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Molecular Dynamics and Sensing with Low-Cost
Organic-Inorganic Nanostructures

Rachel Elizabeth Brophy

21 November 2024
Abstract

The organic-inorganic methylammonium lead iodide (MAPI) perovskite has
become a prominent research topic as a low-cost solution for solar cell technol-
ogy. However, this material has yet to be commercialized due to its limiting factor
of a high degradation rate. One major cause of this degradation is ionic migration.
In the first part of this thesis, the migration process is simulated using molecular
dynamics. We find that the dominant diffusion corresponds to the migration of io-
dide vacancies. Our simulations indicate two ways to reduce the degradation rate
of the MAPI perovskite due to this migration. The first is adding a compressive
strain, which we prove causes the diffusion coefficient to decrease significantly.
The second is adding a hydroxyl group (OH-) into the crystal structure, which re-
places the iodide vacancy and stops the migration. Each mediating factor is tested
on a perfect crystal structure and a grain boundary-infused structure.

Combining the MAPI material with silicon nanowires (SINWs) prepared at our
Nanophysics Center at Reykjavik University is an attempt to stabilize the MAPI
material and boost the photovoltaic effect experimentally. This thesis demon-
strates an excellent physical matching of such a hybrid structure. However, during
this research, we found that the behavior of the silicon nanowires is more complex
than expected. The second part of the thesis is dedicated to that, specifically to the
detection of organic molecules with silicon nanowires.

SiNWs contain unique and versatile capabilities mainly due to their large surface-
to-volume ratio and high sensitivity of current-voltage characteristics. These wires
can enhance performance and miniaturization in various fields, ranging from only
a few tens of nanometers in diameter. Using a form of wet chemistry, so-called
metal-assisted chemical etching (MACE) process, allows for low-cost and highly
repeatable fabrication of SINWs. In the utilization of this structure, we were able to
create an ultra-sensitive NO, gas sensor. Unlike many commercially available gas
sensors, our SINW-based sensors can operate under high relative humidity con-
centrations and can experimentally detect 20 parts per billion of NO, gas through
chemisorption.
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Chapter 1

Photovoltaic Effects and Solar Cells

The photovoltaic (PV) effect refers to the generation of an electric voltage between
two electrodes attached to a material when exposed to light. In cases where the
light source is sunlight, such photovoltaic devices are usually referred to as solar
cells. The first photovoltaic device was developed in 1839 by Edmond Becquerel,
who observed the effect during electrolysis experiments. While understanding this
effect was limited then, Becquerel’s discovery marked the beginning of solar cell
technology. It took, however, several decades before converting sunlight into elec-
tricity became a well-defined field of research. The use of solar cells as a com-
munity energy source did not emerge until the 1970s, and even then, they were
primarily limited to emergency power and off-grid applications.

By 2000, research into solar cell technology had significantly advanced, and
solar cells began seeing broader commercialized applications. Today, they are pri-
marily used to offset grid energy demands during peak hours and offer an alterna-
tive to fossil fuels.

Silicon-based solar cells represent the majority of solar cells on the market to-
day. This is due to their high stability, the abundance of silicon in nature, and
their non-toxicity. However, silicon-based solar cells are costly, and their average
efficiency is still below 20%. Although this number has constantly been rising, it
is foreseen that it is reaching its theoretical limit, which is somewhere below 30%
[1].

Due to this, other types of solar cells that are not silicon-based have been gain-
ing in popularity over the last decade. This thesis discusses the fabrication and
characterization of a new and emerging type of solar cell, the so-called perovskite
solar cell, which is not based on silicon. This can be seen through the yellow
dots in Figure 1.1. Over the past decade, the efficiency of the perovskite solar cell
has increased from 12% to 25% efficiency, making them one of the fastest-growing
photovoltaic in terms of efficiency. Additionally, perovskite-based solar cells are
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cost-effective and have a relatively simple manufacturing process. Despite these
advantages, the perovskite material degrades over time under operational condi-
tions, making it unsuitable for commercialization.

This research aims to investigate iodine migration through defects in the per-
ovskite material and develop strategies to suppress or reduce this degradation pro-
cess.

Best Research-Cell Efficiencies LINREL
52

s . o
e foke FGISSAYOLE

Cell Efficiency (%)

Lo o™ v v v e e L L v e
75 7960 7985 7990 7995 2000 205 210 275 220 255

Figure 1.1: Graphical representation of the efficiency growth rates over time for
all types of solar cells [2].

1.1 Working Principle of Solar Cells

As mentioned above, the photovoltaic effect enables the conversion of light into
electricity. Within a semiconductor, typically of insulator type, is a valence and
conduction band. The valence band refers to the outer layer of the atomic shell,
implying that the electrons are loosely bound to their core [3]. Meanwhile, the
conduction band has unoccupied states in which the electrons from the valence
band can excite to. For the electron to enter into the conduction band it must have
the minimum energy required to pass through the bandgap. The bandgap can be
visualized as the distance between the two bands, as seen in Figure 1.2. In the case
of silicon, the bandgap is typically between 1.1-1.4 eVs. [3]

Once the electrons have enough energy to pass through the bandgap they are
dislocated from their atomic orbital, creating a vacancy, or “hole” in the electron’s
original position. The combination of a free electron and its corresponding hole is
referred to as an exciton [4]. Since an electron carries a negative electric charge,
the hole it leaves behind is positively charged. Under typical conditions, the elec-
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Figure 1.2: Schematic of the variation in bandgaps sizes for metal, semiconductor,
and insulator materials.

tron and hole will recombine, preventing the accumulation of electrical charge.
However, an electric current may form when the electron and hole are kept apart
preventing recombination. Once separated, the electron moves toward the posi-
tive electrode and the hole toward the negative electrode, generating an electric
current in the external circuit [5].

In most solar cell materials, this separation does not occur spontaneously. To
facilitate the generation of electric current, at least two layers of materials must be
put together. These layers may form a junction or a multi-junction, directing the
electron and the hole toward their respective electrodes. In the following section,
the process occurring at the junctions and the junction types will be discussed.

1.1.1 Potential Bias

Junctions create a potential difference within the solar cell material. As the elec-
tron is released, it passes through the potential difference forming a photo-excited
electrical current. The current can then be harnessed through an external circuit
[4].

The most common type of solar cell material is a silicon-based semiconducting
material. For clarity, this section will focus solely on the junction properties of
solar cells based on this semiconductor. However, it is essential to note that other
semiconductor materials also use junctions to fabricate solar cells.

Two primary models are used to describe the electrical properties of silicon-
based semiconductors: the band and bond models.

The bond model explains the behavior of semiconductors through covalent
bonds holding the silicon atoms together [4]. This process can be visualized as a
domino effect; when one electron fills a hole, another hole is generated and this
cycle continues allowing the hole to travel through the material until it reaches
the negatively charged electrode.
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Figure 1.3: Schematic of the p-n junction, showing the vacancy (hole) abundance
in the p-type semiconductor and the increase of electrons in the n-type semicon-
ductor [6].

Conversely, the band model describes the silicon’s behavior by referring to en-
ergy levels between the valence and conduction bands. When the semiconducting
material absorbs a photon with sufficient energy, an electron is excited, breaking
free from the covalent bonds. The electron then "jumps” to the conduction band,
where it is free to move and conduct a current. The remaining hole stays in the va-
lence band where it can move in the opposite direction [4], pushed by the electric
field associated with the potential bias.

The most common type of junction used in solar cells is the p-n junction,
shown in Figure:1.3. The junction is created through a process called doping,
where several atoms are substituted within the silicon crystal lattice to transform
it into either p-type (positive) or n-type (negative) material. For example, silicon
can be doped with boron to produce p-type silicon. Doping, therefore, alters the
energy states within the material. In p-doped silicon the impurities create states in
the energy gap, close to the valence band, where some electrons taken from silicon
atoms are blocked, resulting in the formation of holes in the valence band that can
move freely. [4]. Similarly, in the n-doped material the electron donor impurities
cause a population of electrons in the conduction band [4].

When the p- and n-type materials form a junction, the electron and holes mi-
grate across the junction, forming an electric field. Atequilibrium, the Fermi levels
of the p-type and n-type materials align. In the presence of an external voltage, this
electric field at the junction will either decrease (forward bias) or increase (reverse
bias) depending on the direction of the applied voltage [3].
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1.2 Types of Solar Cells

Solar cells available on the market today can be broadly categorized into five main
types: crystalline silicon cells, multi-junction cells, thin-film technologies, emerg-
ing PVs, such as the perovskite solar cells, and hybrid tandem cells [2]. Each
category includes a variety of subtypes, which may differ in terms of the semi-
conductor materials or cell configuration. A fundamental understanding of these
categories is essential for a comprehensive understanding of solar cell technology.
The following sections will discuss each category’s most commonly used solar cell

types.

1.2.1 Generation I
Crystalline Solar Cells

As previously mentioned, silicon is the most widely used semiconductor ma-
terial in solar cells due to its reliability, abundance in nature, and predictable be-
havior [4]. Silicon is typically found in either mono-crystalline or poly-crystalline
form. Mono-crystalline silicon has a uniform crystal structure resulting in higher-
quality wafers and lower degradation rates. However, producing pure silicon can
be costly and slows down the manufacturing process [4]. A more economical al-
ternative is poly-crystalline silicon, which contains structural defects in the form
of grain boundaries [7]. Although this leads to a lower-quality wafer, it does not
highly affect the solar cell’s overall efficiency.

The average efficiency of crystalline solar cells experimentally is 16%, though
theoretical studies have indicated that the efficiency could reach 29%. The gap
between experimental and theoretical efficiency is primarily due to bandgap lim-
itations, optical factors, recombination, and electrical resistance losses [3].

The most straightforward design for crystalline solar cells, shown in Figure:1.4,
is the single-junction cell. It comprises a p-n junction formed by sandwiching p-
type and n-type silicon with an anti-reflective coating on the top [4]. This coating
enhances light absorption, increasing the overall energy output. Electrical con-
tacts are placed on the front and back of the cell to complete the circuit.

1.2.2 Generation II
Multi-Junction Solar Cells

Multi-junction solar cells consist of stacking three to five semiconductor junc-
tions in series [9]. This configuration enables the absorption of a broader range
of the solar spectrum, with the bandgap energies increasing from the bottom to
the top of the stack [10]. Light enters through the top layer where the semicon-
ducting material with the highest bandgap absorbs photons with energies equal
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Figure 1.4: Schematic a of single Junction crystalline solar cell[8].

to or greater than its bandgap. Photons with lower energies pass through to the
next layer where a material with a lower bandgap absorbs them [9]. This process
continues through each layer until the last junction is reached.

A tunneling junction is located between each semiconductor material allowing
the electrons of the lower energy conduction band to recombine with the holes
from the higher energy valence band. This enhances the photon absorption and
reduces energy loss [9].

Multi-junction solar cells typically use III-V semiconductor materials. An ex-
ample of a three-junction cell is shown in Figure 1.5, where germanium (Ge),
indium gallium arsenide (Ga(In)As, and indium gallium phosphide (GalInP) are
stacked from bottom to top with tunneling junctions between the layers [11]. The
bandgaps for these materials are 0.67, 1.42, and 1.81 eV, respectively [11].

Multijunction solar cells’ efficiency is higher than conventional crystalline so-
lar cells, with average efficiencies around 30%, and theoretically potentials exceed-
ing 60% [9]. However, they are expensive and labor-intensive due to the complex
material and fabrication processes involved.

1.2.3 Generation III
Thin-Film Solar Cells

Although silicon solar cells dominate the commercial market the wafers neces-
sary for their production are expensive and not accessible in all regions. To address
these limitations thin-film solar cell technology was developed. According to M.A.
Green, thin-film solar cells can be broadly categorized into two types: those based
on silicon and those based on polycrystalline chalcogenide (VI) semiconducting
compounds [12].
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Figure 1.5: Schematic of a multi-junction solar cell containing three cells [11].

Silicon-based thin-film technology involves amorphous or non-crystalline sil-
icon material. This silicon structure allows the material to be deposited at low
temperatures allowing for the introductiob of atomic hydrogen. The addition of
atomic hydrogen can significantly increase the quality of the material [12]. Since
amorphous silicon is not highly conductive it is typically deposited on conductive
glass; either indium tin oxide (ITO) or fluorine-doped tin oxide (FTO). Like crys-
talline silicon solar cells, they can be single or multijunction but have a decreased
efficiency of roughly 7% experimentally. A depiction of amorphous silicon multi-
junction thin-film cells can be seen in Figure 1.6

Chalcogenide-based thin-film cells are typically made from cadmium telluride
(CdTe) or copper-indium diselenide (CIS) [12]. As illustrated in Figure 1.7, CdTe
thin-film cells are fabricated by first depositing cadmium sulfide onto an ITO glass
substrate, followed by the deposition of CdTe using methods such as close-space
sublimation, vapor transport, chemical spraying, or electroplating [12]. CIS thin-
film cells, in contrast, require a more complex deposition process where the ma-
terial is sandwiched between two interconnected glass substrates. The efficiency
of the CIS thin-film cell is 19.5 % experimentally [12].

While CdTe and CIS thin-films promise higher efficiency, the dangers associ-
ated with using cadmium, which is a toxic material, reduces their potential for
large-scale production.
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Figure 1.6: Schematic of amorphous silicon thin-film solar cell [13].
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Figure 1.7: Schematic of a Single junction CdTe thin-film cell [12].

Emerging PVs

One of the most promising emerging PVs is the organic-inorganic perovskite
solar cell. The halide perovskite solar cell was developed in 2009 by Tsutomu
Miyasaka [14], achieving an initial efficiency of 3.1-3.8%. Over the past decade,
the efficiency of this cell has almost doubled making it one of the fastest efficiency
improvements among solar cell technology. The unique properties of perovskite
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Solar Cell Type Cost Efficiency Lifetime Advantages Disadvantages
(USD/Watt) (%) (Years)

Mono- $0.65 15-24 25-30 Best efficiency High cost
crystalline and lifetime
Silicon
Poly-crystalline $0.45 13-16 25 Lower price Decreasein
Silicon while still efficiency and
maintaining lifetime
high lifetime
Multi-Junction $8.24 33 25 Highest Highest cost
efficiency and complex
manufacturing
process
Thin-film $0.33 7-18 20 Lowest cost Decreasein
efficiency and
lifetime
Perovskite $0.41 23.3 1 Lowest costfor Degradationin
highest lifetime makes
efficiency it unavailable

for
commercializat
ion

Figure 1.8: Comparison of the types of solar cell showing the price/Watt, effi-
ciency, lifetime, advantages, and disadvantages[15]-[20].

materials enable it to convert sunlight into energy within its natural properties
without doping mechanisms or additives. This feature, combined with its rela-
tively simple fabrication process, significantly reduces manufacturing costs.

In addition to the standard perovskite solar cell, recent studies have indicated
that creating a perovskite/silicon-based solar cell may enhance the perovskite ma-
terial’s stability and increase efficiency. Further information regarding this het-
erojunction can be found in Chapter 7.0.1

The perovskite material was chosen as the primary focus of this dissertation
due to its unique characteristics and rapid growth of solar cell efficiency. Figure
1.8 shows a summary of the types of solar cells listed above, detailing the manufac-
turing costs, efficiency, lifetime, advantages, and disadvantages. By directly com-
paring the manufacturing cost with the efficiency, the perovskite-based solar cell
offers the cheapest cost while maintaining one of the highest efficiency. However,
while analyzing the lifetime, the average is only one year. This severely limits the
viability of the perovskite-based solar cell in becoming commercially attractive.

By understanding the major causes of degradation within the perovskite ma-
terial, it may be possible to offer solutions to mitigate or suppress the degradation.
Finding a solution to this issue could make it possible for the perovskite-based
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solar cell to be a lower-cost alternative to the mono-crystalline solar cell.



Chapter 2

Perovskite Solar Cells

Perovskite Structure

A perovskite is defined as a material of type ABX;, where A, B, and X are dif-
ferent atoms or molecules. The main configuration of the perovskite material can
be visualized as a cube, with the A atoms located at the center, the B atom on the
corners, and an X atom in the middle of the edges [21].

Various perovskite materials can be used in photovoltaic applications such as
CaTiOs;, BaPbl;, CsPbBr;, MAPbI;, or BaPbl;. Some perovskites are ferroelectric,
meaning they possess an intrinsic electric field [22]. This arises from a slight tilt
or deformity in the cubic lattice. This may cause a mismatch between the positive
and negative charges at the center resulting in an electric dipole within the unit
cell [21].

A large part of this thesis is based on the specific perovskite material methy-
lammonium lead iodide (MAPI), or CH;NH;Pbl;. In this case, the A, B, and X
components correspond to the organic cation molecule methylammonium (MA),
the inorganic cation lead (Pb), and the halogen anion iodide (I), respectively. Struc-
turally, the Pb and I atoms form a rigid lattice or cage, with the MA molecule in
continuous rotation at the center. A representation of this crystal structure was
created using LAMMPS software, as shown in Figure 2.1

In some conditions, MAPI behaves like a ferroelectric material, although not a
strong one [23]. However, the key aspect of the photovoltaic effect in MAPI is the
electric dipole of the MA molecule. In the MAPI perovskite material, the dipole
is critical in converting light into electricity. When a photon enters the material,
it generates an exciton. The continuous rotation of the MA molecules maintains
an internal electric field which keeps the electron-hole pair separated and directs
them toward their respective electrodes. [21].

Previous density functional theory (DFT) studies have shown that the methy-
lammonia molecules within the PbI cage prefer a facial orientation when temper-



14 CHAPTER 2. PEROVSKITE SOLAR CELLS

Figure 2.1: Visualization using the OVITO software of the perfect MAPI perovskite
structure. The red spheres denote the Pb atoms, and the I— atoms are the blue
spheres. The MA molecule is shown through its bonds. The overall slightly tilted
orthorhombic structure occurs at 300K.

ature is not considered [21]. However, the structure of the perovskite material is
highly temperature-dependent.

At low temperatures (<165 K), the material adopts an orthorhombic phase
with all three sides of the unit cell slightly different in length. As the temperature
increases to 375 K, the structure transitions into a tetragonal phase where two of
the sides become equal, and the third at a slight angle. The cations are no longer
fixed in this phase and the cation molecules occupy two non-equivalent positions
[21]. Above 375 K, the material transitions into a cubic structure where all sides
of the unit cell are equal.

The operational structure of perovskite materials occurs between 165 K and
375 K, with molecular dynamics (MD) simulations typically performed around
300K to ensure that the cation molecules remain mobile. It has been observed
that temperatures above room temperature may lower the system’s total energy
and increase structural distortions by reducing the molecular dipole. The dipoles
are generated through the rotational mobility of the MA molecules which involves
the twisting of the head and tail groups [21]. This rotational movement induces
slight distortions in the Pb-I bonds, thus generating the dipole [21].
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2.1 Degradation

Degradation can be explained by the slow breakdown of the solar cell. This may
result in a decreased efficiency over time or in some cases, the cell stops working
completely. In most commercialized silicon-based solar cells, degradation occurs
over ten years dropping to 90% maximum power and 80% after 25 years [24]. How-
ever, it is essential to note that the silicon material may not be the leading cause
of degradation. The other components of the solar cell added during installation
pose the highest threat to an increase in degradation. This may include the junc-
tion box, the adhesion of the layers, and broken glass [24]. Most often, moisture
penetration into the PV module leads to the corrosion of the junction box’s metal
components, resulting in detrimental effects on the electrical conductivity [24]. In
addition, high humidity areas may cause adhesion between the layers of the solar
cell, which may lead to an increase in light reflection and swelling of the cells [24].

When speaking specifically about silicon, light-induced degradation proves to
be the primary influence in degradation. Light-induced degradation can be seen
as a decrease in the short circuit current and open circuit voltage [25]. It is sus-
pected that an increase in the minority carrier concentrations causes the degra-
dation, specifically in boron-doped silicon [25]. Lindroos et al., also suggest a re-
lationship between increased temperatures (>300 K) and an increase in the mi-
nority concentrations [25]. In further support of this relationship, another study
conducted tests of light-induced degradation at elevated temperatures (50 °C and
95 °C) [26]. This study concluded that both high injection densities and elevated
temperatures accelerate degradation in silicon-based solar cells [26]. However, it
should be noted that this degradation is slow, and detrimental effects do not occur
until several hundred hours under constant light and elevated temperatures [26].
In addition, after maximum degradation is reached, a regeneration effect is shown
in some cases. However, there are limited results on this effect since the timescale
of this response is over the warranted study time [26].

