devices.



The creation of micro/nanostructured HP/polymer media provides protection to the sensitive HP
material by lending the robust mechanical and hydrophobic properties of polymeric materials to
the low-cost and optoelectronically advantageous HP material. Creation of HP-based composites
and encapsulated micro/nanostructures is a relatively unexplored area of research owing to the
relatively short-time that HP materials have been studied for photovoltaic applications. The
favorable combination of HPs and polymers will not only enable the use of the new materials in

solar cells but will also enable the creation of novel sensors and smart materials.

1.2. Research Objectives

The goal of this research was to develop new synthesis protocols for HPs that effectively
protect the sensitive material from environmental factors. These new protocols involved the
creation of a HP/polystyrene (HP/PS) composite media using solution/melt-compounding
techniques and the fabrication of optically active microfibers utilizing melt and solution
electrospinning (ES) techniques. Resultant composite media and microfibers were then
characterized to elucidate morphological and optoelectronic properties. Finally, the optimized

material was integrated into a device and characterized.



2. Background
2.1. Photoactive Materials
2.1.1. Band Structure and Charge Carrier Generation

Photoactive materials are capable of transduction of light into electrical energy through
use of their electron energy levels. In crystalline materials, electron energy levels combined over
a long-range of repeating crystalline unit cells build up discrete energy bands. The filling and
overlap of the electron energy states determines whether a crystalline material is an insulator,
semiconductor, semimetal or metal [4]. Semiconductor materials are of particular interest in
optoelectronics due to the ability to modulate optical and electrical properties through material
processing techniques. Semiconductor crystalline materials are capable of absorbing light due to
separations in their respective discrete electron energy states known as “band-gaps”. An
incoming photon can be absorbed to promote electrons from the lower discrete electron band or
valence band to a higher energy state in the conduction band. The promotion of an electron also
leaves a vacancy in the valence band known as a hole, this combination of two bound-particles is
known as an electron-hole pairs (EHPS) or excitons. The energy binding the EHP dictates the
behavior of charge carriers in a crystalline material and are often grouped into two categories,

Frenkel excitons and Wannier-Mott excitons, seen in Figure 1.
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Figure 1. Wannier-Mott and Frenkel excitons overlayed on lattice structures typical of the materials in which
they are commonly found. Wannier excitons typically demonstrate a much larger distance between the
positively and negatively charged particle, whereas Frenkel excitons demonstrate a higher energy and small
radius exciton. Adapted from [5].

Frenkel excitons are observed in organic semiconductor materials and are known as small-radius
exciton, whereas Wannier-Mott excitons are known as large-radius excitons and are typically
observed in inorganic semiconductors. The radius of these excitons can be seen in Figure 1, the
large radius excitons.

The exciton binding energy, or the energy that binds an electron to its hole counterpart,
dictates the nature of charge generation in photoactive materials and devices. In the case where
the exciton binding energy is high, seen in organic semiconductors and quantum dots, the exciton
must diffuse through the photoactive material [6] to an interface where excitons can dissociate
and electrons can be successfully extracted from the material. The diffusion length before
exciton recombination becomes an issue when considering the design of opto-electronic devices,
particularly in the maximum thickness of the photon-absorbing layer. In the case where the

exciton binding energy is low, seen in most inorganics semiconductors, the exciton can



dissociate spontaneously given that the available free energy is greater than the exciton binding

energy; at room temperature the free energy term is near 25 meV.

2.2. Hybrid Perovskites
2.2.1. Structure

Before it was used to describe a typical crystal structure the word perovskite was specific
to a mineral, calcium titanate (CaTiO3), first discovered in the Ural mountains of Russia in 18309.
Currently, the term perovskite describes a crystal structure with the form ABXs, seen in Figure 2
below. Typical A and B sites in the crystal structure are smaller metal cations that are charge
balanced with the X site anions. It was not until 1892 that cesium lead halide perovskites
(CsPbX3) were discovered [7] and not until 1978 that hybrid organic-inorganic

methylammonium lead halide perovskites (CH3NH3PbX3) were first synthesized [8].

Figure 2. General perovskite crystal structure of chemical make-up ABXs where the red circles are the A-
sites, the green circle is the B-site, and the blue circles are the X-sites. In HPs the lead halide octahedra are
stabilized by the organic cation at the A-site.



2.2.2. Utilization in Photovoltaics

HPs first saw utilization in photovoltaics as a sensitizer in dye-sensitized solar cells
(DSSC) in 2009 [3] by Miyaska et al. In the DSSC the HPs were present in the form of
nanoparticles. These initial DSSC designs yielded PCEs of 3.1% for the bromide HP and 3.8%
for the iodide HP; however, the device lifetime was an issue as the electrolyte solution in the
DSSC degraded the HP materials.

