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Abstract

This thesis is dedicated to research aimed at the performance enhancement of
solar cells by optimization of photon and electron management within the
photovoltaic system. It particularly focuses on a crucial component of the solar cell,
namely the transparent electrode, which is designed to let as much light as possible
into the active layer, where free carriers are generated, and to efficiently collect these
charges. Solar cells are currently a dynamically developing source of renewable
energy, which in the future may account for the majority of generated electrical
energy worldwide. Therefore, research to improve their efficiency is crucial for the
development and widespread implementation of this technology.

The thesis introduces concepts aimed at improving the properties of the upper
layer of the solar cell, both electrically and optically. The work consists of three main
chapters covering various approaches to those materials and systems.

The thesis presents research on the deposition of atomic layers of co-doped zinc
oxide, used as a planar conducting electrode. The obtained material exhibits excellent
optoelectrical properties, surpassing the results achieved by the commonly used
aluminium-doped zinc oxide. This section also focuses on the proposed composite
electrode, composed of a multilayer structure of oxide-metal-oxide, as the promising
approach towards the operation of transparent electrodes.

This work demonstrates also a structured anti-reflective layer placed on top of
the solar cell, using the nanoimprint technique. This scalable solution, applicable in
the current industrial production chain, visibly improves performance results,
especially the generated current.

Another part of the thesis introduces a model of a structured electrode utilizing
a submicron mesh embedded in a planar oxide electrode. The presented model
illustrates trends to consider when choosing the mesh geometry and allows for its
adaptation to the selected active layer. The impact on the optical properties of such a
composite material is also determined, providing a basis for experimental verification
of numerical studies in the future.

This doctoral thesis contains new information enabling the design and
fabrication of solar cells incorporating the proposed concepts. The author hopes that
the research presented herein will contribute to improving the efficiency of solar cells
on a large scale and accelerate the implementation of the latest solutions and
architectures. 1 believe that this thesis can be useful for young students and
researchers looking for reliable information source about solar cells, the photovoltaic
market and new concepts emerging in this field.



Streszczenie

Niniejsza praca poswiecona jest badaniom majacym na celu zwiekszenie
wydajnosci pracy ogniw stonecznych poprzez optymalizacje zarzadzania fotonami
oraz elektronami wewnatrz ogniwa fotowoltaicznego. W szczegd6lnosci skupia sie na
kluczowej czesci ogniwa, jaka stanowi przezroczysta elektroda majaca za zadanie
przepusci¢ jak najwiecej Swiatta do warstwy aktywnej, gdzie generowane s3
swobodne no$niki, a takze efektywne zebranie tychze tadunkéw. Ogniwa stoneczne
stanowiag obecnie dynamicznie rozwijajace sie zrodto energii, ktére w przysztosci
moze odpowiada¢ za wiekszo$¢ wytworzonej energii elektrycznej na Swiecie. Stad
badania nad poprawa ich efektywnosci sg kluczowe dla rozwoju tej technologii.

W pracy przedstawione sg koncepty majgce poprawi¢ witasnosci tej goérnej
warstwy ogniwa zarowno od strony elektrycznej jak i optycznej. Praca sktada sie z
trzech gtéwnych rozdzialéw poruszajacych rézne zastosowane materiaty i uktady.

Praca przedstawia badania technikg osadzania warstw atomowych Kko-
domieszkowanego tlenku cynku majgcego zastosowanie jako planarna przewodzaca
elektroda. Otrzymany materiat wykazuje bardzo dobre wtasciwosci elektrooptyczne,
niezbedne do tego zastosowania, przewyzszajac wyniki osiggane przez powszechnie
stosowany tlenek cynku domieszkowany aluminium. Ta czes$¢ skupia sie takze na
zaproponowanej  elektrodzie = kompozytowej, zlozonej jako  struktura
wielowarstwowa tlenek-metal-tlenek, jako kolejna generacja przezroczystych
elektrod.