Overall, the degradation patterns regarding the solar cells outlined above take
10-20 years to reduce the cell to be nonviable. Elevated temperatures and an in-
crease in minority carrier concentration may accelerate this degradation; however,
when computing the cell’s lifetime, these effects are considered.

2.1.1 Degradation in MAPI Perovskite

As mentioned earlier, although perovskite materials present a low-cost solution
for manufacturing solar cells, they have not yet reached commercialization due to
their high degradation rate and short shelf life. The primary factors contributing
to this instability are moisture and humidity, temperature, hysteresis, and solution
processing [27].
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Later sections of this thesis will provide detailed explanations of the steps in-
volved in fabricating perovskite materials and complete perovskite solar cells. How-
ever, for this section it is vital to highlight the precursor materials used to better
understand the chemical breakdown that leads to degradation. The key precursors
are methylammonium iodide (MAI) powder and lead iodide (Pbl,) beads. These
are dissolved in a solvent mixture of dimethyl sulfoxide (DMSO) and dimethyl-
formamide (DMF), and chlorobenzene is used as an antisolvent during the final
fabrication stage.

Effects of Moisture and Humidity

Aswater molecules infiltrate the perovskite material they act as a catalyst, trig-
gering the chemical structure’s breakdown and reverting the material to its precur-
sor material. Specifically, the Pb atoms typically bond together break their initial
bonds and, instead, bond to two I atoms leaving the third I atom to bond with a hy-
drogen atom. This results in the reformation of PbI,. This reaction significantly
reduces the material’s light-absorbing layer and shifts the band edge over time,
contributing to the degradation of the perovskite material [27].

Additionally, MD simulations have shown that water molecules can fully dis-
perse within the perovskite material due to polarization [28]. However, this dis-
persion is not the primary cause of degradation. Instead, the water molecules in-
terfere with the bonding between MA and I” ions, leading to the formation of
ammonia (NH;) and hydroxide (OH ) [29]. These chemical reactions further ac-
celerate the degradation of the perovskite solar cells.

Effects of Temperature

As previously discussed, the perovskite materials are highly sensitive to lat-
tice changes when exposed to elevated temperatures. The most devastating lattice
change is the switch from a tetragonal to a cubic structure, initially believed to
occur at 375K based on X-ray diffraction studies. However, research by Cojocaru
et al., revealed that this transformation begins at a lower temperature of 328K
during a gradual temperature increase, slowly changing the structure [30].

Beyond lattice changes, temperatures exceeding 300K accelerate the degrada-
tion of the perovskite material. This degradation results from increased atomic
mobility within the system, similar to the effects caused by moisture and humid-
ity. At elevated temperatures the precursor material Pbl, reforms, significantly
reducing the material’s stability and contributing to its breakdown. [31].

Ionic Migration

Ionic migration refers to the movement of ions throughout the material, dis-
rupting its overall structure. It was experimentally shown that iodine atoms are
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dislocated by the electric field between the electrodes, and they reach the anode
as negative ions, or iodides [32]. This migration occurs due to the underlying dis-
tribution of iodine vacancies, causing the ions to migrate in an attempt to fill the
vacancy. To better understand this defect, kinetic experiments and first-principle
methods were used to determine the migration pattern under working conditions.

MD simulations were utilized to determine which vacancy defects (iodide, lead,
or methylammonium) cause the most damage to the crystal structure [33]. A va-
cancy is created by removing a single atom from an otherwise ’perfect’ structure.
Since it is difficult to trace a "hole’ migration, the other atoms surrounding the
vacancy determine the migrational patterns of the atoms in question.

Atoms with a lower activation energy are more commonly the atoms that will
migrate throughout the material. In the case of the MAPI perovskite, iodide has
the lowest activation energy of 0.58 eV. Due to this, iodide migration is believed to
be the leading cause of ionic migration in the MAPI perovskite. The migrational
pattern of the iodide atom typically takes the shortest route to fill the vacancy.
This path may deviate slightly from a linear route to avoid other iodide sites [34].
However, since filling the initial vacancy ultimately causes another vacancy, the
final effect will be the constant migration of different iodide atoms, each trying to
fill avacancy. The continuous migration of the iodide atoms causes the breakdown
of the perovskite material over time, reducing its overall efficiency. The speed at
which the iodide ions travel depends on external conditions, such as temperature
or an external electric field.

Hysteresis

Hysteresis is commonly found in a current-voltage (I-V) scan of solar cell de-
vices. I-V characteristics are performed in the testing phase of photovoltaic devices
to determine peak operational conditions. This scan works by completing both a
forward (short circuit to open circuit) and reverse scan, providing information on
the short circuit current and open circuit voltage. This process is performed to
calculate the fill factor, the power conversion efficiency, and the maximum power
the device can theoretically provide.

The optimal I-V characteristic would show the forward and reverse scan fol-
lowing the same line with no deviation. When hysteresis is present, the forward
and reverse scans are not identical, meaning either that the reverse scan is higher
than the forward scan (normal hysteresis) or the opposite in which the forward
scan is higher than the reverse (inverted hysteresis) [35]. This phenomenon is
thought to be caused by the scan rate being faster than the rate of charge accumu-
lation associated with migration of iodine, electric polarization of the material,
traps, and the space charge relaxation time. Depending on where the hysteresis
curve is, either in the forward or backward scan, this can imply that the transient
carrier collection is more effective in one way than the other [36], [37] .
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The hysteresis effect is expected to be seen in the perovskite solar cell while
running the I-V scan. MD simulations found that ionic migration due to defects
within the perovskite material may be the leading cause of the hysteresis effect
[38]. As mentioned above, iodide is the dominant cause of ionic migration in the
presence of a defect. This migration alters the polarization within the material,
which alters the carrier collection, leading to the hysteresis effect.
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Silicon Nanowire Fabrication

Due to their chemical, mechanical, optical, electronic, and thermal properties,
silicon nanowires (SiINWs) can be used for various applications. Depending on
the fabrication process, the production of silicon nanowires can be relatively cost-
effective and easy. There are several ways to fabricate SINWs; however, for simplic-
ity reasons, we can categorize them as either bottom-up or top-down techniques.
Depending on dry etching or wet chemistry etching, the fabrication process can
be split up even more within these two categories.

However, it is essential to mention that other fabrication processes may need
to be used depending on the criteria of the desired silicon nanowires. For the fabri-
cation process’s specific nanowire diameter and spacing, a mesh may be required.
In this case, vacuum-based metal deposition is commonly used instead, although
this technique is not within this project’s scope.

3.0.1 Bottom-up
Chemical Vapor Deposition

The Vapor-Liquid-Solid (VLS) mechanism is a type of chemical vapor deposi-
tion used for fabricating silicon nanowires and is one of the most common fabri-
cation methods. Silicon wafers with metal nanoparticle catalysts are exposed to
high-temperature annealing under the inert gas flow [39]. During this process,
silicon monoxide (SiO) vapors are created and absorbed initially by the metal cat-
alyst on top of the Si wafer. This injection initiates the Siions to penetrate the bulk
of the metal catalyst, leading to a Au - Si catalyst solution [39]. Oxygen molecules
are then absorbed into the catalyst solution, binding with the Si ions to form SiOx,
initiating the oxidation phase. This oxidation starts at the liquid-solid interface
and is imperative to the growth of the SINWs. The schematic of this process can
be seen in Figure 3.1
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Figure 3.1: Schematic of the VLS method of SiNWs fabrication [40].

Although this process is one of the most common mechanisms for SINW growth,
itis time-consuming; 10 nm diameter growth takes roughly 30 mins. However, the
nanowires formed during this time are of good quality, and their lengths can be
controlled simply by time alterations.

3.0.2 Top-Down Etching
MACE Procedure

As mentioned above, the MACE procedure is one fabrication process for top-
down etching. A basic description of this method involves the deposition of a
metal catalyst onto a semiconducting material (typically a silicon wafer). After
the deposition, the wafer is placed into an etching solution containing a mixture
of an oxidizer and acid for a set time, depending on the desired length of the wires.
Finally, the wafer is dipped into nitric acid (HNO;) to remove access metal parti-
cles (Figure:3.2. The final chemical reaction can be seen below: [41]

Si +2H,0, 4+ 6F~ + 4H*— > [SiF4]*~ + 4H,0 (3.1)

The most important aspect of this procedure is the metal catalyst required to
enable a charge transfer for the Si wafer’s oxidation and breakdown. In the first
step of the MACE procedure, the deposition of the metal particles onto the Si wafer
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Figure 3.2: (a) is a schematic of the MACE procedure steps, starting with the de-
position of the Ag-NPs, the process of etching, removal of Ag-NPs, and finally, the
placement of contacts. (b) is a depiction of the final configuration of the silicon
nanowire sensor.
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results in band bending of the silicon, ultimately causing equilibrium between the
Fermi level of Si and the work function of the metal catalyst [41]. This results in
the creation of a Schottky barrier inhibiting the charge transfer at the conduction
band; since the redox reaction has a higher positivity than the valence band of
Si, the valence band will release electrons and accept holes overcoming the bar-
rier [41]. The metal catalyst increases the reduction rate of H,O,, increasing the
overall hole injection rate into the valence band. This causes the Si underneath
the metal catalyst to dissolve much faster than the Si without the metal adhesion,
forming nanowires.

Reactive Ion Etching

The reactive ion etching (REI) process is an alternative to the MACE proce-
dure. All steps in the etching process, passivation, physical etching, and chemical
etching, coincide [42]. This process is classified as dry etching and utilizes chem-
ically reactive plasma as the etching mechanism. The plasma is created through
radio frequency and initiates an acceleration of the electrons. Some of these elec-
trons will permeate the silicon, making it highly negative. Since the reactive ions
are positive, they are drawn to the silicon substrate and may begin the etching
process [42]. However, once the Si layer is passivated, chemical etching may be
halted, and additional energetic ions must be used to continue the process [42].
Experimentally, halogen ions are used as the plasma species with either SFy or
chlorine (Cl,) as the plasma source. The passivation gas, typically C,Fg, increases
the anisotropic effect [42]. A visual of this mechanism is seen in Figure 3.3
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Figure 3.3: Schematic of the REI method for SINWs [42].

Si substrate

REI allows for simple changes in the morphology of the SINWs since altering
the plasma gas, flow rate, and temperature can all provide various morphological
changes.
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Molecular Dynamic Simulations






Chapter 4

Molecular Dynamics

Molecular dynamics simulations are used in various fields of study, such as physics
and chemistry, to replicate the natural behavior and processes of atoms and molecules
in real time. For example, in a solid structure, one may use molecular dynam-
ics to simulate the deformation and breaking of bonds in a system to study how
the material reacts to varying conditions [43]. These simulations use computer
simulations to numerically solve Newton’s equations of motion for each atom or
molecule within the system.

Although the simulations numerically solve the equations of motion, it is es-
sential to consider the system’s overall structure. For example, different sets of
equations must be used when evaluating a rigid structure (i.e., Euler equations)
or structureless particles (i.e., Newton’s equations) [44]. In addition, other param-
eters might be factored into the simulations, such as whether the system includes
long-range interactions, short-range interactions, if the system is in equilibrium,
the complexity of the structure, and so on. All of the details mentioned above
may be intermixed into the same simulation. It is possible to have some molecules
within the system be in a rigid structure while other atoms are structureless. Ex-
ternal factors like temperature, external electric field, and relaxation periods may
also be added to the simulations to create a more 'real-time’ model. It is also impor-
tant to note that molecular dynamics can be used to track the trajectory of atoms
as they move throughout the system, which may occur naturally or due to the ex-
ternal factors previously mentioned.

Several factors must be considered for a solid-state system before initiating the
simulation. First, all the forces that are present in the system must be taken into
consideration. For example, all ions having the same sign (+,+, or -, -), have forces
that will repel each other, whereas ions of opposite signs will attract. The Coulomb
force approximation is suitable when the atoms in question are relatively far from
each other. However, when atoms are at short range, the overall electronic struc-
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ture of the system is needed to acquire accurate force models. Second, the bound-
ary conditions need to be set. A periodic boundary condition will allow the atoms
to cross the boundary, meaning that if an atom crosses the top boundary, it will
reappear at the bottom boundary. In contrast, non-periodic boundary conditions
do not let the atoms cross and reappear on the opposite side; either the atoms that
cross will be deleted from the system (fixed), or the system will always include all
atoms even if the boundary is crossed (shrink-wrapping) [45]. Lastly, the initial
state of the atoms must be defined. This may include the temperature, electric
field, velocity, and, most importantly, the initial lattice structure. The lattice struc-
ture tells the software where all atoms are located at the start of the simulation; it
is set before any other conditions can alter the system’s structure.

4.1 Time Evolution: Verlet Algorithm

The simulations operate in real time to predict the movement of the atoms in the
system. Various algorithms have been developed to forecast the particle’s future
position and velocity based on their prior kinetic and potential energy. These nu-
merical algorithms are typically based on Newton’s second law by solving the clas-
sical equations of motions, where time ¢ is discretized in class steps At.

Consider a particle of mass m moving in the direction x under the action of
a force F,.. Assume the particle’s position at time ¢, denoted x(t), is known. The
position at the time ¢ + At can be determined by performing a Taylor series expan-
sion,

X(t +At) = x() + K(OM + SHOBO? + TXOBY +0((A0%) , (@)

The dots represent derivatives with respect to time, and the final term indicates
corrections of the order of the (At)* or above. Similarly, we can obtain the position
atat — At by using a negative time step.

X(t — At) = x(t) — X(DAL + %)’c'(t)(At)z - %Y(t)(AtP +O(@DY) . @42
Adding these equations eliminates the off derivatives, resulting in:
x(t + At) + x(t — At) = 2x(t) + X(1)(A)? + O ((A)*) . (4.3)

Thus, Equation (4.3) allows us to calculate the position at time ¢+ At if the positions
at the previous two-time steps are known and if the acceleration a, = ¥(¢) at time
t is known. Denoting now x(t — At) = x,, x(t) = x;, and x(t + At) = x,, we obtain

Xy = 2X, — Xo + a,(AL)?, 4.9
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which is known as the Verlet equation for position. Here, we have neglected the
higher-order terms, O ((At)4), and it is important to notice that they correspond
to tiny, negligible corrections proportional to two extra powers of the time step
concerning the acceleration term. Therefore, the Verlet algorithm can be very effi-
cient. The acceleration at time ¢ is calculated from Newton’s second law, F, = ma,,
and in general, the force depends on time.

Moreover, we can change the sign of Equation (4.2) and add it again to Equa-
tion (4.1), and we obtain

X(t + Af) — x(t — Af) = 2%(E)AL + %X’(t)(Atf , (4.5)

and the velocity of the particle at time ¢, that is v,(t) = X(t), can also be calculated
assuming that the positions x, and x, are known, as
X3 — Xo

2At

V(1) = (4.6)
which is known as the Verlet equation for velocity. As before, the residual value
to be neglected is smaller than the main result by two orders of magnitude of the
time interval, i.e. O ((Af)?).

In practical implementations, the calculation begins with the initial conditions
of position and velocity. Let’s call them x(t = 0) = x; and v(t = 0) = v,. Ina
molecular dynamics problem, the force acting on the particle is a combination of
forces created by many other particles that move around,

F(t) =) F. 4.7)

The label i indicates each particle interacting with the particle whose motion we
describe. Given the current positions of all these particles (or, at this step, the
initial positions), the force F, and then the acceleration a,, of the particle we focus
on can be calculated, and then Equation (4.1) gives its position after the first time
step,

1
Xy = X1 + U AL+ Eax(At)2 . (4.8)

Now, we will change the notation x; into x, and x, into x;, i. . Xy = x(t = 0)
and x; = x(At), and we calculate x, = x(2At) using Equation (4.4). Then, we can
update the velocity, corresponding to the first time step, v,(At), using Equation
(4.6).

Every particle in the system is evaluated the same way, and each timestep is
updated by the particle’s force changes and acceleration to present the new loca-
tion. For example, the new position x, in Equations (4.4 is found by substituting
X; — Xg and x, — Xx;. In this version of the Verlet algorithm, the velocities of
the particles are calculated one time-step behind the latest position x,, but only
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if the timestep is small enough. However, another version of the algorithm, the
velocity Verlet algorithm, can update the velocities at the same timestep through
calculations based on the acceleration.

To get accurate results, the size of the timestep, At, must be determined based
on how fast the particles move. This is estimated based on the mass of each particle
and the forces surrounding it. For the MAPI system, we can consider the iodine
atom, whose mass is m ~ 163 atomic units ~ 2.1 X 1072°kg. (1 au = 1/12 C{* ~
1.66x 10?7 kg). The roughly estimated force acting on this atom is an electrostatic
force corresponding to two-point charges. This is due to one electron (q ~ 1.6 X
107! Coulomb) migrating from the Pb atom to the I atom, separated by a distance
L ~ 3.2 A, like in MAPI. Of course, the I atom interacts with more Pb atoms, but
we are only interested in a rough estimation. The estimated acceleration of the I
atom due to one single Pb atom is

E T
a, === ——-, 4.9
T m o 4dmegPm (4.9)
where g, = 8.85 X 10712 F/m is the vacuum permittivity. We want the time step to
be small enough such that the last term in Equation (4.4) is a minor (incremental)

correction to the distance L between the two atoms, i. e. we want a,(At)? < L,

which implies
L dregPm
At [ ==, —2—~17x10"Bs. (4.10)
Ay q

To satisfy this requirement, we should consider a time step two orders of magni-
tude smaller than this reference value, At = 10~ s = 1 fs (femtosecond), or even
smaller.

To accurately describe the movement of the atoms in a three-dimensional sys-
tem, the Verlet algorithm must be calculated in the directions of x, y, and z. For
the macroscopic system, periodic boundary conditions must be placed so no atoms
are lost.

In addition, the Verlet algorithm may also be expanded to include rigid bodies
within the system, like that of the methylammonium in MAPI. In this case, we
must consider the torque, the moment of inertia, and the angular acceleration of
the molecules within Newton’s equations [46].

4.2 Thermodynamic Ensembles

As mentioned above, molecular dynamic simulations solve the equations of mo-
tion in time. For this, the potentials of all atoms in the system must be calculated.
The size of the system can range from several atoms, or, in the case of MAPI it can
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correspond to a macroscopic system, with the number of atoms in the thousands
range. For a macroscopic system, a finite set of atoms is extended with periodic
boundary conditions to simulate a periodic 3D system without the computation
costs. However, other thermodynamic parameters, such as pressure and temper-
ature, must be considered when working with an extensive system.
Thermodynamic ensembles must incorporate a set temperature or pressure
within the system. They can recreate real-life environments to understand better
how the system will react to specific stressors. The ensembles alter the equations
of motion to adjust to external and internal variables. In this project, two ensem-
bles, the canonical ensemble (NVT) and the isothermal-isobaric ensemble (NPT),
were utilized to maintain a constant temperature and pressure, respectively [44].

Canonical Ensemble (NVT)

The canonical ensemble (NVT) is implemented to control the system’s temper-
ature. This ensemble uses three parameters: the number of atoms, N, the system’s
volume, V, and the temperature, T. For the simulations presented in this thesis,
the Nosé-Hoover thermostat model was used to create more degrees of freedom
fictitiously with a coordinate parameter x,, mass m;, and the thermodynamic fric-
tion coefficient ¢;, which depends on x; and x; [44]. The NVT ensemble calculates
the redefined equations of motion for each particle with mass M, coordinates X,
and temperature x;. The equations are:

X =v(@®), (4.11)
MV (t) = F(X(t)) — LMV(t) (4.12)
m () = 2MX? — ggT, (4.13)

where g is the degrees of freedom. NVT ensembles also have a conserved energy
of the form:

. 1 1
Hyyr = 5Mv2 +EX) + zmtg? + gxgTx; . (4.14)

The first two terms are the particle’s kinetic and potential energies, and the last
describes the thermostat’s energy.