Three years after the initial use as a sensitizing material in DSSC designs a solid-state
solar cell utilizing HP as the photon absorbing material was investigated and demonstrated a
PCE of 9% [9]. At nearly the same time Snaith et al. were building a similar solid-state cell [10]
with one principal difference: they didn’t utilize a nanoporous n-type conducting oxide (TiOz)
for photoelectron injection. Instead, a mesoporous non-conducting oxide (Al.O3) was used as a
scaffolding, and EHPs are conducted to an interface for extraction and demonstrated PCEs of
10.9%. Since 2012 the PCEs of HP based solar cells has been steadily climbing to the current

value of 22.7% [1].

2.2.3. Optoelectronic Properties
2.2.3.1. Optical Absorbance

The optical absorbance of the photoactive layer along with the charge carrier diffusion
length dictate the boundary conditions for the thickness of the layer in a device stack.
Absorbance of a material is a function of the imaginary component of its dielectric constant

described by equation 1.
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Equation 1. Absorbance of a material [11].



where « is the absorbance of the material, k is the extinction coefficient, 4 is the wavelength of
light passing through the material, and & is the imaginary component of the dielectric constant.
Absorbance values are typically reported for the characteristic penetration depth; the depth into
the material at which point 37% of the total incident light has been absorbed. Higher values of

absorbance allow much thinner layers to be utilized for photon capture and conversion.

The optical absorbance in HPs is comparable to that of the widely used I11-V
semiconductors [12], [13]. A direct comparison was done by Ziang et al. seen in Figure 3.
Currently, the record efficiency of a single junction solar cell is held by a GaAs cell with a PCE
of 28.8% [1]. GaAs cells are able to utilize a greater deal of the NIR spectrum, as seen in Figure
3; however, the characteristic shape of the absorbance spectra clearly matches that of
CH3sNHz3Pblz HP material, albeit slightly red-shifted. The decreased performance of the HP in
this case is more than made for in the cost of producing GaAs solar cells, as compared to cost

associated with manufacturing HP cells [14].
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Figure 3 Optical absorbance as a function of wavelength for methylammonium lead iodide perovskite and

other commonly used photovoltaic semiconductor materials. The optical absorbance of HPs is on par with the
absorbance of Si and GaAs semiconductors typically used in solar cells. Adapted from [15].

When comparing HP solar cells to the silicon based cells (c-Si, crystalline silicon and a-Si,
amorphous silicon), it can be seen that the HP material already outperforms both the c-Si and a-
Si in terms of its absorbance. The improved performance is also reflected in the PCEs of the cells

with a-Si, ¢-Si, and HP having values of 14.0%, 25.8%, 22.7%, respectively [1].

2.2.3.2. Charge Carrier Dynamics

HPs have unique charge carrier dynamics due to their hybrid nature. In typical inorganic
semiconductors charge carriers behave as free, weakly bound, charges moving through the
crystalline lattice of the material [16]. Both holes and electrons have independent values
describing their ability to move through the crystalline lattice known as mobility. See Table 1 for

examples of electron/hole mobility. In photoactive devices the mobilities of holes and electrons



are related to the thickness of respectively charge transport layers, which typically share an

interface with the photoactive layer in device stacks.

Table I. Electron and hole mobility for photoactive semiconductors

Material Electron Mobility (cm%V-s) Hole Mobility (cm?%V-s)

Si [4] 1350 480
Ge [4] 3600 1800
GaAs [4] 8000 300
CHsNHsPbls [17] 24.8 164

The electron and hole mobility of HP as seen in Table Il are relatively low when compared to the
mobilities of other common photoactive semiconductors. However, again as in the case with the
optical absorbance, the low cost associated with the fabrication of HP materials [14] allows the
diminished performance to be made up in cost of production.

A fundamental issue in the consideration for the design of any photoactive device is the
length over which a charge carrier can diffuse prior to recombination and the relative density of
trap-states in the materials that capture charge carriers and prohibit extraction. HPs have charge
carrier diffusion lengths on the order of 1-10 um under normal solar irradiation [18], and
combined with high absorbance in the visible spectrum, allow for optically thick (~100 nm)
films of HP materials to be utilized in solar cells enabling the rapid climb in PCEs seen in HP

based solar cells.