Badania przedstawione w tej pracy dotycza rowniez strukturyzowanej warstwy
antyodbiciowej umieszczanej na gorze ogniwa, stosujac technike nanoimprintingu. W
ten sposéb otrzymano skalowalne rozwigzanie mozliwe do zastosowania w obecnym
w przemysSle tancuchu produkcji. Tak zmodyfikowane ogniwo znaczgco poprawito
wyniki wydajnosci, w szczego6lnos$ci generowanego przez nie pradu.

Kolejna cze$¢ pracy przedstawia model strukturyzowanej elektrody
wykorzystujacej nanometryczng siatke umieszczong w planarnej elektrodzie
tlenkowej. Przedstawiony model pokazuje trendy, ktorymi nalezy sie kierowa¢ przy
wyborze geometrii takiej siatki, a takze pozwala na jej dopasowanie do wybrane;j
warstwy aktywnej. Okreslono takze wptyw na wtasciwosci optyczne takiej warstwy,
co w przysztosci pozwoli na eksperymentalng weryfikacje badan numerycznych.

Przedstawiana praca doktorska zawiera nowe informacje pozwalajgce na
projektowanie i stworzenie ogniw stonecznych wykorzystujacych zaproponowane w
pracy koncepty. Autor niniejszej pracy ma nadzieje, ze badania w niej przedstawione
przyczynia sie do poprawy wydajnosci ogniw oraz przyspiesza wdrozZenie
najnowszych rozwigzan. Ufam, Ze niniejsza praca doktorska moze by¢ uzyteczna
réwniez dla studentéw, pragnacych znalez¢ wiarygodne informacje nt. ogniw
stonecznych, rynku fotowoltaiki oraz nowych konceptéw obecnych w tej branzy.



If I have seen further than others, it is by standing on the shoulders of giants.

~Isaac Newton
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Dissertation Outline

This thesis presents the concepts related to the performance of solar cells, in
particular third generation photovoltaics. It focuses on the solar cell front surface
which is a transparent electrode responsible for photogenerated carrier collection.
The main goal of this thesis is to propose and evaluate the concepts for the enhanced
operation of this part of the solar cell, taking an application-oriented approach. The
thesis is structured as follows:

CHAPTER 1. presents an exhaustive introduction to the field of photovoltaic,
encompassing both global climate change challenges, the current photovoltaic market
situation, and the physics behind the operation of solar cells. Moreover, it showcases
all the issues linked to enhancing the performance of the cell, which this thesis aims
to comprehensively address.

CHAPTER 1. CHAPTER 2. focuses on the main topic of the thesis which is the
transparent electrode used for photovoltaics. It emphasizes the importance of this
component in the right operation of the cell and provides a throughout review of the
current approaches to this part.

CHAPTER 3. contains a detailed description of the methods used in the thesis.
It primarily focuses on the growth and structurization techniques employed in the
thesis, namely atomic layer deposition and nanoimprint photolithography.
Additionally, it introduces numerous characterization methods indispensable during
the writing of this thesis, as well as provides a brief overview of numerical methods
used to calculate the presented results.

CHAPTER 4. is devoted to atomic layer deposition grown ZnO thin films. It
begins with the laborious process of finding the optimal growth parameters for singly
doped, aluminium-doped zinc oxide. Subsequently, it focuses on the next step in
transparent conductive oxide progress, which is doubly-doped material. The chapter
discusses its structure and the reasons behind enhanced optoelectrical properties.
Besides, it describes the numerical and experimental findings related to more
advanced concepts, such as multilayer metal-oxide electrodes. While demonstrating
the possibility of constructing such a material, it also explains the encountered
difficulties along this path.

CHAPTER 5. demonstrates one of the first, perovskite solar cells with a directly
texturized anti-reflective coating. This modification was made using a highly scalable

and affordable roller nanoimprint technique. Such enhanced solar cell presents very



good antireflective properties, resulting in almost zero reflectance, thereby
maximizing the current generated from the cell.