Isothermal-Isobaric Ensemble (NPT)

The isothermal-isobaric ensemble (NPT) is used to control both the pressure,
P, and the temperature T in the system. Unlike the NVT ensemble, the number
of atoms in the system is not under control. However, it is defined as a dynamic
variable. The Nosé-Hoover thermostat model is again utilized, but new variables,
Xp, My, and g”p, are incorporated for the position, mass, and friction coefficient of
a barostat in contact with the system. The equations are now altered as: [44]
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X)) =V(E) +5X, (4.15)
) . 3
MV(t) = F(X(£)) — MV [(1 + §> ¢+ Q] , (4.16)
7)1 = 3Vl§p s (4.17)
myly(t) = 3u(By — P) + g(MW) —mplil, (4.18)
&

mel(t) = 2MV2 + 22 — (g + 1)xpT. (4.19)

m,

P

Here, v is an external volume associated with the piston. To incorporate both
the internal pressure P, and external pressure Ry the equation below is used:

2 . 3y\ 0E(X, 1)
B, = 3_W[Ek_vlr_<71)—avl L ] s

where Ej is the total kinetic energy and (the virial) vir = — 3. x;F includes the
position and force acting on each particle i. Finally, the conservation of energy is
supplied through:

(4.20)

~ 1 1
aNve = 5MV2 +EX, )+ E(mpé}z +mp) + (g + DgTx, + Py (421)



Chapter 5

Molecular Dynamics of MAPI

5.1 Ab initio Molecular Dynamics (AIMD)

Mosconi et al. developed the ab initio molecular dynamics method for the MAPI
perovskite by using a derivative of the DFT approach. The ab initio molecular dy-
namic method assumes that the system is only formed of nuclei and electrons.
This approach calculates the electronic polarization due to chemical bonds break-
ing and reforming [47]. To understand the different energies in the system, the
position of the nuclei is determined through Newton’s equations of motion:

MR = —V[e + VNI, (5.1)

This equation shows that the energies depend on the position of all the nuclei
in the system, with M as the mass of the nucleus at position R. The incorporated
energies € and Vyy are the gradient of single electron energies and the of the in-
ternuclear potential, respectively.

The electronic energies are derived using the DFT method in the Kohn-Sham
formulation. Here, the total energy is calculated using the density of the electrons,
n(r), which is solved for by incorporating all the occupied atomic orbital, ¥;, n(r) =
Zi |;(r)|?, and the interaction potential between a single electron and all nuclei,
V,xt:

E=-1 ) f dr g (V) + 5 f ardr ") L p )+ f dr n(r) Voul (1)

r=7]

(5.2)

In this approach, the energy is not dependent on the motion of the nuclei. It

is minimized concerning the electron density at each new position of the nuclei,
given from Newton’s equations of motion.
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The dynamics of the nuclei are appropriately incorporated in the Car-Parrinello
Lagrangian approach, where the electronic wave functions ; are considered func-
tions of time, together with the positions of the nuclei [48]. The Lagrangian func-
tional is written as

L=k, f drli(r, O + ZMIR (O)— E[9(0). R<r>]+ZAU( / a5
(5.3)

The last term in the equation, the Lagrange multiplier, is used to ensure the
atomic orbital remains orthogonal. The following equations are utilized to follow
the movement of the atoms and are obtained through the sets of all nuclear posi-
tions R = [R;] and all electronic wave functions, 1 = ;. This is done for every
nucleus I and electron i:

MiR(t) = E[(t),R(1)], (5.4)

aR (1)

ui(r, ) = =z ——=E[p(OR()] + Z Agji(r, ). (5.5)

G ( )
Due to the number of approximations in the computatlonal method, the electronic
degrees of freedom are not incorporated within the equations and are instead seen
as interactions [48].

Specifically, for the MAPI material, the AIMD simulations outlined above were
used to determine the structural and electronic properties. They were compared
with IR spectroscopy (dipole-dipole correlation function) to ensure accuracy. These
studies showed that the MA molecule can rotate within the inorganic space in the
pico-second timescale. Further calculations were done to determine the molec-
ular ordering, molecule rotation ability, and thermal effects [47]. However, the
AIMD simulations are size-restrictive, limiting the material size to only 25-50 unit
cells due to computational time. As this study aims to determine the cause of
degradation within the MAPI material, longer time scales are necessary, making
the AIMD method inappropriate.

5.2 Force Field Molecular Dynamics: MYP

In contrast to the AIMD method, the force field molecular dynamics method can
withstand a longer evolution time, and the number of atoms in the system can be
increased to thousands of atoms. However, the accuracy of the final results may
be slightly skewed. This method relies on the potential or force fields to simulate
the movement and reaction of the atoms in the system. Due to this, any cluster of
atoms or molecules is considered as individual atoms being held together through
the force fields implemented.
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Figure 5.1: Schematic illustration of bond length, the bond angle, and the dihedral
angle.

The potential utilized in our simulations is based on the MYP potential model,
explicitly created for hybrid organic-inorganic perovskites by Mattoni et al. [47].
The MYP potential model uses several potentials to describe the various interac-
tions within the MAPI structure. For the ionic crystals, the Buckingham-Coulomb
(BC) potential is used:

@_’_ qi9; ‘
4meghj

Uu ZAU eXP(—— (5-6)
Pij

6
hij

The first three terms in the summation are repulsive, attractive, and Coulombic
interactions. Here g;/; denote the charges of i and j atoms with 1;; as their distance.

For the inorganic aspect of the MAPI perovskite, the organic molecules uti-
lized the generalized AMBER force fields (GAFF) to account for bonded and non-
bonded interactions [47]. The bonded interactions within the GAFF force field re-
quire three main contributions: harmonic bonds, harmonic angles, and AMBER
dihedrals (as seen in Figure 5.1):

1
Ubonds = Z ngond(nJ l(]) 2 s (57)
ij
1 1
Uangles = Z ) ;1jr;€g e(elj - eo )2 (5.8)
ijk
1
Udihedrals = ), szifhzedml[l + cos(nbju1 — Ojiy)] - (5.9
ijkl

Here K and n are the fitting parameters of the force field, and r and 0° are the
equilibrium distance and angles.

GAFF uses the Lennard-Jones (12-6) and Coulomb force fields for the non-
bonded interactions. The Lennard-Jones parameters are expressed as:
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Uo = 43" - (5D, (5.10)
hj hij

Where o is the equilibrium distance and € is the depth of the energy well, which

is used to indicate the strength of the interactions. The terms raised to the power

of twelve indicate repulsive forces that are more pronounced at shorter distances,

and the terms to the power of six become relevant for more considerable distances,

having a negative sign as an attractive force.

As mentioned above, the MAPI lattice can become distorted through temper-
ature changes, and the MA molecule, which is in permanent rotation, creates a
dipole. To account for these aspects, the BC potential is explicitly applied to the
lattice interactions and the dipole, i.e. Pb/I with N/C. This allows the potential to
replicate the orthorhombic, cubic, and tetragonal phases of MAPI. The lattice and
H atoms interactions have a minimal effect on the material’s properties, so a soft
Lennard-Jones and Coulomb potential can be used for them. It is important to
note that the Columbic term includes long-range interactions, but it is still impor-
tant to calculate the point charges precisely using quantum chemistry principles
[49]-[51].

5.3 Methodology

Use of LAMMPS software

All simulations outlined in this thesis were performed using the Large-Scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) software. This soft-
ware uses Newton’s equations of motion and, for MAPI, the MYP potentials to cre-
ate a time evolution of interacting atoms. The models built in this software account
for all interatomic potentials and incorporate both long and short-range forces. All
simulations were completed using a computer cluster of AMD EPYC processors
2300 MHz with an average computation time of 22 CPU hours per nanosecond.

The output given by LAMMPS can be altered to meet users’ needs. This can
include the temperature, kinetic energy, potential energy, enthalpy, etc for each
timestep. However, in the case of our simulations, the most important output is
the mean squared displacement (MSD), which is defined as:

N
MSD() = () = 1O)P) = . 3 It(®) = 1O (511)

i=1
where r(t) is the position at time ¢ of atom i. To find the evolution of movement,
the MSD is proportional to the time and the diffusion coefficient D,

MSD = 2gDt , (5.12)
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where g is the dimension of the space (1D, 2D, 3D). LAMMPS can monitor the
MSD for all atoms within the system or a subset of atoms of interest. The subset
defines the number N .

Simulation Set-Up

The LAMMPS software allows for a realistic simulation of the MAPI material
using a personalized input file. The input file for our simulations contained the
bonds, angles, and charge accumulation designated for each atom. The specificity
of this input file is necessary to get the complicated bonded nature and rotation of
the MA molecule and its charge as a cation.

As mentioned above, the MAPI system has several configurations depending
on the external factors applied. For our simulations, we considered a triclinic
(non-orthogonal) simulation box. This structure allows the simulation box to tilt
freely, increasing the stability over a wide range of temperatures.

The boundary condition was considered to be periodic in all directions. This
gives the atoms free range to exit the boundary and reenter on the opposite side. By
doing this, we ensure that our system will remain in net neutrality and no atoms
will be lost.

For our simulations, we implemented six types of atoms for Pb, I, N, and C. We
also included two types of H atoms, dependent on whether they were bonded to
NorC.

Defect-Free MAPI

We selected the lattice command’s option custom to create an orthorhombic
Pbl; lattice. This unit cell contains 4 Pb and 12 atoms, with the c-axis in the z
direction. This leaves the crystal’s basal plane (ab) parallel to the xy plane. The 4
MA molecules were then inserted using the molecules command for the inorganic
lattice and dipole orientations (Figure 5.2). Finally, we replicated our complete
lattice 4 X 4 X 2, giving 3072 atoms, or 64 unit cells.

Defective MAPI

Defects must be placed into the system to simulate the ionic migration within
the perovskite material. Three main types of defects can instigate migrational pat-
terns: vacancy, interstitial, and displacement. In the displacement defect, a single
atom, typically iodine, is moved from its initial position and placed in a secondary
location. The interstitial defect involves the placement of an additional atom, and
the vacancy defect is the removal of an atom, leaving a hole in its place. The two
latter defects cause the system to no longer be in net neutrality.

Previous studies have shown the basic migrational patterns that evolve through
each defect [52]. This study found that the interstitial atom (Pb or I) will roam
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Figure 5.2: (left) b- and (right) c-axis views of the initial structure of defect-free
MAPI. Each Pbatom in red is surrounded by 6 I atoms forming octahedra indicated
by yellow. Note how MA molecules are oriented within empty spaces between
octahedra in the c-axes view.

freely throughout the crystal lattice without bonding to an additional group (Fig-
ure 5.3). However, it did not seem to cause any detrimental effects to the lattice
structure.

The displacement defect had one of two results: (1) if the displaced atom were
within two unit cells of its original location, it would migrate directly back and fill
the vacancy, and (2) when the displaced atom was further away, a "domino” effect
occurred. This occurs when a separate atom fills the vacancy, creating a new one;
this process continues until the originally displaced atom fills the final vacancy.
Figure 5.4 shows a visualization of this process.

Finally, the vacancy migrational pattern showed the same "domino” effect.
However, the vacancy traveled throughout the system and could not be suppressed,
as seen in Figure 5.5 .

Initial Velocities

The initial velocities of the atoms were assigned pseudo-randomly from a Gaus-
sian distribution to achieve the desired temperature while avoiding the introduc-
tion of linear and angular momentum to the entire system.

Force Fields

To create realistic simulations, all forces acting on all atoms in the system must
be accounted for. Using the hybrid option of the pair style, multiple types of force
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Figure 5.3: Visualization of an interstitial iodide (large red sphere) using the
OVITO program.

Figure 5.4: Visulaization using the OVITO software to outline the vacancy migra-
tion when the displaced iodide is within one unit cell of the vacancy. The large blue
sphere between two mid-sized red ones indicates the vacancy (pseudo-particle)
and under-coordinated Pb atoms, respectively.
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Figure 5.5: Migration of initially displaced iodide is shown by the light blue sphere
within the red circle. Both blue spheres indicate iodides that take part in migra-
tion.

fields can be implemented. In our case, we combined Buckingham with long-
range Coulomb potentials and CHARMM with long-range Coulomb potentials.
The CHARMM style for dihedrals was used for the MA-bonded interactions to
apply harmonic bonds and angles. LAMMPS must be compiled with the optional
“molecule” package to support the bonded interactions.

Using CHARMM for the pair and dihedral styles is functionally equivalent to
using the Lennard-Jones pair styles and AMBER dihedral styles. However, in the
case of CHARMM, LAMMPS automatically applies the standard GAFF force field
weighting factors of 0.5 for Lennard-Jones and 0.8333 for Coulomb interactions
between 1-4 bonded atoms.

Regarding the long-range interactions, LAMMPS must be compiled with the
optional “space” package. We employed the “ewald/disp” kspace style, which per-
forms standard Ewald summation while treating Lennard-Jones and Buckingham
(or any attractive potential in the 1/r® form) as long-range interactions without a
cutoff.

The bond, angle, and dihedral styles were defined as harmonic bonds, with the
force field coefficients specified in their respective sections. Finally, the charge for
Coulomb interactions was set based on each atom’s mass and point charge.

Relaxation
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We conducted energy minimization using the conjugate gradient algorithm,
applying a force tolerance of 10~® kcal/mole A and an energy tolerance of 1078
(AE/E, unitless). The box dimensions were allowed to fluctuate during the min-
imization process to achieve a pressure of 1 bar. Three stages were initiated to
reach equilibrium within the isothermal-isobaric (NPT) ensemble, with damping
constants of 50 fs for temperature and 250 fs for pressure. The first step set the
initial temperature to 1 K for five ps, the second gradually increased the tempera-
ture to 300 K for a time period of 145 ps, and finally, the third step maintained a
constant 300 K for an additional 250 ps.

Seeds

Each trial was completed six times, with the seed changed each time. The seed
is a pseudo-random number that alters the initial conditions slightly. By adjusting
this number each run, we can ensure that our results are random or repeatable,
depending on whether the seed is different or the same, respectively.

Post-Processing and Visualization

The open visualization tool (OVITO) and its Python interface were utilized
for post-processing and visualization purposes. For example, the iodide vacancy
must be defined by its neighbors, i.e., two under-coordinated Pb atoms. Since the
vacancy is considered an “empty space,” the MSD cannot be tracked. Thus, we
utilize the visualization component of OVITO to track the trajectory of the vacancy
and execute its script through the Python interface.
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Chapter 6

Modeling Results

6.1 Effect of Pressure on the Dynamics of Iodide Defects in
Methylammonium Lead Iodide: An Atomistic
Simulation

The effects of pressure on the perovskite material have been detailed in research
over the past years. These studies have shown that pressure changes in a per-
ovskite material affect the optical, electronic, and photovoltaic properties [53].
More specifically, the changes in properties are related to the structural changes
of the lattice when either tensile or compressive strain is applied.

According to Jaffe et al., applied pressure causes octahedral tilting of the per-
ovskite lattice [54]. When compressive pressure is applied, there is an increase in
orbital overlapping and a decrease in overlaying during tensile strain [54]. This
overlapping directly affects the electronic band dispersion, increasing or decreas-
ing the carrier concentration, respectively [53]. In addition, compressive strain,
specifically, has been shown to cause an increase in the band gap [53]. Therefore,
it may be possible to fine-tune the bandgap through control in pressure to maintain
the optimal bandgap for the desired application [53].

Given the information mentioned above, we hypothesize that altering the pres-
sure through either tensile or compressive strain may alleviate the effect of ionic
migration. Specifically, the ionic migration caused by the vacancy and interstitial
iodide defects is detailed in 5.3. Below is an overview of the paper reporting the
results of this study.

Overview

The purpose of the paper ”Effect of Pressure on the Dynamics of Iodide Defects
in Methylammonium Lead Iodide: An Atomistic Simulations” was to determine if
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Figure 6.1: Graphical analysis of the MSD of all atoms in the system when in the
presence of a vacancy. Each line indicated a change in pressure from -5000 atm to
5000 atm.

external factors, such as pressure, could suppress or mediate the effects of ionic dif-
fusion. As discussed previously, we consider the ionic migration to be the driving
factor of degradation with the MAPI perovskite. Not only does the ionic migration
cause a breakdown of the perovskite crystal, but it also causes hysteretic behavior
due to the accumulation of ions at the electron and hole transport layers. Within
this paper, we considered both the iodine vacancy and the iodide interstitial as the
driving forces of ionic migration. Both defects were studied using the perfect crys-
tal structure. The definitions of these defects and their placement in the structure
can be seen in section 5.3.

The MYP potential was utilized for all interatomic force fields in our system.
To ensure our results were viable, previous studies using the MYP potential were
reviewed, and our results were comparable to Mattoni et al. [47], and therefore
considered repeatable. Initial testing was completed within a perfect crystal struc-
ture with an implanted defect (IVAC or Iint) with a baseline pressure of 1 atm. We
tested both negative and positive pressure to understand the effects of expansion
(tensile strain) and compression of the material, respectively. A time scale of 5 ns
was chosen for the duration of each simulation. Figure 6.1 shows the results from
the IVAC simulations. Whereas Figure 6.2, show the results from the Iint trials.

We concluded that the iodine vacancy is highly reactive to positive and nega-
tive pressures. The vacancy’s mobility decreased in the presence of a positive pres-
sure and increased when a negative pressure was applied. However, the diffusion
rate of the iodide interstitial was not constant over pressure changes. Therefore,
additional simulations were conducted, increasing the timescale from 5 ns to 50
ns. The longer timescale indicated that the only migration was the iodide intersti-
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Figure 6.2: Graphical analysis of the MSD of all atoms in the system in the pres-
ence of an Iint defect. Each line represents a change in pressure from -5000 atm
to 5000 atm.

tial jumping from one unit cell to another, causing limited negative results on the
material.

In all, it seems any compressive strain, leading to orbital overlapping, will
slightly alter the crystal structure, decreasing the iodide migration. However, it
is essential to note that pressure less than -5 K bar was not tested and may lead to
adverse alteration in the band alignment.

My role in this research included all computational testing of the MAPI mate-
rial through the varying pressure changes and the data analysis of the MSD and
vacancy migration patterns.

The published paper regarding this work can be seen in Appendix A.1.
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6.2 OH- ions can reduce the iodide migration in MAPI

To the best of our knowledge, adding OH—ions to the perovskite material to sup-
press ionic migration is a novel idea. Although the effects of water and humidity
have shown a negative impact on the perovskite material through an increase in
degradation, we hypothesized that a small amount of water may help mediate or
completely suppress ionic migration.

DTF studies have shown that water molecules in the MAPI perovskite disso-
ciate at 0.75 eV in the dark and 0.57 eV in light [55]. This dissociation allows for
the formation of H*, and OH"~ ions. Therefore, we can assume that when the
MAPI perovskite is fabricated in the presence of low humidity, water molecules
may enter the perovskite material, possibly through grain boundaries, ultimately
dissociating. Due to the negativity of the OH- ions, we hypothesized that in the
presence of a vacancy defect, the positive "hole’ may be drawn to the OH- ions and
either fill the vacancy or halt the migration.

The results of this study can be found in the overview of the paper below.

Overview

It is known that water molecules infiltrating the MAPI perovskite material can
increase the degradation rate and foster changes to the band gap. However, we
hypothesized that in small amounts, the dissociated water molecules (H+ and
OH-) could assist in suppressing the iodide vacancy migration. This paper was
presented at the 2023 CAS conference and showcased the results of adding the
hydroxyl group OH— to the MAPI perovskite material.

The methodology follows that outlined in section 5.3, including both the sim-
ulation setup and the MSD computation. Similarly to the paper outline above, the
MYP potential was utilized for the MAPI perovskite crystal. We also included the
TIP3P parameters to our already established force and charge parameters to add
the hydroxyl group to the system. Once added, four simulations were conducted,
each time changing the distance between the vacancy and the hydroxyl group.
Figure 6.3 shows the MSD of all iodides in the system per trial.

Through the use of the OVITO visualization software, we were able to track
both the migration of the vacancy and the hydroxyl group. Initially, we assumed
that the hydroxyl group would bind to the iodide group containing the vacancy.
However, we noticed that the hydroxyl group and the vacancy both migrate toward
each other but do not bind. A visualization of this can be seen in Figure 6.4

DFT calculations were also conducted to ensure that the addition of the hy-
droxyl group did not significantly impact the band alignment or the interaction
between the MAPI material and the TiO, electron transport layer.

Our studies concluded the hydroxyl group can mediate the migration of the
iodide vacancy. The placement of the hydroxyl group tends to stay consistent



6.2. OH-IONS CAN REDUCE THE IODIDE MIGRATION IN MAPI 45

== [VAC == Test4 Test2 w= Test3 == Test1

MSD (x10e3 Ae2)

Time (ns)

Figure 6.3: Graphical analysis of the MSD of all iodide atoms in the system when
there is a vacancy defect and a hydroxyl group. Each trial indicates a further dis-
tance between the vacancy and the OH-.