2.2.3.3. Tuning the Band Gap

The band gap of a photoactive material dictates the operational wavelength range of
devices fabricated from aforementioned materials; band gaps of common semiconductors can be

seen in Table Il. In the case of photovoltaics, the band gap is directly related to the theoretical



10

Table II. Intrinsic band gap values for commonly used semiconductors and HPs

Material Band Gap at 300 K (eV)

Si [4] 1.11
Ge [4] 0.66
GaAs [4] 1.43
InP [4] 1.27
CHsNHsPbl3[19] 1.55
CHsNH;sPbBr; [19] 2.3
CH3NH3Snl3[19] 1.1

maximum efficiency of the cell through the ‘Shockley-Queisser limit’[20], which predicts that
the maximum efficiency for a single p-n junction to be ~30% at 1.34 eV [21]. In order to achieve
this value the semiconductors, seen in Table 2, are often doped to create donor and acceptor
states in the forbidden region of the electronic band structure [4] reducing the band gap value in
the semiconductor. Doping can be done in several ways but always involves extra pretreatment
steps of the semiconductor material [22], often after extensive purification processes, incurring
additional costs to any material/device fabricated from these semiconductor materials.
Modification of the HP band gap is a much more facile process, involving simply altering the
ratio of the halides [23], [24], or metal [25] in the precursor solution prior to crystallization of the
HP material. Altering the ratio of halides effectively allows the HP material to have a band gap at
any point between the two pure halide HPs, as seen in Figure 4. The degree to which the band
gap of HPs can be tuned makes them ideal candidates the photoactive component in solar cells

[26]-[29], photodetectors [30]-[32], and light-emitting diodes [33]-[35].
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sweeps due to the ability of the material to hold charge. However, after loading the composite to
75 wt%, the percolation threshold for electrical conduction was reached, and the composite
began to demonstrate resistive-like ohmic behavior. The linear portions of the IV sweeps for the
lower weight loadings (10 wt% - 70 wt%) were used to calculate the respective resistance values
for those loadings for resistivity calculations. Resistivity of the composite samples was

calculated using equation 7.

R

_A
P=7

Equation 6. Resistivity is calculated from the area (A) and thickness (t) measured from the composite
samples, and the resistance (R) was determined from the 1V sweeps.

The conductivity value was then easily calculated as the inverse of the resistivity and plotted
against the weight loading in Figure 55. Conductivity of the 75 wt% composite material was
calculated to be 9.23-1012 S/cm compared to the literature value for polycrystalline CHsNH3Pbls
of 2.63-10° S/cm [99]. A four order of magnitude decrease in the conductivity of the filler phase
IS expected as the properties of the neat filler material are never observed in the composite. The
lack of ability of the composite to achieve similar conductive behavior as the filler on its own is
due to the polymer material forming a nanometer thick barrier on the external surfaces of the

filler phase material.
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Figure 57. HP precursors (top), polystyrene feedstock (bottom, left), and the simple mixture (bottom, right) of
all three into the melt ES feedstock material. From Murphy et al. [100]

In order to determine the behavior of the components of the melt ES feedstock in the melt
chamber, thermogravimetric analysis (TGA) was conducted to determine when each component
would decompose/sublimate. TGA analysis of the components can be seen in Figure 58. The
methylammonium iodide component of the composite feedstock was expected to undergo

sublimation at the lowest temperature as predicted by literature [39].
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Figure 58. Thermogravimetric analysis of the components of the melt ES feedstock. The methylammonium iodide components begins to undergo mass
loss at the lowest temperature of the three components at approximately 230 °C.
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While the methylammonium iodide component may sublimate, reaction with Pbl> precursor
crystallites is not precluded, as the melt chamber is sealed at both ends when at temperature. The
needle is sealed with the melted polymer, and the feed port is sealed by the piston.

Microfibers were produced by heating the melt chamber to approximately 200 °C. The
temperature is approximate as the readings are collected from the external surfaces of the heating
tape used as the heat source in the melt electrospinner. It is entirely possible that temperatures in
the melt chamber itself were in excess of the 200 °C during the fabrication of microfibers.
Typical electric field strength used to electrostatic draw down the polymer melt was 4.5 kV/cm.
A fiber mat produced during the melt ES process can be seen in the optical micrograph in Figure

59.
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Figure 59. Optical micrograph of microfibers produced during the melt ES process. Fibers are uniform in
diameter with minimal breaks or beading indicating a successful melt ES process.
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Fibers collected from melt ES were investigated to determine if HP was successfully synthesized
in situ in the melt electrospinner. In addition to the HP melt compounded fibers, two separate
sets of fibers were melt ES to determine the effect, if any, the precursors have on the morphology

of fibers. SEM and EDS analysis were done on these fibers, as shown in Figure 60.