CHAPTER 6. in contrast to the previous chapters, presents entirely numerical
results for the concept of a nanomesh embedded in the transparent conductive oxide
electrode. This concept provides both exceptionally high conductivity and the high
transparency needed for effective operation. Within this chapter, a new model is
proposed to evaluate the best arrangement for embedded nanomesh electrodes. This
search results in the optimization of the geometry, depending on the active layer
beneath it, proposing a comprehensive view of the solar cell charge collection
properties. These results are accompanied by optical simulations to assess the
influence of the grid on the transmission of the electrode.

CHAPTER 7. is a brief summary of the thesis with the most significant results
highlighted. Also, it provides an outlook for the next generation of photovoltaic

devices.
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Abbreviations

A list of the commonly used terminology in the thesis is provided. If applicable, the

employed units are stated in square brackets.

ALD - atomic layer deposition

ARC - anti-reflective coating

AZO - aluminium-zinc oxide

FDTD - finite-difference time-domain
HAZO - hafnium-aluminium-zinc oxide

ITO - indium-tin oxide

PCS - perovskite solar cell

RCWA - rigorous coupled wave analysis
TCO - transparent conductive oxide

TCE - transparent conductive electrode
OSC - organic solar cell

Ec -bandgap energy [eV]

Er - Fermi level [eV]

EQE - externatl quantum efficiency [%]

Jsc - short circuit current density [mA/cm?]
n - carrier concentration [1/cm?3]

u — carrier mobility [cm?2/Vs]

y - diffusion length [nm]

@415 — photon flux of the standard solar spectrum [#/m?2s]
Rs - sheet resistance [/sq]

Rw - reflectance weighted to the standard solar spectrum [%)]

Voc - open circuit voltage [V]
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CHAPTER 1.

Introduction to Photovoltaics

1.1.Research motivation

Global climate change is one of the most urgent concerns of humankind that
has been underscored in many scientific reports as a continuously growing issue
that both current and upcoming generations will inevitably confront [1-4]. The
industrial revolution, rapid population growth, and improved worldwide living
standards, come at the expense of depleting planetary resources such as coal, crude
oil, and natural gas. This, in turn, significantly contributes to the vast area of land
impoverishment and pollution [5-7]. Given the continuous rise in electricity
demand, the adoption of clean and affordable energy sources to meet global needs
is now even of greater significance. It is estimated that the annual electrical energy
consumption will surge to about 35 000 TWh in just 20 years, as depicted in Figure
1.
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Figure 1. Global electricity market. a) Global electricity demand vs year with
forecasting. The demand steadily continues to grow every 5 years. b) Share of the
photovoltaics in renewable sources worldwide. A very dynamic growth can be
observed after 2010, reaching currently almost %3 of the global capacity. Data:
IRENA [8,9]



Maintaining dependence on fossil fuels as a foundation for energy generation
emerges as a risky and expensive decision, given the increasing depletion of natural
resources and surging CO2z concentration in the atmosphere[10-12]. The primary
issue of global economic growth propelled by fossil fuels lies in the greenhouse
gases emissions that accumulate in the atmosphere[13,14]. This accumulation
causes increased temperatures, since CO2 molecules very effectively absorb
infrared wavelengths, storing more of its energy compared to unpolluted air. The
observed correlation between CO2 concentration and the observed global average
temperature is profoundly manifested in Figure 2. The chart presents the
consistentrise of documented CO2 concentration in the atmosphere, which a decade
ago exceeded the unsettling threshold of 400 ppm - a level never observed in the
history of mankind [15-17]. Figure 2b presents the deviation from the 1901 - 2000
years average world temperature. Over the past two decades, there has been a swift
and alarming ascent in the recorded temperature anomalies. Climatologists warn
before the scenario where those deviations reach +1.5 °C [18-20]. Such an outcome
would lead to the extinction of species and ecosystems that cannot thrive in such
conditions, along with unpredictable and more frequent natural disasters such as

floods, hurricanes, and wildfires [21-23].
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Figure 2. CO2 concentration and temperature deviation. a) The chart shows the
rise of CO2 concentration levels in the atmosphere in recent decades, also known as
the Keeling curve. b) Global Temperature deviation from the 1901 - 2000 average
year temperature measured globally. The blue colour indicates temperature below
the average, whereas the red colour indicates temperature above the average. Data:
NOAA[24,25]

The solution to this widespread challenge, with repercussions extending

beyond the one-generation lifespan, can be found in the rapid embracing of



renewable energy sources like wind, sun and hydropower [26-30]. These sources
do not need constant fuel combustion to operate, thus their detrimental influence
on the environment is significantly limited. The most promising among those
alternative energy sources are photovoltaic cells, harvesting solar light energy and
converting it into electricity.