Figure 6.4: Visualization of the migration pattern of the iodides (blue spheres) and
the hydroxyl group (teal and purple spheres) using the OVITO software.

throughout the simulations, and depending on the placement of the initial iodide
vacancy, the vacancy will migrate toward the hydroxyl group until it is within one
unit cell away. Once the vacancy is close enough to the hydroxyl group, the migra-
tion halts and remains stationary.

The DTF studies concluded that the presence of the hydroxyl group only showed
a slight shift in energy, but the band alignment remained primarily unaffected.
Similarly, the band aliment between MAPI and the electron transport layer re-
mained unchanged in the presence of several OH™ molecules. Most notably, in
the presence of just an iodide vacancy, there is a slight downward shift in the band
alignment, and the addition of the hydroxyl group mediates this result.

Given the information presented in this manuscript, further testing should be
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done, including the addition of several hydroxyl groups to determine if there are
any negative effects to the MAPI structure.

Regarding my role in this paper’s scientific research, I included adding the
OH- to our LAMMPS input file and all computational testing. I also completed
the data analysis of the MSD and vacancy migrational patterns.

Further information regarding this manuscript can be seen in Appendix A.2.
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6.3 Suppression of ionic migration in MAPI perovskite by
OH- ions in the presence of grain boundaries

Overview

As mentioned above, the inclusion of an OH- molecule has the ability to sup-
press the migration of an iodide vacancy when it is in close proximity. However,
the studies testing this theory only considered a perfect crystal structure [56]. It is
not uncommon for the MAPI perovskite to have a grain boundary within the crys-
tal structure. A grain boundary can be regarded as two fragmented parts of the
crystal placed together. This is commonly seen in poly-crystalline solar cells. In
the case of MAPI, the grain boundary may contain dangling iodide or lead atoms.
These dangling atoms may cause the grain boundary to be negatively or positively
charged, respectively. Due to this charge interference, the vacancy tends to migrate
throughout the crystal and into the grain boundary. Therefore, the purpose of this
study is to determine if the introduction of OH- molecules is able to suppress the
vacancy and inhibit it from traveling toward the grain boundary.

The simulation for the perfect crystal structure can be seen in section 5.3. Once
the main model was fabricated, we introduced a grain boundary into the system.
This was done by rotating the crystal +/-18.5° in two grains, giving twin bound-
aries of ) 5/(120)[001]. The grain boundaries were then shifted to give a uniform
distance between them. The final product of the system is pictured in 6.5, which
was created using the OVITO program.

Figure 6.5: Visualization of the dangling iodide grain boundary using the OVITO
software.

Once our system was created and our baseline studies of the MSD were com-
pleted, we added vacancy defects to it. Similar to our previous study, we conducted
several trials, placing the OH molecule further away from the vacancy each time.

Each trial was completed five times, and the seed was varied to ensure our
results were accurate and reproducible. Figure 6.6 shows the MSD of all iodide
atoms within the system when the hydroxyl group was placed within one unit
cell of the vacancy. This result shows that the hydroxyl group was able to fill the
vacancy and surpass any further migration. The total diffusion coefficient was
calculated to be 2.84x1078 cm?/s.

However, when the vacancy was placed at an equal distance between the hy-
droxyl group and the grain boundary, the vacancy migrated toward the grain bound-
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Figure 6.6: Graphical analysis of the MSD of all iodide atoms in the MAPI crystal
with a grain boundary. When a vacancy is within one unit cell away from the
hydroxyl group.

ary. We hypothesize this is due to a stronger polarization of the dangling iodide
grain boundary. Figure 6.7, shows the increase in the MSD as the vacancy trav-
els toward the boundary. The overall diffusion coefficient of this trial averaged
2.63x10~7 cm?/s, showing an apparent increase in migration compared to the pre-
vious trial.

Seed Comparison
OH- far away from IVAC

Time (ns)

Figure 6.7: Graphical analysis of the MSD of all iodide atoms in the presence of a
vacancy and a grain boundary. A single hydroxyl group was placed three unit cells
away from the vacancy.

My role in this paper’s research included altering our previous LAMMPS input
file to include a grain boundary, all seed testing, and the data analysis, including
both the MSD and the vacancy migration.
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Further information regarding this paper can be seen in Appendix A.3.
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Chapter 7

MAPI and Silicon Nanowires

7.0.1 MAPI/SiNWs Heterojunctions

To the best of our knowledge, incorporating silicon nanowires and MAPI per-
ovskite into a new photovoltaic device is a novel idea. However, the combination
of silicon and MAPI in photovoltaics has been tested before. For example, Mar-
iotti, et al. designed a complete cell of n-type silicon/MAPI/Spiro-OMeTAD/Au,
where the n-type silicon worked as the electron transport layer, and the Spiro-
OMeTAD acted as the hole transport layer [57]. The overall efficiency of this cell
was 2.08%, with a fill factor of 38.4%. However, one issue associated with the fab-
rication of this cell involved the spin coating technique to deposit the perovskite
material. Although the MAPI layer formed a polycrystalline layer on the silicon
wafers, the layer had several defects, such as pinholes and voids [57]. The de-
fects within the perovskite layer could potentially cause shunting throughout the
MAPI layer [57]. However, the addition of the Spiro-OMeTAD may act as a pin-
hole blocker, reducing the risk of shunting [57].

The use of metal nanoparticles in perovskite photovoltaic devices is not a novel
concept. Previous reports have noted that the addition of metal nanoparticles
causes an increase in the photoresponsivity, response speed, and tuning response
wavelength band [58]. However, the nanoparticle’s placement within the solar
cell’s structure has varied throughout studies; the most common placements in-
clude doping the semiconductor material, inserting the nanoparticles between the
semiconductor and electrodes, or decorating the surface of the semiconductor ma-
terial [58]. In recent reports, Wang et al., suggested adding Ag nanoparticles at
the interface between the bulk Si and the MAPI perovskite layer in order to in-
crease the photoresponsivity [58]. Their testing concluded that the addition of Ag
nanoparticles showed an increase in the photoresponsivity of around 10.6 times,
compared to the solar cell without Ag nanoparticles [58]. In addition, the photo
response speed was also increased by 7.9 times [58]. However, it should be noted
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that while depositing the MAPI material onto the Ag nanoparticles interface, there
was an increase in pinholes with an unequal diameter throughout the material.
As stated above, the pinholes may result in shunting within the MAPI material,
negatively impacting the efficiency of the solar cell.

Therefore, our study suggests that instead of bulk Si being used as the semicon-
ductor material, SINWs could be utilized to reduce the number of pinholes in the
deposition of the MAPI perovskite material while still maintaining the benefits of
asilicon/MAPI heterojunction. In addition, earlier theoretical research performed
by our group suggested that quantum confinement effects can influence the en-
ergy of the excitons in thin nanowires [59], [60]. The information provided below
shows our case study of the addition of SiNWs.

The perovskite material requires a deposition onto a mesoporous layer in order
to form an equally dispersed layer. Figure 7.1 shows an SEM scan of the MAPI
perovskite deposited on a TiO,-compact layer and a TiO,-mesoporous layer. Due
to this deposition limitation, depositing the perovskite material onto bulk silicon
can be an added issue. It may result in an increase of defects (grain boundaries)
and a nonuniform deposition.

Figure 7.1: AFM image of the deposition of MAPI perovskite on TiO, compact (a)
wherein the dark spots indicate pin-holes where the MAPI perovskite could not
bind. The deposition of MAPI on a mesoporous TiO, layer (b) shows a uniform
deposition and a clear binding with no pinholes.

Depositing the perovskite material onto silicon nanowires preserves the advan-
tages of silicon and perovskite junctions while limiting the issues accompanying
pinholes. In addition, silicon nanowires may increase photon absorption due to
light refracting off the nanowires and back into the perovskite material.

7.0.2 Methology

Silicon Nanowires

The silicon nanowire substrates were prepared using the MACE procedure on
polished p-type silicon wafers. Typically, the silicon nanowire substrates have a
difficult reproducibility rate and are time-consuming to fabricate. To combat this,
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we developed what we believe to be a new recipe to speed up the process and
increase reproducibility. We created a 'Batch’ recipe that can manufacture a mini-
mum of 8 substrates at a time while limiting the chance of error in chemical weight
measurements.

After our silicon wafers are cut into 2x2 cm substrates, then processed through
a three-cycle ultrasonic bath process: washed with isopropanol, acetone, and dis-
tilled water (DI water), and dried using N, gas. This process ensures that our sub-
strates have no external debris that could affect silicon nanowire fabrication.

The ’Batch’ recipe’s metal catalyst solution comprises 0.255 mg AgNO; nanopar-
ticles, 18.6 mL of 40% HF, and 81.4 mL of distilled H,O. At the same time, the
etching solution is comprised of a diluted solution of HF and H,0,.

After the washing cycle, each substrate is dipped into the metal catalyst solu-
tion for 30 seconds and then immersed in the etching solution for 10-20 minutes,
depending on the length of wire we are testing. Once removed from the etch-
ing solution, the substrates are dipped into DI water to stop the etching process,
then dipped into HNO; to remove the excess Ag particles. This process may be
repeated twice to ensure all Ag particles are removed from the surface. Finally,
the substrates are dried again, using N, gas.

MAPI Perovskite

The MAPI layer is prepared within a glove box and an influx of N, gas. We
deposited the MAPI layer on the SINWs using a two-step spin coating method. A
single solution of MAPI perovskite can cover ten substrates at a time.

The MAPI layer is made using PbI,, CH;NH,I, DMSO (1:1:1 molar ratio) and
600mg of DMF. The solution is then stirred for 1 hour. After this, the MAPI is
deposited directly on the SINW substrate using a spin-coater. We utilize a two-step
method (1000 rpms for 10s, 4000 rpms for 30s), with the final step containing the
addition of 25 uL of chlorobenzene within the last 20 seconds, acting as an anti-
solvent. Finally, the freshly deposited substrates are placed on a 100 °C hotplate
for 4 minutes.

Spiro-OMeTAD

The Spiro-OMeTAD layer acts as the hole transport layer and must be prepared
24 hr before deposition. Similar to the MAPI layer, we deposit the Spiro-OMeTAD
using spin coating.

The Spiro-OMeTAD layer consists of 28.8 uL of 4-tert-butyl pyridine (TBP),
15.5 uL lithium bis (trifluoromethane sulfonyl) imide (li-TFSi) solution. The layer
is then deposited on the MAPI layer at 4000rpm for 30 seconds.
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Figure 7.2: SEM cross-section analysis of silicon nanowires fabricated using the
MACE procedure.

7.0.3 Preliminary results

Several trials were completed to determine which density and length of SINWs
were best to form the MAPI/silicon junctions. We determined that a 15-minute
length of 7 um was best for the deposition of the MAPI material. Figure 7.2, shows
the density and length of the SINWs before the MAPI deposition.

The thickness of the MAPI perovskite material was determined to be 550 nm,
allowing for a clear separation of the junctions. Figure 7.3, show the top view of
the SINW substrates before and after the deposition of the perovskite material.

These preliminary results are promising regarding the deposition of MAPI on
the complex surface of the nanowires, with good penetration of MAPI into the
nanowires and presumably good contact. Regarding pinholes, the AFM images
show a large reduction in these defects by incorporating the SiINWs.

However, until now, the photovoltaic effect we could observe on such a junc-
tion was minimal. We are currently working on improvements to the MAPI quality
and the quality of contacts. This progress has been delayed due to several technical
issues in both our labs at Reykjavik University and the University of Iceland. The
presently available electrical characterization shows only a typical diode effect.

Further testing on the MAPI/SiNWs-based solar cells could be enhanced through
alterations in the density or configuration of the SiNWs, which may be easily al-
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Figure 7.3: SEM top-view characterization of (left) silicon nanowires before MAPI
perovskite deposition, and (right) the silicon nanowires after the deposition of the
MAPI perovskite.
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Figure 7.4: SEM cross-section characterization of the MAPI deposition onto the
silicon nanowires.
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tered through slight changes in the etching process. In addition, our collaborators
in Romania specialize in the MAPI fabrication process, which may enhance the
efficiency of the configuration.
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Silicon Nanowires as Gas Sensors






Chapter 8

Gas Sensing

While testing the resistivity of the SINWs, we noticed that the resistivity changed
significantly in the presence of human breath. Initially, we were unsure if this
resulted from CO, or humidity. Due to this, we decided to alter our focus to the
use of SINWs for gas sensing capabilities. The following sections outline the results
gathered during this experimental phase.

The idea of utilizing SiNWs for gas sensing, specifically NO, is not a novel
idea. Previous studies have shown that periodic SINWs can detect as low as 10
ppb NO, concentration [61]. However, one major issue with these SINW-based
sensors is that relative humidity concentrations above 10% cause detrimental ef-
fects on the sensibility. For example, the same study shows a decrease in sensitivity
to only 500 ppm when humidity levels increased to 30%. Another example shows
that when using disordered arrays, the sensitivity to NO, is limited to 10 ppm, but
again, relative humidity concentration above 40% caused a significant loss [62].
To our knowledge, the best solution to date was Qin et al., who added an octade-
cyltrichkirsilane (OTS) layer on the surface of the SINWs to block the penetration
of water molecules [63]. This resulted in a device that could detect 50 ppb within
70% relative humidity [63].

Given the results listed above, the relative humidity concentration significantly
impacts the sensitivity of SINW gas sensors. However, we suggest that using a
“forest’-like structure of SINWs, made of p-type silicon, would be able to work in
high humidity concentrations without limiting the sensitivity of the device.

8.1 Ultra Responsive NO, silicon nanowires gas sensor

Overview

The unique and versatile properties of silicon nanowires allow for a wide range
of applications across several fields of study. The main advantages of silicon nanowires
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Figure 8.1: SEM images of SiNWs after a 20-minute etching time using the MACE
procedure. Image (a) is the top-view of the SiNWs, showing a forest-like structure.
Image (b) is the cross-sectional analysis, and image (c) shows individual wire con-
figurations.

are their relatively simple fabrication process and large surface-to-volume ratio.
In addition, they maintain a high sensitivity of current-voltage characteristics to
surface states. One advantageous idea for utilizing these characteristics is using
silicon nanowire-based gas sensors.

This study used the MACE procedure to fabricate p-type silicon nanowires
with a 7 um length.We analyzed our SiINWs structure through both a top view and
cross-section SEM images, as seen in Figure 8.1. The top-view image shows the
forest-like structure, which we believe increases the device’s sensitivity through
the interconnected bundles.

The SiNWs-based sensor was tested using a custom-made gas mixing system
at Tiibingen University with mass flow controllers (Tylan, Bronkhorst). The elec-
trical resistance was tested using a four-wire Multimeter (Keysight 34972A), and
contacts were made using copper wires and silver paste. To control the humid-
ity, a ratio of dry air through a vaporizer filled with deionized water at 20°C was
sent directly to our gas chamber. In addition, to confirm the relative humidity and
concentration of NO, gas in the chamber, we used a commercial humidity sensor
(HYT939 IST, AG) and a commercial air quality SMOX sensor (TGS2600, Figaro),
respectively.

The tested gases were carbon monoxide, hydrogen, ethanol, toluene, acetone,
and nitrogen dioxide, providing additional information on the cross-sensitivity.
The results can be seen in Figure 8.2. To initiate our testing, we set a baseline of
0% relative humidity for two hours, then increased the humidity every half hour
until the maximum humidity was reached at 80%. The process was then reversed
in the same fashion.

When comparing the resistance at 0% humidity and 80% humidity, an increase
of 10 Q was seen. In addition, to ensure a steady condition, over five hours, we
increased the humidity to 80%, then immediately decreased back to 0% humidity
for ten cycles.

Based on this study, we concluded that our sensor was highly sensitive to hu-
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Figure 8.2: Graphical analysis of (a) the resistance change in the SINWs sensor
throughout the varying gas concentrations. Graphs (b) and (c) show the gases and
varying concentrations tested.

midity and NO, gas. To ensure our results were accurate and reproducible, we
conducted another study, testing NO, gas at concentrations as low as 20-200 parts
per billion (ppb) while ranging the relative humidity from 0-70%. This study con-
cluded that the silicon nanowire-based gas sensor could experimentally detect
NO,concentration as low as 20 ppb in all concentrations of the relative humidity
tested. However, higher concentrations of relative humidity seemed to increase
the signal strength.

We believe the mechanism allowing this high sensitivity results from the in-
teraction between NO, and the silicon surface, which enables a charge transfer.
The surface interactions between silicon and NO, are more potent than those be-
tween silicon and H,O, so the more humidity within the system, the more water
molecules can be displaced by the NO,.

Overall, this study allowed for the production of a highly sensitive SINW-based
NO, gas sensor that can work under high humidity concentrations and remains
stable for several years. This would enable the SINW sensor to work in many ar-
eas, as humidity concentrations do not limit it. This sensor is cost-effective, has a
simple fabrication method, and can work in various environments.

In this paper, my specific role included fabricating the SINWs, and taking a gas
sensor course at Tiibingen University in Germany. While there, I participated in
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the testing of our SiNWs and completed the final data analysis of our results.

The final paper regarding this study can be found in Appendix B.1.

8.2 Fabrication and application of SiNWs based PANI:MO,
Heterostructures for Human Respiratory Monitoring

Overview

Due to the breath-sensing capabilities discovered in our initial trials with SINWs,
we decided to investigate different ways to increase the device’s sensitivity. This
work was part of an ongoing project of our group to create a susceptible yet small
device that could be brought into the medical field as an alternative to the current
breath-sensing appliances. Specifically, the current testing of sleep apnea calls
for a large mask covering both the mouth and nose in order to monitor breathing
throughout the night[64], [65]. This testing may be uncomfortable to the patient,
leading to an unstable sleeping pattern, which may negatively alter the results.
The device we are proposing is 1 x 1 cm and can easily fit between the upper lip
and nose, significantly reducing the size of the breath-sensing mechanism.

The PANI: MO, (metal oxide) layer increases the device’s conductivity while
also allowing for low-temperature operations and increased stability. The two
types of metal oxides used in the test were titanium dioxide (TiO,) and tung-
sten trioxide (WO3). Three samples were tested, PANI, PANI: TiO,, and PANI:
WO;. We utilized the MACE procedure to fabricate the SINWS, the methodology
of which can be seen in Section 7.0.1. The PANI layer was deposited by immersing
the SiNWs into a polymer solution for 24 hours under constant stirring. The MOy
were deposited similarly; however, TiO, and WO; were included in the monomer
solution this time. Figure 8.3 shows the SEM characterization of each layer de-
posited onto the SINWS.

Once our substrates were prepared, we tested each sample using three differ-
ent breathing techniques: rapid breathing, normal breathing, and slow breathing.
This allowed us to determine if the device was sensitive enough to differentiate be-
tween the varying types of breathing. Figure 8.4 shows the results of each substrate
undergoing each breathing exercise. As compared to just SINWs, the PANI:MOx
layer was able to increase the overall sensitivity of the device and the response
time.

This manuscript showed that the SiNWs with a PANI:MOy showed an in-
creased sensitivity to breath sensing than just PANI or SiNWs alone. However,
we also show that the addition of WO; had the best response to breath, and was
also able to maintain a steady baseline.
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Figure 8.3: SEM characterization of the substrates used for testing. (a,b) show the
cross-sectional and top-view of SiNWs structures obtained by MACE, (c) shows
the top-view of SiNWs coated with just PANI, (d, e) is the cross-sectional and top-
view of SiNWs coated with PANI:TiO,, (f) shows the top-view of SINWs coated
with PANI:WO;, along with a magnified image showing the presence of NWs and
(g, h) show the cross-sectional and top-view of SINWs spin-coated with WO;.
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Figure 8.4: Results of the PANI:MO, substrates to varying type of breathing. From
left to right, the types of breathing are rapid, normal, and slow, respectively.

My role in this paper included fabricating the SINWS and conducting all breath
tests of the variations of the MO, substrates.
Further information regarding this manuscript can be seen in Appendix B.2.
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Abstract. The diffusion of iodine defects has been considered the most important
degradation mechanism of methylammonium lead iodide (MAPI) in solar cells. The
present study demonstrates the importance of the pressure inside this material on the
dynamics of iodine defects, using molecular dynamics simulations. It is known that the
diffusion coefficient of an iodine vacancy is an order of magnitude higher than that of
interstitial iodine. We show that this difference systematically increases with increased
tensile strain and that both diffusion coefficients tend to zero when a compressive
strain is applied. This result suggests that compression of the MAPI can be a good
solution to reduce its degradation rate. Besides, the statistical aspect of deriving the
diffusion coefficient from the mean squared displacement (MSD) is discussed in terms
of the initial conditions (positions and velocities) of the atoms and the simulation
time, considering different seeds of the pseudo-random number generator used in the
simulations performed with the LAMMPS software.