Element Wit% Element | Wt% At% Element Wt%
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Figure 60. Electron micrographs of melt electrospun fibers with accompanying elemental analysis data. The
methylammonium iodide (left) fibers demonstrated irregular morphologies and the precursor phase
separated from the polystyrene. The Pbl: embedded in the fibers (center) and typically produced larger
fibers with somewhat regular morphology. The HP material found in the fibers (right) demonstrated
circular/spherical morphologies and were typically found in smaller diameter fibers. Adapted from Murphy
et al. [100].

The success of the synthesis technique was further verified through XRD analysis to determine
qualitatively the relative amounts of precursor chemicals and HP crystallites, as seen in Figure
61. Peaks in the PS-OHP sample in the diffractogram data verify the presence of the tetragonal

phase of CH3NH3zPbls HP [101].
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Figure 61. X-ray diffractograms of the three components of the melt ES feedstock (PS, MAI, Pbl2) and the melt electrospun fiber sample (PS-OHP).
Peaks in the composite fibers demonstrate that HP material was successfully synthesized. From Murphy et al. [100].
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Elemental and crystalline phase analysis demonstrated that the synthesis of HP/PS composite
microfibers was successful. However, as with the melt compounding, issues existed with the
agglomeration of Pbl; crystallites, not only in fully reaction of the Pbl, as was the issue in the
melt compounding process but also in interrupting the ES process. In the melt ES process, the
polymer melt is extruded from the melt chamber through a small needle known as the spinneret.
The extruded polymer forms a small bead at the head of the spinneret. When exposed to the high
strength electric field, the bead deforms, and a small jet of polymer melt is emitted from the
bead. The jet is emitted in order to increase the surface area and thereby decrease the surface
charge density on the polymer melt. Emission of the polymer jet from the bead is a continuous
process once established, provided the flow rate of polymer melt to the bead is equal to the flow
out due to the polymer jet. However, large particles extruded into the bead move towards the jet
and interrupt the electrostatic elongation process as they cannot easily increase surface area to
decrease the surface charge density. The charged particle is then drawn directly to the counter
electrode interrupting the ES process. In the best case the particle is trapped in the fiber and only

effects the localized diameter of the fiber, as seen in Figure 62.

Figure 62. Pbl2 embedded in a melt electrospun polystyrene fiber. The crystallite has a localized effect on the
fiber diameter but was not large enough to interrupt the melt ES process. From Murphy et al. [100].
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The issue of the Pbl> crystallite size in the melt ES set-up is not as easily mitigated as it was in
the case of the solution compounding. When the melt chamber is brought up to temperature, the
Pbl, agglomerates regardless of the pretreatment of the Pbl. precursor prior to loading.
Interestingly, the conversion of the Pblz to HP material in the melt electrospinner was more
efficient at producing HP crystallites with little Pbl> impurities, as seen in Figures 60 and 61. It
was hypothesized that greater diffusion efficiency was due to the sublimation and degradation of
the methylammonium iodide precursor material in the melt chamber. One of the degradation
products was methylamine, which acts as a flux to convert solid HP materials into liquid HP.
Liquid HP would have greater mobility in the polymer melt and would result in the creation of
spherical particles when emitted from the polymer bead on the spinneret. Spherical particles
were observed throughout the melt ES fiber as EDS analysis was being conducted. Two

examples can be seen in Figure 63.

Figure 63. Spherical HP particles observed throughout electrospun fibers. The spherical shape is explained
by the liquid HP material being emitted from the spinneret and solidifying in situ. From Murphy et al. [100].

The spherical HP material seen in Figure 63 is explained by the liquid HP material assuming the

lowest energy shape in the polymer melt prior to removal of the methylamine gas and
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solidification. There was a possibility of the spherical particles being an imaging artifact of the
SEMs as a consequence of the backscattered electrons dispersing in the polymer matrix material
prior to collection at the detector. In order to verify the presence of the spherical HP particles, the
electrospun fiber mat was dissolved in toluene, which should solvate only the polymer and leave
any remaining solids in the fiber intact. The solution was then centrifuged and washed three
times with toluene to remove the PS from the solution. Solids collected were then characterized

using SEM, as seen in Figure 64.

Figure 64. Electron micrograph of the solids from melt electrospun HP/polystyrene composite fibers. Arrows
indicate locations of spherical HP particles.

Unfortunately, the fiber mats also contained portions of material that was not electrospun and

instead simply extruded onto the collection electrode. For example, the large particle the