For centuries, the Sun has been the primary source of energy on Earth. This
massive thermonuclear reactor located 150 000 000 km away from our planet
continuously delivers an enormous amount of electromagnetic energy, being the
foremost cause of any life existence. While the efficient harvesting of such power
has been an unfulfilled dream for many generations, recent decades have witnessed
the realization of this concept, thanks to the discovery of the photovoltaic effect.
This effect grants access to the free and most abundant energy source available.
Initially, photovoltaics remained confined to academic circles, but soon after its
recognition as a potentially disruptive technology in the industry, rapidly raised the
attention of the wider public. The costs associated with photovoltaic cells made it
not feasible for any commercial use for many years in the last century, as shown in

Figure 3.
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Figure 3. Electricity production costs vs. the photovoltaic capacity. After 2010
an average cost of 1 Watt PV production fell below 2 USD. Data by [31].

However, the ongoing advancements in the recent decades have led to a rapid
decline in costs, photovoltaics has become one of the most cost-effective renewable
energy sources available now. Besides the very competitive costs of energy

production, the electricity obtained through photovoltaic cells is characterized by
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its absence of harmful environmental impact arising from greenhouse gas
emissions during the operation [32]. The ever-growing energy consumption,
primarily driven by fossil fuel combustion has brought Earth’s natural resources to
a critical limit, making the energy transition towards more sustainable sources even
more urgent.

The efficient, stable, and long-lasting solar cells provided by affordable
techniques, scalable to terawatts scale worldwide are thus a fundamental condition
for successful expansion of the solar energy. This thesis discusses the challenges
related to this topic by considering the new concepts in photovoltaics to enhance

the efficiency of their new-generation devices.

1.2.Solar cell working principles

Asolar cell is a type of p-n junction that using the photovoltaic effect generates
photocurrent during illumination. Despite different types depending on the
expected system functioning, the p-n junctions share many common characteristics.
The understanding of the phenomena inside the p-n junction is crucial for the
investigation of any electronic devices, including solar cells.

1.2.1. P-N junction

There exists a plethora of p-n junction types, that fulfill very diverse roles in
electronic systems such as voltage stabilizers, light-emitting elements, or AC-DC
converters to name a few[33]. The following introductory discussion is based on a
few classical handbooks regarding semiconductor physics [34-37].

A p-n junction is formed when two regions with different majority carrier
types of either the same semiconducting material (homojunction) or two different
(heterojunction) are brought together to create a contact. The region with more free
electrons than holes is called an n-type semiconductor, whereas the region with an
excess number of holes is a p-type semiconductor. A semiconductor material in the
commonly applied model can be described by the valence and conduction band
edge energies, the energy gap between them, carrier concentration, and the
position of the Fermi level (Er). The position of the Fermi level denotes the average
energy of the electron inside the material and its uniformity throughout the system
is the condition for attaining thermodynamic equilibrium. Doping of the material
leads to the shift of the Fermi level, relative to its level in the intrinsic material. The

shift’s direction depends on the dopant charge type: p-type dopant shifts the Fermi
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level towards lower energies, whereas n-type dopant, shifts the Fermi level towards
higher energies. Figure 4 schematically shows the difference between p- and n-type
semiconductors regarding their Fermi level positions. In a p-type semiconductor
Fermi level lies below the middle of the energy bandgap (Ei), due to a deficiency of
electrons, bringing it closer to the valence band edge energy (Ev). In an n-type
semiconductor Fermi level is situated above this value, closer to the conduction
band edge (Ec).

p-type n-type

semiconductor semiconductor

Figure 4. Two types of semiconducting material. The red one represents p-type
semiconductors with holes as majority carriers. Green is a n-type semiconductor
with an exceeding number of electrons. Fermi levels in the respective materials are
shifted accordingly.