1. Introduction

Methylammonium lead iodide (MAPI) [1] is a promising photovoltaic material mainly
due to its low-cost fabrication and high power conversion efficiency, exceeding 24%
[2]. Tt has a perovskite structure with CH3NH3Pbl; stoichiometry in which the
methylammonium (MA) molecule, or CH3NHj3, has 1:1 ratio with Pb, and is located
in the middle of a nearly L1, cell made of Pbl;. Then the structure polymorphism is
dominated by the kinetics of MA molecules i.e. their random rotation gives cubic phase
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(Pm3m) while more aligned molecules lead to tetragonal (I4/mcm) and orthorhombic
(P4/mbm) phases. However, the MAPI material is currently characterised by the lack
of stability and relatively short lifetime in the working conditions of a solar cell. It has
been found that diffusion of iodine defects is the primary degradation mechanism of
MAPT cell [3-6]. Whereas during the regular working regime, the iodine migration and
accumulation at the interfaces with the charge transporter layers leads to a hysteretic
behavior of the current-voltage characteristic of the device [7-9].

In order to describe the behavior of the MAPI cells with atomistic simulations,
and in particular the iodine migration, a simple, but useful interatomic force field,
called MYP, has recently been developed [10]. This force field allows modeling several
thermodynamic properties of MAPI via molecular dynamics simulations (MDS) [11].
Using the MYP potential, the variation of defect dynamics with temperature could
be simulated [12], the motion of defects near grain boundaries was compared with
experimental data [13], and strain introduced by an external electric field due to caloric
effect has been studied [14]. It has been shown that hydrostatic pressure can affect
optical, electronic, and photovoltaic properties of various hybrid perovskites [15-21].
Earlier, it had been shown that the diffusion barrier changes with variation of the lattice
constant, which can be achieved by applying an external strain, or by alloying MA and
I sites [22].

In the present study, we utilize the MDS method to determine the effect of pressure
on the iodine defect dynamics in MAPI. We consider separately the motion of an iodine
vacancy, and of an interstitial iodine ion. Apart from the presence of the defect, the
MAPI material is assumed to be homogeneous.

2. Methods

We performed our simulation with the LAMMPS software package [23] which solves
Newton’s equation of motion based on parameterized interatomic forces, which were
derived from the MYP potential [10]. The intra-MA interactions are modeled with
a bounded generalized Amber force field (GAFF). Pb-Pb, I-I, Pb-I, and Pb/I-C/N
interactions are considered non-bonded and modeled with Buckingham force field. Pb/I-
H interactions were modeled by Lennard-Jones potential. Partial charges are assigned
to each atom species and associated with pairwise Coulomb potentials. The Coulomb
interaction was limited by a 10 A cutoff, and for the residual long-range contribution,
we utilized the Ewald summation with particle-particle particle-mesh (pppm) solver and
accuracy of 1074,

The initial defect-free MAPI structure was considered to be orthorhombic, with a
simulation cell consisting of 3072 atoms which correspond to 8 x 8 x 4 = 256 cubic unit
cells. We assumed the c-axis of the orthorhombic crystal in the z direction which leaves
the basal plane (ab) of the crystal parallel to the zy plane, as shown in Figure 1.

The system was relaxed in three steps. First, energy minimization was performed
using the conjugate gradient algorithm with a tolerance of 10-% Kcal/moleA for the
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Figure 1. (left) b- and (right) c-axis views of the initial structure of defect-free
MAPI. Each Pb atom in red is surrounded by 6 I atoms that together form octahedra
indicated by yellow. Note, how MA molecules are oriented within empty spaces
between octahedra in the c-axes view.

force, and 107® relative tolerance for the energy (AE/E). We allowed the box dimension
to vary during the minimization to produce the desired pressure, between -5x103
and 10° bar. Further relaxation was performed using the isothermal-isobaric (NPT)
ensemble, by performing a temperature and pressure rescaling at each 100-th and 500-
th time step (with each single step of 0.5 fs), using the Noose-Hoover thermostat and
barostat, respectively. We gradually increased the temperature from 1 to 300 K within
a time interval of 0.25 ns, and maintained it constant for an interval of 1.75 ns. Then,
the NPT ensemble was used for the subsequent part of the simulation. The typical
computational time was about 22 CPU hours for each nanosecond on a high-performance
computer cluster of AMD EPYC processors 2300 MHz.

In practice, MAPI suffers from a relatively high density of various defects originating
in the preparation process, most often in the original chemical solution used. In the
present work, we consider two types of iodine defects: iodine vacancy and iodine
interstitial. They can be generated simply by removing or adding an iodine to the
lattice, respectively. They are both considered positively and negatively charged,
respectively, and therefore, theoretically, these defect models may slightly violate the
charge neutrality of the entire system. However, if the total number of atoms is
sufficiently large, there should be no practical consequence on the atomistic simulations
[12]. Instead, a paired iodine-vacancy defect can also be created by displacing an iodine
from its original site to a desired distance. This model allows for maintaining the
charge neutrality of the system, but it may not be viable for a long time as the pair
may recombine.
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In order to observe the diffusion of the iodine defects, we compute the time-
dependent mean square displacement (MSD) of all iodine atoms during the simulation,
which is

MSD(t) = 53 In(6) — xi0) o

I =1
where Ny is the total number of all iodine atoms in our simulation cell, and r;(¢) is the
position of each iodine atom, i = 1,2, ..., Ny, at time ¢. In the absence of mobile atoms,
the MSD varies only due to the local thermal vibration, with a small average over the
entire simulation time. Instead, the presence of mobile defects leads to a linear trend
of MSD versus time, with a positive slope. Using the random walk theory the diffusion
coefficient D of the mobile defect can be calculated as [24]

D= L iy MSDE) @)
6t=oo
In practice D can be obtained as the slope coefficient of the MSD versus time, divided
by the factor 6, which is the double of the spatial dimension [11, 12]. The relaxation
time after the initial positions, plus an additional extra time after that, is excluded from
the slope calculation.
We utilized open visualization tool (OVITO) and its Python interface for the post-

processing and visualization.

3. Results

3.1. Iodine vacancy

Fig. 2 shows the time dependent MSD and the corresponding diffusion coefficients D
for an iodine vacancy at 300 K and different applied pressures. It can be seen that the
negative pressures, corresponding to a tensile strain (and an expansion of the material),
lead to an increased slope of the MSD, and of the corresponding diffusion coefficient,
while in the presence of a positive pressure (or a compression of the material) the
diffusion coefficient decreases, and eventually tends to zero at about 10 kbar (not shown).

The graph clearly indicates an exponential decrease of D with increasing the
pressure p. A linear fit of the resulting values of the diffusion coefficient of the iodine
vacancy, on the log scale, yielded an R-squared coefficient of 0.92. The corresponding
solid line shown in Fig. 2(b) is the resulting fitting function, 2.67 x 107% exp(—0.364p).
At atmospheric pressure our diffusion coefficient is 2.42 x 107% cm? /s, close to the value
reported by Delugas et al., which is 4.3x107% ¢cm?/s, obtained at 300 K, but using the
canonical thermodynamic ensemble, NVT, implemented in the DL_POLY molecular
simulation package [12]. The decrease of the MSD and of the diffusion coefficient with
increasing the pressure can be associated with the increase of the density of the MAPI
material, leading to a blocking of the iodine atoms at their original sites, or to an increase
of the energy they need for jumping into the nearby vacancy.
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Figure 2. (a) MSD of iodine vacancy at 300 K and different pressures. The lines
show a smeared MSD using 2000 time points, while the original data is shown as a
shaded area around the lines. (b) Variation of D with pressure, for more values of the
pressure, the solid line being the exponential fit mentioned in the main text.

As we can see in Fig. 2(a), the instantaneous time derivative of the MSD,
d(MSD)/dt, is not a smooth function of time. For this reason, for a reasonably accurate
estimation of the diffusion coefficient D, a simulation time longer than the average
oscillation time of the MSD slope is needed, and apparently a total time of several ns
should be sufficient. However, the observable variation of the slope, over shorter time
intervals, also suggests that the MSD evolution may depend on the initial conditions.
To check that we repeated the simulations by changing the seed of the (pseudo)random
number generator in LAMMPS, which implies different initial states of the entire lattice
at the beginning of the simulation, and also after the relaxation phase, and consequently
different trajectories of the entire system in the phase space. In addition, we also used
different (random) initial placements for the vacancy.

Fig. 3(a,c) shows the MSD results for the iodine vacancy with different seeds at
1 bar and 5 kbar, respectively. In both cases, the initial positions of all atoms were
the equilibrium positions plus random displacements with —0.1 < § < 0.1 A in each
direction x,y, z, depending on the seed. The initial velocities of the atoms were also
assigned randomly, from a Gaussian distribution, again depending on the seed. Thus,
all simulations began with different initial conditions. Additionally, in Fig. 3(a,c) the
iodine vacancy had the same initial position, whereas in Fig. 3(b,d) this position was
also randomized. Clearly, the effect of the seed creates significant variations of the slope.
This is evident at both pressures used. We can also see that at the higher pressure, of
5 kbar, the slope is systematically reduced, in agreement with the previous result that
the diffusion of iodine vacancies is suppressed at elevated pressures.

In the nine simulations represented in Fig. 3 (a), at 1 bar, the slope coefficients
are, in increasing order: 96, 104, 151, 159, 163, 179, 189, 204, 229 Az/ns, with a mean
value of 164 A?/ns and a standard error (or statistical uncertainty) of about 14 A2 /ns,
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Figure 3. (a) The MSD in the presence of an iodine vacancy, at pressure 1 bar, using
different seeds of the random number generator, and (b) using also different initial
positions of the vacancy. (c,d) The same at pressure 5 kbar. The temperature was
fixed at 300 K.

meaning +9% relative uncertainty for the estimated diffusion coefficient. With the data
obtained at 5 kbar the relative uncertainty of D is about £15%. At the same time the
uncertainty of the slope coefficient corresponding to a single simulation is much smaller,
in the range 0.1-0.3%, or less, because it is based on a sample with millions of time
points.

Therefore, it turns out that each single run of several ns does not include sufficient
information about the distribution of all possible states of the system in the phase
space. This is true because the slope coefficients obtained with 4 ns simulations differ
from their mean values obtained with different initial conditions. It is also seen in our
figures that the slope of the MSD vs. time changes on intervals of the order of 1 ns or
less. Similar slope variations can also be observed in the calculations of Delugas et al.,
in their Figure 3, representing the MSD data for iodine vacancy and iodine interstitial at
different temperatures [12]. Our interpretation is that a computational time of several
ns is not sufficient to observe the ergodic behavior of our system, i.e. the convergence
of the time-averaged and phase space-averaged values of the diffusion coefficient. For
that purpose an unrealistically long computational time might be necessary, or, instead,
a reasonable accuracy could be achieved with shorter simulations with different initial
conditions. Long time memory of initial conditions in a diffusion process has also been
addressed by other studies, and formulated in on a rigorous mathematical background
[25]. However, such fundamental aspects of statistical mechanics are beyond the scope
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Figure 4. (a) MSD of charged iodine interstitial at 300 K and different pressures.
Darker lines indicate moving average of 2000 points while the original data are shown
with lighter colors in the background. (b) Variation of D with pressure.

of our present work, rather based on an empirical approach.

3.2. Iodine interstitial

Now we consider an interstitial iodine ion (i.e. an iodide) added to the MAPIT lattice,
and repeat the previous simulations. The results are shown in Fig. 4, obtained with
the NPT ensemble, at different pressures. As before, the MSD corresponds to all iodine
atoms, and the diffusion coefficient of the interstitial ion is found from the slope of the
MSD. Note that the scale of the diffusion coefficient D is an order of magnitude smaller
than in the case of the vacancy, Fig. 2(b). Again, we are close to the value previously
reported by Delugas et al., of 7.4x1077 cm?/s, obtained using the NVT ensemble at
300 K [12]. We also find out that the diffusion coefficient of the interstitial iodide is at
least one order of magnitude smaller than that of the vacancy at atmospheric pressure.

However, in the iodide case, we could not find a systematic variation of the diffusion
coefficient with the applied pressure. The values shown in Fig. 4(b) are scattered,
and probably not convergent after 5 ns simulation time. The slope of the MSD data
now looks variable over larger time intervals than in the case of the vacancy. And,
as expected, by repeating the simulations with different seeds of the random number
generator, the overall slope of MSD with respect to time is systematically smaller than
in the case of the iodine vacancy, and possibly with a larger uncertainty.

The results obtained with different seeds, for pressures of 1 bar and 5 kbar, are
shown in Fig. 5. It is clearly seen that when a defect is introduced in the same place,
Fig. 5 (a,c), the MSD data look similar, and nearly flat. However, as can be seen in
Fig. 5 (b,d), introducing the defect elsewhere might lead to a different MSD data, but
their slope being always much smaller than in the case of the vacancy. Nonetheless,
pressure seems to have a minor effect in these MSDs, indicating that iodide diffusion is
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Figure 5. Variation of the MSD for the negatively charged iodine (iodide) interstitial
with the seed of the random numbers. (a,b) correspond to 1 bar and (c,d) to 5 kbar
pressure. In (a) and (c) the initial position of the iodide was the same, whereas in (b)
and (d) it was randomized.

a less frequent event, at least up to a pressure of 5 kbar, which was our largest value.

To clarify these results, ten times longer simulations were performed for the case
with the interstitial iodide, at four different pressure values. The resulting MSDs are
shown in Fig. 6. Note that the results corresponding to different pressures are shifted
vertically, for illustration purposes. At this time scale, for all pressure values, we can
only identify jumps of the MSD, on the background of all iodine atoms’ back-and-forth
movements or local vibrations. The jumps are of approximately v/MSD ~ /100 = 10 A,
which correspond to the size of a unit cell. So at this time scale, no net motion of the
iodide can be identified, but only hopping events from one unit cell to another, which
appear to be more frequent at high negative pressures such as -5 kbar, than at positive
pressures.
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4. Conclusions

We performed molecular dynamics simulations of the iodine migration in the MAPI
material, using the LAMMPS software, over time intervals from a few to a few tens of
ns, and we obtained estimated values of the diffusion coefficients of the iodine vacancies
and interstitial atoms, for different negative and positive pressures applied to the MAPI
material. Our simulations show that the iodine vacancy has a diffusion coefficient,
or, equivalently, a mobility, that depends significantly on the pressure. The mobility
of the vacancy varies exponentially with the pressure, increasing in the presence of a
tensile stress (negative pressure compared to the atmospheric value), and decreasing
in the presence of a compressive stress (positive pressure). For the same conditions,
the mobility of an interstitial iodine negative-ion (or iodide) is at least one order of
magnitude lower, which means that the net, macroscopic, iodine migration can be
associated with the diffusion of the iodine vacancies. Therefore the migration of the
iodine atoms, which is a major factor in the degradation of the MAPI material, could
be suppressed, or at least reduced, by applying to the material a compressive stress of
the order of a few kbar.

Recent studies also suggested that with even larger pressures, of the order of
hundreds of kbar, the band gap can also be modified, although achieving such pressures
could be technically difficult, and could possibly lead to phase transitions of the MAPI
material [26-28].
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In our simulations we assumed a homogeneous MAPI lattice, and no external
electric field. The presence of lattice defects such as grain boundaries can change the
physical conditions. The local electric field may attract the ionic defects towards the
grain boundaries [13], inhibiting further their diffusion. However, the iodine migration
may still occur at the contact between the MAPI material and another layer, for example
the hole transporter made of Spiro-OMeTAD [6].
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Appendix A. Time dependent fluctuations of the diffusion coefficient

In a more rigorous treatment than ours, the single atom diffusion coefficient is given by
the velocity auto-correlation function [24]

D - % [ at{ut)00) | (A1)

where 3 is the number of degrees of freedom (the 3D physical space), v;(t) velocity
of particle ¢, and the angular brackets denote the statistical average. However, in
practice this method gives some level of background noise fluctuations. Therefore, the
corresponding Einstein relation that can be valid at a very long time is preferred [24],
which leads to

2tD; = <(ri(t) = m(O)F), (A2)

where r;(t) is the particle position. Here, the angular brackets correspond to the time
averaged mean-squared displacement, which is another form of Eq. (2) from the main
text.

In practice, there exist two approaches for calculation of the diffusion coefficient
for defects. The first approach requires the calculation of the coordination number.
Then a vacancy or interstitial is associated with a dummy particle located as the center
of mass of the under- and over-coordinated atoms, respectively. For instance Pb has
coordination number of six within the defect-free MAPI structure. Thus, two under-
and over-coordinated Pb (i.e. with 5 or 7 neighbors, respectively) represent a iodine
vacancy and interstitial, respectively [12]. This method, however, is very sensitive to
the definition of cutoff for finding nearest neighbors and lattice vibration may introduce
a considerable noise in determining coordination number. Thus the second approach is
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of the iodine vacancy at 300 K and 1 bar. The darker lines show moving average of
2000 points while the data is plotted with lighter colors.

based on the existing particles rather than a dummy one. For example the movement
of an iodine vacancy is associated with the hopping of the nearby iodines into it. Thus,
it is possible to calculate the MSD of defect through the MSD of all iodine atoms. It is
worth mentioning that the MSD can be summed over a group of particles and averaged
over the number of particles. For the defect these averaged values must be multiplied
by the number of particles [29] i.e.

MSD(t)defect =N x MSD(t)total s (A3)

with N being total number of atoms defining the defect, which in our study are the
iodine atoms.

In Fig. A1 we show the time averaged values of the D coefficient for the iodine
vacancy, averaged over 2000 samples with time between samples being 100 time steps,
where we can see the fluctuations during each simulation, and also for different initial
conditions imposed by the initial values of the random number generator. This graphs
show again that at this time scale the diffusion coefficient of vacancies has a distribution
whose standard deviation is about 30%-50% of the mean value. It is (presumably) a
normal distribution, because each D value has been obtained as a sample mean.
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Abstract—One of the main degradation mechanisms of methy-
lammonium lead iodine (MAPI), which is an important material
for perovskite based solar cells, is the migration of iodide ions.
It is believed that this phenomenon is in fact dominated by
the diffusion of iodide vacancies. In this paper, we suggest that
the addition of a small amount of OH™ ions can help suppress
the migration of iodide and increase the overall stability of the
material. Through the use of molecular dynamics simulations,
we show that the OH™ ions can bind to the positively charged
iodide vacancies and can block the access of the negative iodide
ions into those vacancies.

Index Terms—MAPI material, iodide migration, molecular
dynamics simulations

I. INTRODUCTION

The hybrid organic-inorganic perovskite materials, and in
particular the methylammonium lead iodine (CH3NH3Pbls,
or MAPI), have become a significant topic of interest in
the last decade due to their photovoltaic properties. Since
2013, perovskite based solar cells have increased in efficiency
from 13% to roughly 25%, making this category one of the
fastest-growing photovoltaic devices. The main interest in the
perovskite material is that it is able to convert light into
electricity within its natural structure, significantly lowering
the manufacturing costs [1], [2]. Also adding to the lower
manufacturing cost is that it only requires modest fabrication
equipment, much simpler than needed for conventional silicon-
based solar cells. However, the perovskite based solar cells
have the disadvantage of a limited stability. One main reason
for that is the degradation caused by ionic migration within the
perovskite material, especially the diffusion of iodide [3], [4].
Another consequence is a long relaxation time of the photo-
induced current leading to a hysteresis of the current-voltage
characteristic when the voltage is varied in time [5]-[8].

Quantitative data about the dynamics of the iodide diffusion
is difficult to extract from experiments since it depends on
several factors, such as temperature, boundaries, various types
of defects, intrinsic electric field, etc. Nevertheless, molecular
dynamics (MD) simulations have shown that, at least in the ho-
mogeneous MAPI material, the dominant diffusion mechanism

is the migration of the iodide vacancies, with an estimated
diffusion coefficient between 2.5—4.3 x 1076 c¢cm? /s, whereas
the diffusion coefficient of iodide interstitial ions is smaller
by one order of magnitude or more [9], [10]. Hence, since the
iodide ion is negative, once an iodide vacancy is formed, it
will be positively charged, and a nearby iodide will migrate
toward it and attempt to fill it up, and simultaneously creating
a new vacancy. Therefore, since the vacancy appears to move
faster than the iodide ion, it is tempting to think that blocking
the vacancy would reduce the overall diffusion of the iodide.

Another known cause of degradation of the perovskite-based
solar cells is the introduction of humidity (water) into the
device. Water molecules can have multiple effects. Depending
on the amount of H,O molecules, the absorption factor may
significantly decrease [11], iodide ions may be dislocated [12],
and other detrimental phenomena may occur. Still, a small
amount of water can be beneficial for the photovoltaic proper-
ties, for example by delaying the electron-hole recombination
events [13], with negligible changes of the band gap [12].

Atomistic calculations based on the density functional
theory (DFT) have shown that the dissociation of a water
molecule into HT and OH™ ions in MAPI requires an energy
of 0.75 eV in dark, and 0.57 eV in the presence of photo
generated electrons [14]. Therefore, if a small amount of water
is present in the light-harvesting perovskite material, we can
assume the existence of some OH™ (hydroxyl) ions therein.
One possibility can be that the hydroxyl is generated at the
surface and enters in MAPI along grain boundaries. Another
possibility is a controlled adsorption during the preparation of
MAPI. Other ways to obtain OH™ in MAPI may also exist.

In this paper we use MD simulations to show that an OH™
interstitial can reduce the migration of the iodide ions inside
MAPI, by binding to an iodide vacancy, and blocking the path
of the iodide ions through that site. We have also tested, using
density functional theory (DFT) based calculations, that the
presence of hydroxyl ions at the interfaces of MAPI with
the electron and hole transporter materials (TiO2 and CusO,
respectively) does not have a significant effect on the energy
gaps and band alignment.



II. METHODS

We utilize MD simulations to describe the movement of all
atoms in the MAPI system. The simulations were performed
using the LAMMPS software package [15] which solves New-
ton’s equations of motion for each atom or molecule, based on
interatomic effective forces. We used the perovskite structure
with CH3NH3Pbl; stoichiometry in which the methylammo-
nium (MA) molecule has a 1:1 ratio with Pb, and is located
in the middle of a cubic cell (or cage) made of Pbls.

To describe the interatomic forces we used the MYP po-
tential derived by Mattoni et al. [16]. This potential considers
bonded interactions in MA and non-bonded for the Pbl cage
and PbI-MA link. This combination allows the computation
of the local movement or diffusion of all iodide, lead, and
MA constituents. The random rotation of the MA molecule at
300 K gives a cubic phase. The intra-MA interactions were
modeled using a bounded generalized AMBER force field
(GAFF), and the Buckingham force field was used for Pb-Pb,
I-I, Pb-1, and Pb/I-C/N interactions Pb/I-H interactions were
modeled with Lennard-Jones potential. For the hydroxyl we
used TIP3P parameters with charges -0.8476 and 0.4238 e on
O and H, respectively. This gives the hydroxyl group a total
-0.4238 e as compared to +1.13 e for iodide vacancy.

The simulated system was made of 256 unit cells (MAPbI3),
with a total of 3072 atoms, which were relaxed by energy
minimization followed by ramping up and maintaining its
temperature at 300 K and the constant pressure of 1 bar
for 1 ns. This produces samples from an isothermal-isobaric
(NPT) ensemble controlled by the Nose-Hoover thermostat
and barostat. Once the system was relaxed, a single iodide was
removed, theoretically making the system positively charged.
However, due to the large size of the system, there are no
artificial implications on the simulations. To see if there was
a way to mediate the migration, the hydroxyl group was
placed within the system at varying positions and distances
from the initial vacancy, and each case was run as a separate
simulation. The positions of all iodine atoms in the NPT
ensemble as function of time were recorded during each
simulation. Further justification on the choice of the ensemble
and other calculation details can be found elsewhere [10]. The
average computation time was about 22 CPU hours for each
nanosecond on a high-performance computer cluster of AMD
EPYC processors 2300 MHz.

DFT based simulations were also performed to test the
impact of OH substitutions on the band gap and band align-
ment at the interfaces between MAPI and hole and electron
transporter materials, respectively. They were carried out using
the SIESTA software [17], a code that employs the local
density approximation with the inclusion of Hubbard correc-
tion (LDA+U) to treat the electron-electron interactions, and
numerical atomic orbitals as a basis set to solve the Kohn-
Sham equations. Since this ab-initio method operates with
atoms, and not with ions like the force based method of
LAMMPS, neutral OH groups were used to substitute random
iodine atoms in the MAPI layer.

In the case of the hole transporter, the simulation cell
consisted of 218 atoms, grouped in 2x2x6 unit cells of Cuy0,
and 1x1x3 tetragonal MAPI. The Brillouin zone was sampled
using a Monkhorst-Pack k-point mesh of 7x 7 x 1. The system
was then allowed to relax until the forces on each atom were
less than 0.04 eV/A. The resulting optimized structures were
further utilized to determine the electronic states. The partial
densities of states (PDOS) were analyzed to determine the
band gap and band alignment, using the same Monkhorst-Pack
k-point mesh. The energy cutoff for the basis set was 100 Ry.

A similar computational setup was used to check the
influence of OH substitutions of iodine atoms at the interface
between the MAPI and a TiOs layer which has the role of
electron transporter in the solar cell device. This time the
interface contained 198 atoms, and it was composed from a
rutile TiO, layer, obtained by multiplying the unit cell with
2x2x5, and a MAPI 1x1x3 tetragonal layer.

III. RESULTS

We computed with LAMMPS the mean square displacement
(MSD) of all iodide ions included in the simulation cell, as a
function of the time ¢,

| X
MSD(t) = ~ > fri(t) =i (0) (6]
izt

with NV being the total number of iodides and r; the position of
the particular ion ¢. The diffusion coefficient associated with
the mobile ions can be obtained as
1 MSD(t
D = — lim 7() ,

6 t—oo t (2)
which in practice is calculated using the slope of the MSD vs.
time, divided by the double of the spatial dimension [18].

The numerical results of the MSD are shown in Figure 1.
We first consider a simulation cell that in the initial state
includes the reference case of an iodide vacancy (IVAC) and
no hydroxyl, at room temperature and normal pressure. The
corresponding MSD is shown in blue, and the slope is as
expected from previous studies [9], [10]. Then, in Test 1 we
repeat the simulation by adding an OH™ group in the same
unit cell as the IVAC. Further, in Tests 2, 3, and 4, we increase
the initial distance between the IVAC and the OH™ group to
one, two, and three unit cells, respectively. It can be seen
that when the OH™ group is within three unit cells from the
vacancy, there is a significant drop in the MSD compared to
the IVAC only simulation. To make sure that we observe a
real trend of the MSD slope, and not simply random effects,
we repeated several simulations by using different seeds of
the random number generator, which correspond to different
initial positions and velocities of the iodide ions, and indeed,
the trend was confirmed. This is because the vacancy migration
tends to go toward the OH™ group and once it is within one
unit cell distance, the migration of the IVAC is blocked.

As we have shown in a previous study [10], when a
vacancy defect is placed in the material, another iodide atoms
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Fig. 1. MSD of all atoms at 300K for 1 ns. From ascending order, each test
represents the vacancy and OH™ group are initially placed further apart. In
Test 1 they are placed within the same unit cell, in Test 2 they placed one unit
cell apart, and so on. The IVAC case corresponds to the MSD of all atoms
without the addition of the OH™ group.

Fig. 2. An example of migration path of both the iodides (white arrows) and
hydroxyl group (red arrow) in the presence of a vacancy. The initial position
of the iodide vacancy is indicated by the dashed circle. The iodides are shown
as dark blue spheres, and the OH™ as a light blue-violet group.

will migrate to fill the vacancy, consequently creating a new
vacancy in its place. This process will continue throughout
the simulation domain until the vacancy reaches the boundary
lines. However, in the presence of the hydroxyl group, the
initial migration of iodide atoms will still occur, but, once the
newly created vacancy is within roughly one unit cell from the
hydroxyl group, this group will migrate toward the vacancy
and will remain very close to it, or possibly fill it itself. Thus,
the hydroxyl is capable of stopping the migration of the iodide
and allowing the system to return to stability. Specifically, in
Figure 2, the white dashed circle indicates the initial placement
of the IVAC, and the white arrows show the path of the iodides
that have migrated and created new vacancies behind them.
The red arrow indicates the migration of the hydroxyl group
that has joined with the final vacancy, stopping the migration.
A natural question is whether the presence of hydroxyl ions
in the MAPI does not harm other properties of the solar cell.
While only an experimental study can have a definite answer
to this question, here we check if the band alignments of MAPI
with the electron and hole transporter layers are affected.
The band alignment at the interface between MAPI and
Cu;O0, seen as a hole transporter material, was determined us-

350 4
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200 4

PDOS [A.U.]
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Fig. 3. Top: PDOS of MAPI/Cuz0 interface: Solid lines represent Cuz0O,
while dotted lines represent MAPI. The red lines show the ideal MAPI/Cu20O
interface, and the blue/green lines have one iodine atom replaced with
OH™. The blue line represents the interface-close substitution, the green line
represents the interface-far substitution, and the magenta line a substitution
in the middle. The substitution lines have been shifted upwards for clarity.
Bottom: Analog results of the PDOS for MAPI/TiO interface.

ing ab initio DFT calculations with SIESTA software. Initially,
the band alignment of the ideal interface was computed, and
the PDOS for each material was determined for the bulk-like
regions, i.e. excluding the layers in the immediate vicinity
of the interface and of vacuum, which introduce additional
states. Next, a random iodine atom was replaced with OH, and
this procedure was repeated 10 times, each time substituting
a different iodine. The results for the ideal interface and three
cases with OH are presented in the upper part of Figure 3.
The calculations showed a slight shift in energy, but the band
alignment appeared to be mostly unaffected, and the placement
of OH did not have a significant impact on the band alignment.

We performed similar tests on the MAPI/TiO;, TiO,
being a known electron transporter material for MAPI. Four
situations were simulated, with the OH group replacing the
iodine atoms, to be compared with the case without iodide
vacancies. A picture qualitatively similar to the case of the
hole transporter emerges, as shown in the lower part of
Figure 3, again indicating that the band alignment in the
presence of (few) OH™ ions remain practically unchanged.
Notably, we also found that an uncompensated iodine vacancy
shifts the MAPI bands downwards in energy (not shown),



meaning that the OH™ can efficiently compensate for this
effect.

IV. DISCUSSION AND CONCLUSION

The binding of OH™ to positively charged iodine vacancy
is in principle possible in the context of humid environments.
Previously, it was shown that, under ambient conditions,
superoxide (O; ) can be generated at the position of iodine
vacancies, which triggers perovskite degradation, leading to
the formation of lead iodide, molecular iodine, gaseous methy-
lammonium and water [19]. On the other hand, the formation
of OH™ ions can also trigger the deprotonation of the methy-
lammonium, resulting in neutral water and CH3NH, molecules
[20]. Therefore, negative ions containing oxygen can passivate
iodine vacancies, and likely inhibit iodine migration, but may
also prompt the perovskite degradation. However, recent stud-
ies have shown that small amounts of coordinating water can
have a beneficial effect against degradation, acting as a barrier
and preventing the formation of additional hydrates [21]. In a
similar way, a stability improvement of formamidinium based
solar cells was achieved using ambient air additive during
fabrication [22]. Therefore, the potential benefits of the small
water amounts should be further investigated experimentally.

The proton H* resulting from the dissociation of water, be-
ing very light, should be harmless to MAPI. Still, it might bind
strongly to iodide, neutralizing and blocking the migration of
the slow iodide interstitial ions, or eventually can create iodide
vacancies which can be immobilized by the OH™.

In conclusion, we have shown that a negatively charged
hydroxyl ion present in MAPI can form a neutral complex
with a positively charged iodide vacancy, thereby reducing
the migration of the iodide ions via their vacancies.
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Abstract

Due to its unique properties and high efficiency, the perovskite material methy-
lammonium lead iodine (MAPI) has become a primary research topic in photovoltaic
technology. However, the MAPI material suffers from low stability and a high degra-
dation rate. One primary reason for the degradation is the ionic migration caused by
the diffusion of iodide vacancies. This paper’s focus demonstrates the possibility of
suppressing ionic diffusion using OH™ ions. We use molecular dynamic simulations to
show that OH™ ions show an attractive force to the positively charged iodide vacancies,
blocking the migration to the negative iodide ions and ultimately halting the migration.
We perform numerical simulations both in the perfect crystal and in the presence of a

grain boundary.

Keywords: MAPI material, iodide migration, grain boundary, molecular dynamics simu-

lations.

Introduction

Due to its unique photovoltaic properties, the perovskite material has become a prominent
research topic in recent years. Compared to conventional solar cells, the perovskite material
can operate within its natural structure to convert light into electricity without doping
mechanisms or additional junctions. Not only does this significantly reduce manufacturing
costs, but the overall fabrication of the perovskite-based solar cell is simple and only requires
basic equipment.! The overall efficiency of the perovskite solar cell has increased from 13%
to roughly 25% within 13 years, making it one of the fastest-growing efficiency rates of all
types of solar cells. However, perovskite solar cell commercialization has become impossible
due to the material’s high degradation rate and short shelf-life.

There are several reasons for the high degradation rate of the perovskite solar cells. Some
examples are temperature variations, moisture and humidity, and ionic migration.? Through

the use of molecular dynamic (MD) simulations, it is possible to understand the details of



the degradation mechanisms. Specifically, recent MD simulations have shown that the ionic
migration of iodide atoms has the most significant role in the degradation of the perovskite
material.® A positively charged vacancy is left behind when the negative iodide is missing
from the system. This causes the other iodides in the system to migrate toward the vacancy
and ultimately fill it, simultaneously creating a new vacancy. Given the domino effect of a
new vacancy being created each time another is filled, the diffusion coefficient of an iodide
vacancy has been calculated to be between 2.5 — 4.3 x 107¢ ¢cm?/s.%?

Due to the large impact of the iodide migrations, several MD simulations were completed
to determine if external factors, such as pressure or temperature alterations, can suppress
the migrations. For example, in our previously published work, we suggest that highly
compressive pressure can reduce to ionic migration and enable the material to remain stable.?
However, applying a high compressive pressure to the perovskite material under its working
conditions is not an ideal solution. Therefore, instead of using external factors to suppress
the migrations, filling the vacancy may be more beneficial before the migration even occurs.

Although humidity can lead to the degradation of the perovskite material through iodide
dislocation and a decrease in the absorption factor,® we suggest that small amounts of water
may be beneficial to the material by delaying the electron-hole recombination without causing
changes to the band gap.® Density functional theory (DFT) calculations show that water
dissociates into H* and OH™ (hydroxyl) at 0.75 €V in the dark and 0.57 eV in the presence
of photo-generated electrons.” Through DFT calculations, previous research has shown that
the addition of OH™ does not cause adverse effects on the band alignment between the MAPI
and electron transport layer material.® Small amounts of water may be introduced into the
perovskite material through fabrication or generated at the surface and enter through grain
boundaries. We can assume that if water enters the system, there are also accumulations of
hydroxy ions.

Simultaneous to the addition of the hydroxyl group into the perovskite material, we in-

cluded a grain boundary defect as well. A grain boundary, commonly seen in polycrystalline



solar cells, occurs when two separate crystal lattices are placed together. In the case of
the perovskite solar cells, a grain boundary is common in the two-step spin coating fabrica-
tion process.? Therefore, the presence of a grain boundary makes our model more realistic.
The addition of a grain boundary also creates a slight potential difference in the material,
depending on whether the grain boundary has dangling iodide atoms, or lead atoms.® We
suggest that the grain boundary may also help suppress the migration of the iodide vacancy,
an effect that may be enhanced in the presence of the hydroxyl. Our present work is based

on MD simulations.

Methods

Through the use of MD simulations, we were able to analyze the movement of all atoms within
the MAPI system. All simulations were done using the LAMMPS software, ** by solving for
Newton’s equations of motion for all atoms. Our simulations utilized the CH3NH3;Pblz
stoichiometry with the MA (methylammonium) molecules having a 1:1 ratio with the Pb
atoms, placed in the middle of each cubic cell made of Pbl;. We introduced grain boundaries
into the system, an example of which can be seen in 1. This was done by rotating the crystal
+/-18.5° in two grains, giving twin boundaries of ) 5/(120)[001]. The grain boundaries were
then shifted to give a uniform distance between them. The final product of the system is
pictured in 2, which was created using the OVITO program.

We utilized the MYP potentials derived by Mattoni, et al.* to account for all interatomic
forces. This potential considered bonded interactions in the MA molecule and non-bonded
Pbl cage and Pb-MA. This will produce a stable cubic phase at 300 K. The intra-MA
interactions were modeled using a bounded generalized AMBER force field (GAFF), and
the Buckingham force field was used for Pb-Pb, I-I, Pb-I, and Pb/I-C/N interactions. Pb/I-
H interactions were modeled with Lennard-Jones potential. For the hydroxyl, we used TIP3P

parameters with charges -0.8476 e for O and 0.4238 e for H ions. This gives the hydroxyl
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Figure 1: Visualization of a dangling iodide in the so-called MAI grain boundary. Red and
blue atoms denote Pb and I. MA, illustrated by their bonds.

Figure 2: Super cell composed of two grains and MAI grain boundary in the middle and
Pbl, grain boundary at the ends

group a total of -0.4238 e compared to +1.13 e for iodide vacancy.

The simulated system comprises 3471 atoms, corresponding to 8 x 8 x 4 = 256 cubic
units, first relaxed through energy minimization and maintained at a temperature of 300 K
and a pressure of 1 bar for 1 ns, producing samples from isothermal-isobaric (NPT) ensemble.
Once the relaxation is complete, a single iodide atom is removed, and a hydroxyl group is
placed into the system. To see if adding the hydroxyl group mediated the vacancy migration,
we considered iodide vacancy and hydroxyl group at different distances with respect to grain
boundaries.

All results were computed with LAMMPS using the mean squared displacement (MSD)



of all iodide atoms within the simulation cell as a function of time ¢.

MSD(t Z |r;(t) —1:(0)]? (1)

with N being the total number of iodides and r; the position of the particular ion ¢. The

diffusion coefficient associated with the mobile ions can be obtained as
D=~ lim — (2)

Each simulation was completed six times with different seeds, a pseudonym number to
initialize the simulations. This process allows us to ensure our results are reliable and re-
peatable. The pressure and temperature were set to room temperature (300 K) and standard
pressure (1 atm) to ensure no external factors affected the migrational patterns.

The computation time averaged 22 CPU hours per nanosecond on a computer cluster of

AMD EPYC processors 2300 MHz.

Results

The effect of OH™

Using a simulation cell of a perfect crystal structure, where the initial states include only an
iodide vacancy (IVAC), the diffusion coefficient that we previously obtained from the slope
of the MSD, at room temperature and atmospheric pressure, was 2.4 x 107% ecm? /s, with a
9% uncertainty,® comparable that reported by another study, which was 4.3x107% cm?/s.4

To try to mediate the iodide diffusion, we now systematically included a hydroxyl group
in the perfect crystal structure containing a vacancy defect at varying distances. Each trial
was completed ten times, changing the seed, allowing for slight alterations of the initial
conditions. Figure:3 shows the MSD obtained with an OH™ group and the iodide initially

placed at the same vacancy location. The graph clearly shows a stable MSD for each seed



trial throughout the simulation of 1 ns. The average diffusion coefficient of all seeds was
calculated to be 7.9 cm?/s, with a statistical standard error (i.e. the standard deviation
divided by the square root of the sample size) or 32%. This relatively large uncertainty is

consistent with the very low diffusion coefficient.

OH- in place of IVAC

seed1
seed2
0.2 seed3
seedd
0.15 seeds
seed6
0.1 seed7
seed8
seed9
seed10

1 1.2 1.4 1.6 1.8 2
Time (ns)

Figure 3: Perfect crystal structure containing a vacancy defect, and a hydroxy group placed
in the same location. Each line on the graph represents a different seed, with a total of 10
seed trials.

After this group of simulations, we increased the distance between the initial placement
of the vacancy and the hydroxyl group to 1 unit cell. Figure:4, shows the MSD of all ten
seed trials at this distance. The average MSD for this simulation set was calculated to be
1.1 x 107® with a standard error of 25%. In this case, there is an initial increase in the
MSD, as the iodide vacancy travels toward the vacancy, then once close enough, returns to
stability.