To derive the current-voltage (I-V) characteristic of the p-n junction, we
employ the so-called abrupt p-n junction assumption that notably simplifies the
discussion while retaining the fundamental attributes of the system.

First, we assume that both semiconducting materials exhibit comparable
majority carrier concentrations which are uniformly distributed throughout the
material with a step-like discontinuity at the junction. This distribution is depicted
in Figure 5a. It is worth noting that the p-n system is not limited to this particular
charge distribution, nevertheless, the abrupt p-n junction model reflects all the
necessary dynamics inside the junction.

Upon contacting both materials, the free charges of both types present in the
bulk crystals recombine with each other, leaving ionized atoms on both sides. These
ions induce the emergence of an electric field (as illustrated in Figure 5b),
effectively sweeping away any free charges in the region. That constitutes a
depletion region with negligible free carrier concentration. The existence of this
region opposes the motion of the charge in either direction, due to the in-built
potential that repulses the carriers away from this zone (Figure 5c). The energy

bands undergo bending to ensure that the Fermi level is common for both sides,
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which establishes thermodynamic equilibrium. The energy diagram for electrons
(depicted in Figure 5d) exhibits a potential barrier, equal to qys; that electrons
must overcome to move towards the p-type region. The barrier’s height depends on
the applied voltage and it is decisive for the current flow through the junction.

. Depletionregion
p-region = > n-region

14—~ Ionized atoms
in n-region

Ionized atoms
in p-region

~Wp,

d)

Figure 5. p-n junction diagrams in the thermodynamic equilibrium. a) lonized
atoms charge distribution in the junction showing step-like characteristics.
b) Electric field built-up in the system due to the charge distribution c) Potential
inside the junction d) Band diagram with conduction and valence band edges
bending and built-in potential. Note the Fermi level is constant throughout the
system. Graphically adapted from [37].

There are two main origins of the currents present in the junction:

= Diffusion current depends on inherent properties of the junction such as

carrier concentration, its mobility, and diffusion coefficient, and it is
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independent of the external bias. This current arises from the thermally

generated minority carriers in the depletion region:

_ o Dy Dy,
o=t (3 4 1) W

where n; is intrinsic concentration, Dp and D» - diffusion coefficients of
holes and electrons respective, Ly and Ln - diffusion lengths and Np, Na -
donors and acceptor concentrations. All terms in this equation are
temperature-dependent themselves, therefore the o value changes with
temperature as well.

*  Drift current depends on the applied electric field that pulls the carriers and

lowers the potential barrier for carriers to overcome:
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It depends on the barrier’s height in the junction and comes from the drift
carriers' movement generated by the external voltage. Combining Equations (1)
and (2), we therefore obtain the final formula governing the p-n junction current.
This formula is called the Schockley equation and is widely used across the
literature [38]:

%4
(V) =1, [exp ('IZB_T) — 1]. (3)

When a positive voltage is applied to the p-region, the potential barrier is
lowered, effectively narrowing the depletion region. The carriers then have a
chance to overcome this potential, consequently initiating a current flow through
the junction with an exponential relationship.

A solar cell is a p-n junction designed to operate under light exposure,
therefore it is crucial to explain the processes taking place inside the junction
during illumination. Figure 6 depicts the route that carriers must take to
successfully contribute to the current generation inside the junction. First, the
incident photon is absorbed within the active layer of the solar cell, creating an
excessive amount of majority carriers of both types: holes and electrons. These
excited carriers are bound together, forming an electron-hole pair, called an
exciton. The injection of those carriers also disrupts the thermal equilibrium within
the system, leading to the formation of the two distinct quasi Fermi levels (QFLS) -

each for holes and electrons.
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Figure 6. Solar cell under illumination operation scheme with
photogenerated carriers route.