Next, we increased the distance between the initial vacancy and the hydroxyl group to four
unit cells away. Figure:5 shows the results from this trial. In this case, the iodide migration
does not seem to be suppressed, and there is a significant increase in the MSD throughout
the simulation. The average diffusion coefficient of the 10 seed trials was calculated to be

1.7 x 1077 with a standard error of 16%.



OH- place one unit cell from IVAC

1 1.2 1.4 1.6 1.8 2 22
Time (ns)

Figure 4: Perfect crystal structure containing a vacancy defect, and a hydroxy group placed
at a distance of 1 unit cells. Each line on the graph represents a different seed, with a total
of 10 seed trials.

OH- placed four unit cells away from IVAC

Seed1
Seed2
Seed3
Seed4
Seed5
Seed6
Seed7?
Seed8
8.1 Seed9
Seed10

1 1.2 1.4 1.6 18 2 2.2
Time (ns)

Figure 5: Perfect crystal structure containing a vacancy defect, and a hydroxy group placed

at a distance of 4 unit cells. Each line on the graph represents a different seed, with 10 seed
trials.

Table 1: Average diffusion coefficient and standard error for each trial.

Trials Diffusion Coefficient (cm?/s) | Standard Error (%)
OH"™ in place of vacancy 7.9 x 1078 32
OH™ at one unit cell distance 1.1 x 1076 25
OH~ at two unit cells distance 1.7 x 1076 16
OH™ at four unit cells distance 1.7 x 1076 9




The effect of grain boundary

Simulations were then done in the presence of a dangling iodine grain boundary. This allows
for a net negative grain boundary. By doing this, we can determine whether the positive
vacancy would rather travel toward the grain boundary, or be suppressed by the hydroxyl
group.

Figure 6 shows the MSD of all iodide atoms in our grain boundary system with an IVAC
between the grain boundary and the periodic boundary. The IVAC was initially located
three unit cells from the grain boundary, on the left side in Figure 2. The estimated average
diffusion coefficient is 2.8 ¢cm?/s, which is comparable to the value in the perfect crystal.
Which means that with the present initial conditions the grain boundary does not block the

migration of the IVAC.
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Figure 6: Graphical analysis of the MSD of all iodide atoms in the MAPI system, in the
presence of a dangling iodide grain boundary.



The effect of OH™ in the presence of the grain boundary

We added defects once we completed the baseline for your system in the presence of a grain
boundary. Like the perfect crystal structure simulations, we created a vacancy defect and
added a single hydroxyl group either next to or three unit cells away from the vacancy.
Starting from the initial conditions when the OH™ and the IVAC have the same location,
we obtained a similar diffusion constant as in the absence of the grain boundary, 7.81 x10~8
cm? /s, with a standard error of 26%. Which means the diffusion of the IVAC is still blocked
(or reduced) by the hydroxyl group in the presence of the grain boundary.

When placing the hydroxyl group three unit cells away from the vacancy defect, we see
an increase in the overall MSD, shown in Figure 7. The average diffusion coefficient over the
six trials is 1.6 x 107% cm? /s, with a standard error of 24%, again comparable to the value

obtained in the absence of the grain boundary and shown in Table 1.

0.8 T T

Seed2
0.2 Seed3 |
Seed4
| Seed5 | |
L Seed6
0 . . . |
1 1.2 1.4 1.6 1.8 2

Time (ns)

Figure 7: Crystal structure with a grain boundary and vacancy defect. An OH- molecule
was placed three unit cells away from vacancy.
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Conclusion

In the perfect crystal structure, when the hydroxyl group and the initially placed vacancy are
in close proximity, within a few unit cells, the hydroxyl group will work to fill the vacancy.
While using the OVITO visualization software, it was noted that the vacancy is more likely
to migrate toward the hydroxyl group. In contrast, the hydroxyl group remains around its
initial placement, with only slight migration. In these cases, the MSD increases slightly
at the beginning of the simulations, but once the vacancy meets the hydroxyl group the
MSD indicates stability and remains so for the duration of the simulation. However, in cases
where the vacancy and hydroxyl groups are initially at a distance of two to four unit cells, the
vacancy is more likely to migrate away, but still slower than in the absence of the hydroxyl.

We showed that a grain boundary alone has a negligible effect on the IVAC migration if
the IVAC is initially three unit cells from it. However, despite the highly negative charge of
the grain boundary, the presence of the hydroxyl group close to the boundary is still able
to suppress the IVAC migration. Therefore it appears that the grain boundary does not
suppress attraction between the IVAC and the hydroxyl.

The addition of water molecules is typically considered a significant defect in the per-
ovskite material, decreasing both the stability and lifetime of the material. However, the
results of this paper can conclude that small amounts of water added to the system may

increase the stability, due to suppressing a more detrimental defect, i.e. ionic migration.
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Abstract

Nitrogen dioxide (NO,) is a hazardous gas emitted primarily from burning fossil
fuels. When inhaled, it can have severe health implications, particularly for individuals
with respiratory conditions such as asthma. It contributes to ground-level ozone forma-
tion, which can cause reduced lung function and increased susceptibility to respiratory
infections. When in contact with water moisture in the air, NO, is easily oxidized into
nitric acid (HNOjy), causing acid rain. Detection of NO, levels is therefore important
for monitoring air quality and protecting public health. Among the possible technical
solutions for gas sensing, silicon nanowires (SiNWs) have proven to be a promising
candidate, partly due to their high sensitivity, low manufacturing cost, and ability
to perform in various air qualities. This paper presents using SiNWs, fabricated by

metal-assisted chemical etching, as a fast, accurate, sensitive, robust, and cost-effective



NO, gas sensor. Our SiNWs gas sensor can experimentally detect 20 parts per billion
(ppb) of NO, under a wide range of relative humidity. Our sensor shows ultra-high

sensitivity with fast response and recovery time.

Introduction

Air pollutants can have detrimental effects on the environment as well as human health.
One of the gases that have been of great concern is nitrogen dioxide (NO,). It is released
primarily from burning fossil fuels through power plants and automobiles and is considered
one of the major pollutants in today’s atmosphere. Exposure to it can cause respiratory
infections, even at very low concentrations. Present healthy standards correspond to 53 ppb
annual average, with an one-hour daily maximum concentration of 100 ppb.! Additionally,
NO, contributes to the formation of acid rain when it reacts with water molecules to form
HNO,. It is, therefore, vitally important to monitor and measure the NO, concentration in
a fast and accurate way.

Silicon nanowires (SiNWs), with their unique properties and versatile nature, have emerged
as promising building blocks for various applications across different fields, ranging from so-
lar cells and biosensors to thermoelectrics, as discussed in a very recent review article.?
These nanoscale structures, typically ranging from a few to a few hundred nanometers in
dimensions, can be integrated into transistors, memory devices, and sensors, enabling ad-
vancements in miniaturization and performance. This is mainly due to their large surface-
to-volume ratio and high sensitivity of current-voltage (I-V) characteristics to the presence
of surface states.?

Among the various existing methods to synthesize the SiINWs, metal-assisted chemical
etching (MACE) is one of the simplest, and it offers the perspective of integration with
microelectronics technologies at a lower cost with larger processable areas® and easy tuning
of geometrical parameters.® Both disordered (random)® and ordered (periodic)” arrays of

SiNWs can be obtained by MACE, and they can be fabricated in just two very simple wet-



chemical steps. In particular, a recent study reported a sensor based on SiNWs that exhibited
a change of electrical resistance of several percent upon exposure to human breath.® The
presence of germanium (Ge) nanoparticles on the surface of the SINWs (Ge:SiNWs) could
further improve the sensitivity of such a sensor to humidity, and stabilize the baseline.?

SiNWs used as an NO, gas sensor have been a topic of research in recent years. In
et al.'% used periodic arrays of SiNWs covered with a periodic porous top electrode, and
could detect down to 10 ppb NO, for relative humidity (r.h. ) below 10% , whereas the
detection level reported at higher humidity, such as 30%, was much higher, i.e. 500 ppb.
More recently, Kwon et al.!' used disordered arrays of SiNWs, and were able to detect 10
parts per million (ppm) of NO, at room temperature in dry conditions, but increasing the
humidity to 40% - 80% (typical atmospheric conditions) had a detrimental effect on their
sensitivity. It was suspected that the humidity blocks the NO, from binding with the SINWs,
causing a decrease in the overall response, and in order to lessen this reaction, Qin et al.,'?
placed an octadecyltrichlorosilane (OTS) layer within the sensor to block the access of the
water molecules to the surface of the SINWs. With this device, they could detect 50 ppb of
NO, in the presence of 70% r.h.

In contrast, our simpler SINW sensor does detect concentrations of NO, at least as low
as 20 ppb at room temperature at up to 80% r.h. This allows for a more realistic application

of the sensor, using a cheaper and simpler fabrication method than previously reported.

Results and discussion

Our results demonstrate that the sensor based on SINWs can work successfully as a humidity
sensor and a NO, gas sensor. The behavior of the SINW sensor as a humidity sensor was
comparable to that of a commercial-grade humidity sensor. Figure 1 shows the increase in
resistance due to the rise in the relative humidity in the chamber. The relative humidity

was tested by setting a baseline of 0% R.H for the first two hours. The humidity was then



raised step-wise every half an hour until it reached 80% and then reduced step-wise back to
0% in the same manner. The resistance increased from 202 at 0% R.H to 30 Q2 at 80% R.H
To test the baseline steadiness, the next testing set included an increase of the humidity for
0.5h, and then an immediate decrease back to 0% for the next 0.5h. This testing was done
six times. These results showed that the SINW sensor has both a steady baseline, as well as

a fast response time.
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Figure 1: Graph (a) shows the SINW response to varying relative humidity concentrations.
Graph (b) shows the response of the commercial humidity sensor HYT 939 and the commer-
cial gas sensor TGS 2600. Graph (c) shows the actual set of relative humidity concentrations.

In the course of this study, the response of the SINWs to NO, was tested extensively,

both in the presence of humidity and without humidity. The sensor responded well to



concentrations as low as 20 ppb of NO,. The response and especially the recovery, however,
was limited in dry conditions and became faster with increasing the background humidity,
as shown in Fig. 2. The recovery was much faster in the presence of humidity already at

10% R.H, which is important for practical applications.
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Figure 2: (a): SiNW response to NO, in varying relative humidity concentrations. (b):
concentration of NO, and background humidity, measured at 20°C. The humidity was
modified in several steps for more than 100 hours.
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Figure 3: Zoomed-in image of Figure 2, showing the resistance with changing concentration
of NO, and humidity after 50 hours. During this time, the sensor has established stability.

To determine the sensor’s cross-sensitivity, a variety of common reducing gases was also
tested on a separate sample. No significant response was observed from any of them except for
hydrogen, which produced a minor increase in resistance, as shown in Fig. 4. In the presence
of humidity, the resistance baseline was increased from 28 ) to 30, without causing any
detrimental effects on the sensitivity to NO,.

Based on the above results, it can be concluded that the SINWs system can detect both
humidity and NO, with high sensitivity and high selectivity. We have also been able to prove
reproducibility through testing different samples with similar sensitivity responses. While
we could detect an experimentally controlled concentration of 20 ppb NO,, it is obvious from
Figure 5 that the gradient of the signal, i.e. the sensitivity, at low concentrations is strong
enough to allow the detection of even lower NO, concentrations in the presence of humidity.

Previous experimental work reported the detection of humidity with SINWs using impedance

spectroscopy measurements, as capacitance variations due to the presence of water molecules
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Figure 4: Graph (a) shows the resistance variation in the SINW sensor with changing the

gas concentrations. Graphs (b) and (c) show the input concentrations of varying gases and
R.H..

in the proximity of the nanowires'®.'* Our understanding of the gas sensing mechanism in-
volved in our experiments is based on the interaction of the SINWs surface with atmospheric
oxygen, which can occur at room temperature. !> The SiNWs were made from a p-type wafer.
The chemisorption of oxygen leads to increased hole concentration in the bulk, as electrons
are localized at the surface as O, (superoxo) ions in a dynamic equilibrium. Water vapor
will disturb this equilibrium by competing with oxygen molecules for suitable adsorption
sites at the surface.'® In contrast to oxygen, water molecules are probably only physisorbed

and no charge transfer occurs at room temperature.'” The observed increase in resistance
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Figure 5: Sensor signals of the SINWs for different concentrations of NO, in different back-
ground levels of relative humidity.

due to humidity exposure is thus ascribed to a displacement of oxygen ions.

In contrast to H,O, NO, can be ionosorbed at the surface already at room temperature.
The interaction of NO, with the silicon surface has been reported as a formation of surface
states that enable a charge transfer.'®!® The result is the creation of additional holes and
a decrease in resistance. The surface interacts much stronger with NO, than with H,O or
O, and will dominate in this competition. This suggested mechanism can also explain the
higher sensor response in humidity compared to dry air: The more water is present at the
surface before exposure to NO,, the more can be displaced by NO,. The other analytes
are either not dissociated at room temperature, e.g. H,, or their interaction is too weak to

compete with O, for reactive sites.



Experimental

The SiNWs were made from single-side polished, p-type (boron-doped), (100) Si-wafers with
a thickness of 525 pm and resistivity p of 0.1 Q2 cm to 0.5 Qcm. A two-step MACE fabrication
route was used to process the samples. The first steps involved the deposition of silver
nanoparticles (Ag-NPs) on top of the Si-wafer in an aqueous solution of 1.5 mm AgNO; and
3M hydrofluoric acid (HF) for 1 minute. The second step involved catalytic etching of the
wafer in a diluted solution of HF and hydrogen peroxide (H,0,) for 20 min. Before the
Ag-NPs deposition, the wafers were cleaned in an ultrasonic bath with acetone, methanol,
and isopropanol, after which they were dipped in deionized water and dried with nitrogen
(N,) gas. A more detailed description of the fabrication process can be found elsewhere.®

The SiNWs surface morphology shown in Figure 6 was characterized by a field-emission
scanning electron microscope, FE-SEM (ZEISS SUPRA 35). A top-view and a cross-section
image of SINWs obtained after 20 min etching time is seen. The top-view image reveals that
the synthesized SiNWs form an interconnected structure that forms bundles at the tips of
wires due to capillary forces being activated when extracting the samples out of the etching
solution. Also, a uniform etching depth of 6 um is evidenced in the cross-sectional image.
In order to obtain the diameter of each nanowire, samples were partially cut using a razor
blade to separate the wire area from the un-etched part of the Si wafer. The SEM image of
the extracted wires revealed the diameter of wires being around 100 nm.

A custom-made gas mixing system with mass-flow controllers (Tylan, Bronkhorst) was
used to characterize the SINWs as a gas sensor. The samples were placed in a measurement
chamber made from polytetra fluoro ethylene (PTFE), to limit exposure to outside inter-
actions. The electrical resistance was measured with a Multimeter (Keysight 34972A) in
a four-wire configuration. The contact pads on the wafer were connected to copper wires
using conductive silver paste (Plano). Humidity was adjusted by sending a ratio of dry air
through a vaporizer filled with deionized water, providing 100 % r.h. (measured at 20°C).

To assess the sensor performance, a commercial humidity sensor (HYT939, IST AG) and a



Figure 6: SEM micrographs of SiNWs obtained by MACE after 20 min etching. Image (a)
is the top view of the SINWs. Image (b) is the cross-sectional analysis. Image (c) shows
individual wire configuration on a broken surface.

commercial air quality SMOX gas sensor (TGS2600, Figaro) were used.

Conclusions

Our experimental results show that p-doped silicon nanowires fabricated with the MACE
method can be used as an inexpensive alternative to commercial humidity and NO, sensors.
The lowest concentration of NO, detected under experimental control was 20 ppb. Unlike
common NO, gas sensors, our SINW gas sensors are able to operate at high humidity levels,
allowing for more realistic applications. The construction of the sensor device, outlined in
the experimental section, is simple and easily reproducible. The experimental results suggest
a sensing mechanism that is based on the dynamic equilibrium of the oxygen at the SINWs
surface, in the presence of water molecules, which proves to be very sensitive to the charge

transfer from NO,.
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Abstract

In this study, we investigate an innovative hybrid structure of silicon nanowires
(SiNWs) coated with polyaniline (PANI):metal oxide (MO, ) nanoparticles, i.e., WO3
and TiOq, for respiratory sensing. To date, few attempts have been made to utilize such
hybrid structures for that application. The SINWs were fabricated using metal-assisted
chemical etching (MACE), whereas PANI:MO,, was deposited using chemical oxidative
polymerization. The structures were characterized using Raman spectroscopy, X-ray
diffraction, and scanning electron microscopy. The sensing characteristics revealed that
the hybrid sensor exhibited a considerably better response than pure SINWs:MO, and
SiNWs:PANI. Such an enhancement in sensitivity is attributed to the formation of a

p-n heterojunction between PANI and MO,, the wider conduction channel provided



by PANI, increased porosity in SINWs/PANL:WOg3 hybrid structures, which creates
active sites, increased oxygen vacancies, and the large surface area compared to that
available in pure MO, nanoparticles. Furthermore, less baseline drift and increased
sensor stability were established for the SINWs structure coated with PANI:WOs, as

compared to PANL:TiOs.

Introduction

Breathing is a vital physiological process in living organisms. For humans, this process
involves inhaling air containing oxygen into the lungs, where gas exchange occurs across
the alveolar-capillary membrane. Carbon dioxide is excreted during exhalation, released
through the nose or mouth. The entire process, from inhalation to exhalation, is known as
the breathing or respiration cycle. Respiratory rate, a key vital sign, is used to monitor the
progression of illness, with abnormal rates serving as critical markers of serious conditions.

Continuous monitoring of respiratory rate is crucial in various medical settings. Sub-
stantial evidence indicates that alterations in respiratory rate can predict potentially serious
clinical events, such as cardiac arrest or admission to intensive care units. Studies have
shown that respiratory rate is a more reliable indicator than other vital measurements, such
as pulse and blood pressure, in differentiating between stable patients and those at risk'2.
Changes in respiratory rate can identify high-risk patients up to 24 hours before an event,
with a specificity of 95%. Additionally, in the context of COVID-19, respiratory monitoring
is critical for evaluating pulmonary function.

Another important area of study is sleep apnea-hypopnea syndrome (SAHS), a prevalent
and potentially serious disorder characterized by at least 30 apneas during a typical 7-hour
sleep period, where each apnea lasts at least 10 seconds. SAHS leads to sleep interruptions,
resulting in various pathophysiological changes, including complications such as hypertension
and stroke. SAHS has become the second leading cause of stroke. Therefore, respiratory

monitoring of individuals with SAHS is particularly important and urgent®.



One effective strategy for respiratory monitoring involves using the moisture content in
exhaled human breath, where the relative humidity ranges from 60 to 88%*. In this context,
devices with active materials at the nanoscale have emerged as promising candidates for gas
sensing applications due to their high surface-to-volume ratio and small physical dimensions,
which are comparable to the charge screening length. A good gas sensor must exhibit
high sensitivity and selectivity toward specific gases. Additionally, the sensor should offer
long-term stability, repeatability, a low operating temperature, and consequently low power
consumption. Furthermore, a cost-effective fabrication process is essential from an industrial
perspective.

In this context nanostructures, with their high surface area-to-volume ratio, play a cru-
cial role in advancing sensor performance. Their enhanced surface area provides more active
sites for gas adsorption, directly boosting sensor sensitivity. In nanostructured sensors, the
small scale of the materials provides stronger interactions with gas molecules, allowing for
detectable changes in electrical properties when specific gases are present. For example, one-
dimensional nanostructures with particle sizes near twice the Debye length, exhibit enhanced
responses due to quantum confinement and the formation of space-charge regions®. These
unique properties of nanomaterials enable numerous advantages, such as low power con-
sumption, exceptional sensitivity at trace gas concentrations, high accuracy, rapid response
times, abundant surface-active sites, and effective operation at room temperature—leading

to more efficient and sensitive gas detection compared to their bulk counterparts®?.