The splitting between the levels is closely related to the voltage subsequently
generated from the cell. The electron-hole pair is an unstable quasiparticle that is
prone to recombination, releasing back the absorbed energy in the form of heat or
light, as a result not contributing to the current generation. In order to allow the
current flow, this quasiparticle needs to be separated into a hole and an electron.
The high recombination rate inside the cell shortens the carrier lifetime,
significantly compromising the overall efficiency of the cell and therefore should be
mitigated. There are a few relaxation channels through which the carrier can
recombine, encompassing band-to-band radiative recombination, trap-assisted
recombination (Shockley-Read-Hall) [39,40], surface recombination, and Auger

recombination. The effective carrier lifetime is expressed in the following formula:

1 1 1 1 1
+ + +

- )
Te ff Trad TSRH Tsur face TAuger (4)

where each of the terms is proportional to the recombination rate of the respective
mechanism.

The photogenerated carriers that did not recombine immediately, are then
transported across the junction: the holes go to the p-type semiconductor area,
whereas electrons travel to the n-type semiconductor area. To give rise to the
observed current flow, they need to be collected at the respective electrodes:
cathode and anode. Along this path, their recombination still remains possible,
highlighting the need to minimize the distance a photogenerated carrier has to

traverse to reach the collection point. This factor stands as a fundamental



determinant for ensuring the high efficiency of a solar cell. Schockley equation

under illumination now holds:

(V) =1, [exp (qu—VT) - 1] —1I. (5)

The collected carriers generate constant current flow (I.), proportional to the

incident light intensity, in the same direction as Iy, depicted in Figure 7.
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Figure 7.1-V characteristic of p-n junction in both conditions: dark and under
illumination. The curve is an exponent shifted downwards by the /.. current value.

1.3.1deal and real solar cells

After illumination of the cell, a shifting of the I-V curve downward is
observed. However, the commonly adopted convention shows the I-V curve upside
down to enhance the legibility of the specific electrical parameters. Figure 8. shows
the typical solar cell I-V characteristic with significant points indicated. We define

the following parameters that describe the behaviour and performance of the cell:

» Voc - voltage at which there is no current flow in the junction, i.e. the
intersection of the I-V curve and the voltage axis, so-called open-circuit
voltage.

* Isc - current generated by the cell with zero external bias, i.e. the

intersection point of I-V and the current axis, so-called short circuit current.



=  Vwmp - external voltage at which the cell generates maximum power, i.e. the
optimal working point of the cell. This value is used to calculate the final
efficiency of the cell.

= [yp - similar to Vwmp, it is the current at which the cell generates the

maximum power possible.

u/ Isc Current (Vvp: Inp)

Pyax

/Voc

\'

QoiiS

Figure 8. Solar cell I-V characteristic with commonly adopted convention. The
red line represents the current generated from the cell, whereas the blue curve
shows the power. The green rectangle depicts the maximum power generated from
the cell.

As can be seen from Figure 8., the values of Voc and Vup, as well as Isc and Iup
are different. To estimate this deviation, the fill factor (FF) is defined, which
describes the squareness of the I-V curve:

IupVup
IscVoc (6)

FF =

The closer to 1 FF is, the better performance the cell presents. However, this
optimal value is always approached but never reached. Exceptional, state-of-the-art
cells have FF above 0.8 [41], whereas values of 0.7 and below are presented by
emerging technologies that suffer from unoptimized manufacturing processes [42].
Given the input power (Piv) is known, we may now calculate the final efficiency of

the cell which is defined as:

— ISCVOC x FF
Py ' (7)
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The above-stated parameters are vastly used for every solar cell, regardless
of the technology, providing all the essential information about the solar cell

performance.

1.3.1. Effects of parasitic resistances

The fill factor highly influences the final efficiency of the cell. Its value depends
on many factors, that are commonly related to the internal resistance of the cell
[43].

a) b) A
:—0 Rsy decrease
Isc +> !_ Ry

a8ejjop

Rg increase

>

Figure 9. Real solar cell behaviour. a) equivalent circuit depicting series and
parallel (shunt) resistances b) resistance influence on the I-V characteristic.
Parasitic resistances cause a severe decrease in the fill factor of the cell and thus the
maximum power generated.