11,12 1,13,14
)

Nanostructures, such as nanotubes®, nanoparticles®!?, nanosheets , and nanowires
have demonstrated good sensitivity to different gases. Among these nanostructures, silicon
nanowires (SiNWs) have have been shown to have substantial advantages!. SiNWs can be
processed using relatively standard techniques, allowing for integration with complemen-
tary metal-oxide-semiconductor (CMOS) processes for large-scale production. Additionally,

SiNWs offer flexible doping concentrations and can be chemically functionalized for the se-

lective detection of gas-phase molecules, making them particularly suitable for advanced



gas sensing applications. Of several methods to synthesize SINWs, metal assisted chemical
etching provides a simple, cost effective means to fabricate SINWs while giving control over
various parameters for instance length, shape, orientation and doping level 7.
Incorporating semiconductor metal oxides (MO,) provides high electron mobility, high
sensitivity, fast response/recovery times, long-term stability, and stable chemical proper-
ties 820, Additionally, these materials allow easy adjustment of surface properties. In recent
years, n-type semiconducting metal oxides, such as iron oxide, zinc oxide, titanium oxide,
tin oxide, tungsten oxide, and indium oxide®!'*24, have become pivotal in gas sensing due
to their low cost, high sensitivity, simplicity, and ease of integration into electronics!®2.
However, gas sensors based on metal oxides (MO,) face drawbacks such as high resistance,

18-20.25  The operation of these devices at

high operating temperatures, and low selectivity
high temperature tends to alter the properties of nanoparticles over time, thereby causing
reduced stability and shorter lifetime. Further the requiring temperature controlled system
for these devices requires additional power consumption induces additional cost and com-
plexity. Several work were proposed to improve the metal oxide based sensors performance,
such as surface structuring to increase the number of adsorption sites, for instance using
porous Si%.

Another vastly employed approach?”?® to address these issues, is the use of conducting
polymers such as polyacetylene, polypyrrole, polyaniline (PANT), and poly-diacetylene which
have been explored? 2. These materials offer high conductivity, low-temperature operation,
and low power consumption. Among them, PANI has been extensively studied and widely
applied!® due to its efficiency in gas sensing, low cost, easy synthesis, room-temperature
operation, and low power consumption. However, conducting polymer-based gas sensors
suffer from poor stability, selectivity, and long response times 24253033,

Hybrid nanocomposites of metal oxides and conducting polymers present a promising so-

lution to enhance the gas-sensing properties of the individual components while maintaining

their unique desirable properties. Recent advancements have led to the successful develop-



ment of PANI-based hybrid nanocomposites by several research groups for detecting various
target gases!$:20-22.3334

Therefore, we propose an innovative approach: the synthesis of SINW-based PANI:metal-
oxide hybrid nanocomposite structures for respiratory sensing. In this work, SINWs were syn-
thesized using metal-assisted chemical etching, followed by coating with an organic-inorganic
sensing layer comprising PANI and MO,, nanoparticles (MO,-NPs). The breath sensor oper-
ates on a chemisorption-based mechanism, where the target gases (such as those in exhaled
breath) interact with the sensor surface, causing a measurable change in resistance. This
chemisorption involves the chemical interaction of gas molecules with the active surface of
the sensor, leading to electron exchange, which modifies the overall conductivity of the ma-
terial. When exposed to exhaled gases, each component of the sensor (metal oxide, PANT,
and SiNWs) plays a unique role in enhancing the sensitivity, stability, and selectivity of the
sensor. The metal oxides nanoparticles provides high sensitivity to gas molecules, particu-
larly oxidizing and reducing gases, due to its natural tendency to interact with oxygen and
other gas species. When exposed to gases like CO,, Oy, or volatile organic gases (VOCs) in
the breath, the MO,, surface adsorbs these molecules, leading to electron transfer reactions
that alter the material’s resistance. The incorporated PANI, which is is known for its high
sensitivity to changes in the environment, particularly to acidic and basic gases enhances
sensitivity and provides additional active sites for gas interaction?”. The SiNWs contribu-
tuion is a high surface-to-volume ratio?%, increasing the overall surface area available for
gas interactions. The SINW provides structural support and stable electrical conductivity,
ensuring a robust signal even under varied respiratory conditions. This approach aims to
leverage the combined advantages of both materials, potentially leading to significant im-

provements in respiratory sensing capabilities.



Experimental

Synthesis of SINWs

Synthesis of arrays of random SiNWs were carried out by applying metal (silver, Ag) assisted
chemical etching (MACE) on p-type 10 x 10 mm? single-side polished Si-substrate of 525 pm
thick, with the resistivity p of 0.1-0.5 Qcm and 0.009 Qcm. The process steps of the synthesis

(shown schematically in Figure 1) are as follows:

e Deposition of Ag-NPs by immersing Si-substrates in a solution of 3 M HF and 1.5 mM

AgNOj for 60 s, followed by rinsing in DI-water.

Step 3.
Etching in HF/H2SO4 solution
———

Step 2. Step 4.
Deposition of Ag nanoparticles, by Immersing in HNO3 to remove Ag particles

immersing in AgNO3/HNO3 solution

Figure 1: Schematic representation of randomly aligned vertical SINWs using MACE.

Step 1.
Cleaning p-Si substrate

e Etching the resulting sample from the previous step in HF:HsOy (5M:0.4M) solution
for 20 min to obtain vertically aligned SINWs. The etching was abrupted by immersing

the sample in DI-water.

e The resulting structure is immersed for few seconds in 60% of nitric acid to remove

residual Ag-NPs, and rinsed afterwards with DI-water.

Various schemes of structures are considered in this study (see Figure 2(a-c) for schemat-

ics), one in which SiNWs are coated with PANI, polyaniline MO, hybrid nanocomposite and



spin-caoted MO,-NPs, respectively.

SiN'Ws decorated with MO, -NPs

TiOy (a mixture of anatase and rutile phases, with particle size < 100 nm) and WOj3
(particle size of ~ 100 nm) nanopowders from Sigma Aldrich were used for deposition of
MO,-NPs onto SiNWs structures. Initially the nanopowders were dispersed in dimethylfor-
mamide (DMF) solvent (0.01 g/ml) and then the solution was sonicated for an hour. A
spin coater was used to coat the SINWs with prepared nanoparticles suspension. The coated

sample was placed on a hot-plate at 90°C for 10 min to evaporate the solvent.

SiNWs decorated with PANI:MO, hybrid nanocomposite - heterostructure

PANI and PANI:MO,, nanocomposites were deposited on SiNWs by suspending the sub-
strate in the polymerization solution, during chemical oxidative polymerization of aniline
with ammonium persulfate (APS) in acidic medium?®. For PANI deposition, SiNWs were
immersed in the solution containing 0.1 M aniline in 0.1 M HySO, and kept for 30 min under
continuous stirring conditions. A pre-cooled solution of 0.1 M APS in 0.1 M Hy;SO, was
added, drop by drop, to the above obtained previous solution containing the monomer. The
polymerization solution was allowed to react for 24 h at room temperature under continuous
stirring condition. The resulting precipitate, and SiNWs, were collected and washed several
times with deionized water and methanol. The collected powder was dried at 60 C overnight
while the SINWs decorated with PANI was dried at room atmosphere. Similar procedure
was used for deposition of PANI:MO, nanocomposites on SINWs with the addition of 0.28 g
of TiO4 or 2.31 g of WO3 in the monomer solution. An additional glass substrate was placed

alongside the sample, for Raman spectroscopy and XRD analysis.



(a) SINWs/PANI

PANI o~

SINWs Au-contact

Si-substrate
(b) SINWs/PANI:MO,

Sensing layer
on SiNWs

Figure 2: Representation of structural schemes considered for respiratory sensing mechanism,
i.e., (a) SINWs with PANI, (b) SiINWs with MO,, particles and (c) SINWs coated with hybrid
PANI:MO,, nanocomposite.

Characterization

Structural and elemental characterization of the films was conducted using X-ray diffraction
Raman spectroscopy (Horiba LabRam Evolution) and scanning electron microscopy (SEM)
(Zeiss Supra 35). Empyrean diffractometer by Panalytical was utilised for XRD in a parallel
beam geometry with a line-focused copper anode source operating at 45 kV and 40 mA
with radiation Cu-Ka (wavelength of 1.54 A) A parabolic x-ray mirror was used with a
1/2° divergence slit to limit the x-ray spot size on the sample. A parallel plate collimator
slit (0.27°) was used in the diffracted beam path followed by a PIXcel detector operating in
open-detector mode for XRD and in frame-based mode for reciprocal space mapping (RSM).
The X-ray diffraction measurement was performed for 26 selected scanning range i.e., 10 ° -
50° for PANT coated structures and 20° - 80° for PANI:MO,, structures. Where as, w:26 with
scanning range of 4° was performed for RSM measurements. Raman spectroscopy analysis
was made using an air-cooled frequency-doubled Nd:Yag (100 mW / 1 MHz) with 532 nm
excitation line along with an 1800 mm high resolution grating. Each Raman measurement

was composed of 20 integrated spectra with an acquisition time of 10 s each. The laser power



setting was adjusted to 10% in order to avoid any heating effects during measurements. For
sensing characterization the samples were coated with Au-contacts (120 nm thick) in co-

2 using electron beam deposition method. A schematic

planar configuration of 2 x 10 mm
representation of structure with metal contacts is shown in Figure 2(d). The electrical
characterization setup contains a source meter (Keithley 2400), a controlled sample stage

with a micro-manipulator, vacuum suction and stainless-steel contact arms connected to

source meter.

Results and discussion

Structure characterization

Prior to deposition, MO, nanoparticles (Sigma Aldrich) were characterized by Raman spec-
troscopy (see Figure 3). The Raman spectra of WO3 nanoparticles showed well-resolved
peaks at 248 and 310 cm™!, ascribed to O-W-O bending, and at 695.8 and 789.5 cm™,
attributed to O-W-O stretching®®. As expected, the Raman spectra of TiO, nanoparticles
consist of a mixture of rutile and anatase phases, as indicated by the solid and dashed lines,
respectively. Three characteristic active modes, i.e., E,;, B¢, and A, for both a-TiO, and
r-TiO,, were observed and are in line with other studies3"38,

A room-temperature Raman spectra of PANI, PANL:WO3, and PANIL:TiO, structures
are presented in Figure 4. The representative Raman spectra of the structures were de-
convoluted using Gaussian fitting to determine the characteristic Raman shifts. For PANI

1

the vibration modes observed at 1574 cm™" correspond to C=C stretching vibration of the

quinoid ring, while 1494 cm™! is assigned to the C-N stretching vibration, and 1330 cm™ is
associated with C-N stretching vibration of semiquinone radicals, indicating the synthesis
of the conductive form of PANI3*39 The room-temperature Raman spectra of PANI:MO,,

structures are shown in the same figure. The characteristic peaks associated with WO3 and

TiO4 were clearly observed, in relation to those shown in Figure 3, along with the simultane-
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Figure 3: Room temperature Raman spectra of WO3 and TiO, nanopowder. The respetive
peaks are marked for both WO3 and TiO,, respectively. In (b) the dotted line represents
the Raman modes of anatase TiOy whereas the solid line represents rutile TiO,.

ous presence of peaks attributed to PANI. Raman spectra of the obtained hybrid composite
showed slight alteration in peaks corresponding to vibration modes in PANI, with no evident
formation of new phase, due to the interaction of PANI with MO, nanoparticles, confirming
the polymerization and successful formation of composite structure. Further, an overlap of
the PANI vibration modes to that from WOj3 can be identified in the Figures.

The structural analysis of SiNWs/PANI, SiNWs/PANL:WO3, and SiNWs/PANIL:TiO,
was further conducted using grazing incidence X-ray diffraction (GIXRD), and the results
are shown in Figure 5. Due to the perpendicular and parallel periodicity of PANI chains,

the XRD pattern of PANI exhibits two broad peaks located at 19.4° and 25.47° 26 values,
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attributed to (020) and (200) crystallographic planes of PANI?*>. For WO3 and r- and a-TiOs,
the peaks are positioned at standard tabulated values according to JCPDS nos. 98-007-1692,
00-021-1276, and 00-021-1272, respectively 73840 with higher peak intensities indicating the
preferred crystallographic orientations. As an example, for WOj3, the peak around 26 ~29°
corresponding to (120) plane is attributed to monoclinic phase. The broadening of peaks
observed in case of MO, nanoparticles, is attributedto the presence of small nanoparticles
with mixed crystal grains and the presence of defects in the nanoparticles*42.

Additionally, to investigate the structural features of SINWs, X-ray reciprocal space maps
(RSMs) around the Si (004) reciprocal lattice point were performed, providing information
regarding the out-of-plane lattice, strain, and crystal imperfections*3. The X-ray RSMs
along (¢, g.) coordinates for SINWs alone and those coated with PANI are presented in
Figure 6(a, b). The ¢, and ¢, coordinates are the projections of the scattering vector along
[100] and [001] directions, given by: ¢, = 2sin(w — 0)/A and ¢, = 2sin(0)/\.

For SiNWs, an intense peak is located around ¢, € (0.7360 — 0.7365) A-1. For a cubic
crystal, the lattice constant a can be expressed as a = 4/q.**, and is calculated to be 5.43

A, which corresponds to the lattice parameter of bulk Si. This confirms that the MACE

r 1494
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mo, | S
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;“/\A/\M\/

PANI
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PANLTIO,

500 1000 1500 2000

Raman shift (cm™)

Figure 4: Room temperature Raman spectra of SiNWs structure coated with PANI,
PANL:WO3; and PANI:TiO,. The Raman peaks are marked for PANI and that for WO;
and TiOg, respectively.
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process used to obtain SiINWs does not affect the lattice parameter. For SINWs coated with
PANI, the spot broadening increases in both the ¢, and ¢, directions, which can be ascribed
to bending and torsion acting on the SiNWs due to higher surface energy. Furthermore,
the elongation of the g, area in the RSM for these structures, which is related to diffuse
scattering, is observed and can be associated with crystal imperfections. A wider angular
dispersion for SiNWs/PANT is also observed.

The ¢, and g, coordinates are the projections of the scattering vector along [100] and

[001] directions, and are given by: ¢, = 2sin(w — 0)/A and ¢, = 2sin /.

Scanning electron microscopy analysis

Figure 7 shows the top and cross-sectional views of the SINWSs structures, both uncoated and
those coated with PANI, PANI:MO,,, and spin-coated with MO, nanoparticles (MO,-NPs).
The length of the nanowires was measured to be approximately 6.5 pum, with diameters
ranging between 20 and 50 nm (Figure 7(a)), depending on the size distribution of Ag
particles obtained during deposition using AgNOj;. For SiNWs (Figure 7(a, b)), the SEM
images revealed vertically aligned, randomly distributed nanowires bundled together due to
the capillary effect induced by wetting, as is evident in Figure 7(b). For structures coated
with PANI (Figure. 7(c)), the top view showed a cauliflower-like morphology of PANI,
similar to that obtained in the study by Lascu et al.®.

Figure 7(d, e, f) shows cross-sectional and top views of PANL:TiOy and PANL:WOj;
structures. It was observed that compared to PANI:WOQO3, SiINWs coated with PANI:TiO,
showed agglomeration of TiO, nanoparticles over the surface of PANI. Furthermore, the
deposition of PANI:MO, on SiNWs resulted in increased surface coverage, i.e., a possible
increase in nanowire bundling, as supported by the RSM plot showing an increased ¢, value.

For SiNWs structures spin-coated with WOj3 nanoparticles, SEM images are shown in
Figure 7(g, h). Agglomerated WOj3; nanoparticles can be seen on the SINWs surface, while

the top view reveals smaller particles that infiltrated the nanowires.
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Figure 5: XRD diffractogram for (a) polyaniline (b) WOj3; nanopowder and TiO2 nanopow-
der. The green indicated line in (b, ¢) represents the standard tabulated position of WO;
and anatase (a-TiO3) and the red indicated line in (c) represents the standard tabulated po-
sition for rutile(r)-TiOs, according to JCPDS no. 98-007-1692,00-021-1272 and 00-021-1276,
respectively.

Electrical Characterization

Human respiration involves a complex mixture of gases, including nitrogen, oxygen, carbon
dioxide, and water vapor, which can cause minor variations in temperature and pressure >,
Silicon nanowires (SiNWs) have demonstrated a significant piezoresistive (PZR) effect, par-

ticularly in low-pressure environments, making them highly suitable for bio-compatible ap-
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plications like breath sensors?™9.

This suggests that the sensing mechanism in breath
sensors is likely influenced by both piezoresistive responses and humidity effects. For in-
stance, Gosh et al.?® developed a breath sensor using arrays of n-type silicon nanorods,
attributing its functionality to the PZR effect. According to PZR theory, pressure changes,
such as those caused by airflow over the SINW surface, can deform the nanowires, leading to
changes in their electrical resistance®”. In this study, however, the focus is on analyzing the
breath-sensing mechanism with respect to chemisorption on the sensing materials, without
considering the effects of pressure changes. Additionally, while the structure conceptually
targets respiratory gases like oxygen, carbon dioxide, and VOCs, the primary objective was

not to examine the effect of these individual gases or VOCs on sensor performance. How-
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Figure 7: SEM microgrpahs (a,b) cross-sectional and top-view of SiNWs structures obtained
by MACE, (c) top-view of SINWs coated with PANI, (d, e) cross-sectional and top-view of
SiNWs coated with PANIL:TiO,, (f) top-view of SINWs coated with PANI:WOj3, along with
a magnified image showing the presence of NWs and (g, h)cross-sectional and top-view of
SiNWs spin-coated with WOg, respectively. The scale bars are provided along with each
figure.
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ever, the primary parameter monitored and controlled during measurement and profiling of
breath includes resistance which correlated the interaction between the sensor surface and
the fluctuating composition of the inhaled and exhaled breath, i.e., the sensor’s ability to de-
tect variations in respiratory patterns (inhalation, exhalation, and pauses in breathing) and
establish the sensor’s response to different breathing modes. Other parameters considered
are the humidity level and the operation temperature. Thus, during the measurements, the
humidity level was kept constant to ensure that variations in resistance could be attributed
solely to breath detection rather than fluctuations in environmental humidity as PANI and
MO,-based sensors are often highly sensitive to moisture and can introduce noise in the
resistance measurements. Further, by maintaining room temperature(~ 23.5°C), the study
excludes temperature fluctuations as a variable, ensuring that any changes in resistance are
due to respiratory interactions and not temperature shifts. It should be mentioned here that
the effect of different gases and VOC’s are underway to determine the effect and sensitivity
of sensor towards specific gases during respiration. For instance in our recent work we have
investigated the detection of NH3, NOy gases and the humidity using SINWs with further
exploration aim to study the effect of similar structure presented in this study on selectiv-
ity and sensitivity towards VOCs and gases. To facilitate the understanding and effect of
humidity, supplementary information provided show effect of varying relative humidity and
sensor response for case of SINWs/WOj structure.

Before we delve into the electrical characterization of SINWs, it is important to under-
stand the sensing mechanism of interconnected silicon nanowires (SiNWs), which operates
as follows: to detect respiration, there must be an interaction between moisture and the
SiNWs, leading to moisture absorption onto the surface of the SINWs, facilitated by their
highly hydrophilic nature!®!. This phenomenon induces changes in the width of the SINWs’
hole accumulation layer (HAL) and surface potential, consequently altering the conductance
of the SINWs (Figure. 8). Since moisture itself is not inherently oxidizing or reducing in

this context, in the presence of an oxidizing gas, the gas extracts electrons from the SiNWs’
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conduction band, narrowing the HAL width®2%3, Conversely, in the presence of a reducing

agent, electrons are released and trapped by oxygen molecules, resulting in a widening of
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Figure 8: A schematic illustration of SINWs sensing mechanism based on the bundling with
NW-NW junction, demonstrating the modulation in potential barrier in air and during
exposure to oxidizing and reducing analyte, respectively.

Expanding on this, moisture in the breath ionizes into hydronium and hydroxide ions,

L51 - As moisture

establishing an electric double layer between the moisture and the SINWs
permeates the nanochannels, it induces electron accumulation in the silicon, causing the elec-
trons to migrate towards the anode, in association with holes generated at the cathode. The
unique forest-like morphology of SiNWs, coupled with their large surface area, significantly
influences the sensor’s response!. In our previous work, we studied respiratory sensing using
SiNWs obtained by MACE, which demonstrated a reasonable response to human breath. In
this study, we aimed to enhance respiratory sensing properties by using SiNWs decorated
with PANI and PANI:MO, hybrid nanocomposites.

The electrical characterization of the structures was carried out using a custom-built
setup. For respiratory sensing, the distance between the sample and the human nose was ~3
mm. Three common respiratory profiles—no<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>