Usually, one cell with a parallel and a series resistance model is employed to
simulate the behaviour of the system. The equivalent circuit of the solar cell is
presented in Figure 9. Applying Kirchhoff law to this circuit, we have the following

equation for current:

q(V +1R\)\ V +IRs
kgT Rey ' (8)

where Rs and Rsu are series and shunt resistance respectively.

I(V)y=1, - Ioexp<

Note that the above expressions are helpful while estimating them having
empirical data collected. Equation (8) is a transcendental one and can be solved
only using either the Lambert W-function approach or some numerical
approximation [44-47]. Resistive parameters can be estimated empirically by
calculating the derivatives based on the measured I-V curve, using the following

relations:
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Series resistance originates for example from the voltage drop outside the p-
n junction, potentially arising from imperfect contacts between the interfaces of the
involved layers both of semiconductor and metal. Also, it is associated with the
intrinsic resistance of the materials in the junction. The series resistance within the
solar cell is an unavoidable phenomenon and its excessive value causes a significant
decrease in FF. Shunting resistance on the other hand comes from the
manufacturing imperfections and defects that create alternative current pathways
due to short-circuit sites within the cell. Those small short-circuit points reduce the
current flow through the junction, inducing a decrease in generated voltage and the
general distortion in the I-V curve that as a result shifts Vmp toward lower voltages.
In the ideal diode model, the series resistance should be as low as possible, whereas

the shunt resistance as high as possible.

1.3.2. Solar spectrum mismatch

The solar spectrum recorded in the space outside the Earth's atmosphere
(AMO) very much resembles an ideal blackbody radiation at around 5800 K, shown
in Figure 10. Due to the absorption and scattering in the atmosphere, we observe
several downfalls in the spectrum, mostly in the near and middle IR range. Those
decreases are associated with the vibrational energy spectrum of oxygen molecules
(at 760 nm wavelength), H20 vapour (1125 nm and 1800 nm), and CO2z (at 2000 nm
wavelength). In order to standardize the efficiency results obtained in laboratories
around the world, the AM1.5G spectrum was introduced [48]. The spectrum is
defined as a solar spectrum recorded at 48.2° of zenith angle which is associated
with 1.5 value of the equatorial air mass that light has to travel through to reach the
surface. The spectrum is used as the benchmark in the majority of the photovoltaic

scientific literature, therefore this dissertation adopts this standard as well.
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Figure 10 Solar spectrum power density measured at different atmospheric
conditions. The inset shows the air mass vs. geographical latitude (z). The dotted
curve represents the calculated black-body radiation, the red curve is the spectrum
registered in the space, whereas the green curve is the AM1.5G standard spectrum
commonly referenced in the literature. Two vertical lines represent wavelengths of
the Schockley-Queisser limit for single junction solar cell and silicon bandgap with
maximum current density available. Data provided by NREL [49]. The inset scheme
represents the relationship between zenith angle and air mass.

The recorded solar spectrum intensity varies at different geographical
latitudes and seasons, giving rise to a wide-ranging diversity in the yearly
irradiation. As shown in Figure 11, the highest levels of irradiation are recorded in
the subtropics zone, followed by the tropics and temperature zones. In Europe, the
Sun on average irradiates the surface with an energy density equal to 4 kWh/m?
each day. Solar cells are supposed to harvest as much solar energy as possible,
which demands careful investigation of the cell operation under actual solar
spectrum illumination.

As previously discussed, the photogeneration of the carrier takes place only
when the incident photon has higher energy than the bandgap in the active layer.
That means that the light with energies below the bandgap is going to be lost due
to very little absorption of the cell. However, lowering the bandgap does not result

in an endless increase in the current generation.
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Figure 11. Solar irradiation world map. The scale shows differences in the yearly
kWh/m? solar energy at different locations. Provided by [50] and further adapted.

This is due to the phenomenon whereby the photon energy above the bandgap is
transformed into lattice vibrations, i.e. heating of the system. Therefore, a carefully
investigated balance between those two effects must be established to find the best
energy bandgap value. The maximum achievable efficiency within a single bandgap
solar cell was calculated by Schockley and Queisser (so-called the Schockley-
Queisser limit, or simply SQ limit) [51,52]. This limit is derived based on the black-
body radiation spectrum and the statistics of photogenerated carriers in the p-n
junction. According to it, the maximum efficiency that can be achieved for a single
solar cell is around 31%. Later on, the model used in the calculations was expanded
to include more parameters (such as reflection losses and the AM1.5G spectrum
illumination), which currently holds an efficiency limit equal to 32.5% or 33.7%
[53,54], depending on the model employed. Figure 12 illustrates the correlation
between solar cell bandgap and the highest achievable efficiency.
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Figure 12. Efficiency limits for selected solar cells. a) Schockley-Queisser limit
for single junction cell with a given bandgap energy. Vertical lines show some
selected semiconductors bandgap used in the industry. b) Calculated efficiency
limit for single and multijunction cells, up to the theoretical infinite material stack.
The green bar represents the 1000 sun concentration condition which further lifts
the limit. Data provided by [53,54]

This limit can be further extended for systems with two, three, or more
subcells, up to a theoretical infinitely long stack of materials with varying bandgap
[55]. Despite introducing additional subcells to the system, there still exists an
unsurpassable efficiency value equal to 85% due to the thermodynamical limits
(Figure 12b). Besides the final efficiency, we may also estimate the maximum
current density (/sc) generated from the cell that depends on the energy bandgap of
the active layer. The exact formula for Jsc is given by:

Amax

Jse=a [ AW war=q [ egs@mar 10
0 0

where q is the elementary charge, A(A) is the absorbance of the cell stating which
part of the light at the given wavelength is transformed to the current and CD;,“,’{” L5
is the photon flux of the standard AM1.5 solar spectrum. In the ideal solar cell
scenario, A(A) is equal to 1 for every wavelength with energies above the bandgap
of the solar cell absorber, which as a result gives the maximum current density
generated from the cell with the given bandgap. For the silicon solar cell, the

maximum current density is equal to 43.2 mA/cm?2.
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1.3.3. Optical losses

Similarly to the resistance losses, all real cells suffer from optical losses

related to two main effects:

* Non-ideal absorption characteristics result in ineffective photons harvesting
inside the active layer and outcoupling of the light.

= Reflection losses occur at different parts in the cell: at the top of the cell,
before reaching the absorber, at the bottom of the cell where the light is
reflected outside the cell, or at any interface within the system.

The first effect is related to the absorption coefficient function of the used
semiconducting material. Semiconductors exhibit very low absorption for energies
below their bandgap energy, therefore the effective penetration depth of the light
quickly gets orders of magnitude bigger than the active layer thickness, resulting in
a low number of photogenerated carriers. Usually, the silicon cells have a thickness
of around 300 pm, yet due to this effect, most photons with wavelengths above 1100
nm are lost. Exemplary materials and their penetration depths for a given
wavelength are shown in Figure 13. The lower the bandgap of the semiconductor,
the greater part of sunlight is absorbed, nevertheless, some energy is lost due to
thermalization processes. Direct bandgap semiconductors exhibit very high
absorption coefficients above the bandgap, thus they are perfect for forming

efficient solar cells with the low thickness of the absorber at around 500 nm.

a) b)
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Transmission
Figure 13. Sketch of optical losses inside the solar cell. a) Sources of the

reflection loss at different parts of the cell. b) Penetration depth for selected
semiconductors with varying bandgap values. n-k data provided by [56]
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The second factor is related to reflection losses manifesting at the interfaces
within the system, with the most pronounced reflections occurring at the top and
the bottom surfaces of the cell. Those losses mainly stem from the unmatched
refractive indices of the top layer and the absorber, as well as the metallic contact
layers present in the cell. If not appropriately addressed, this issue may grow to the
most significant loss factor. For instance, a bare, polished silicon wafer reflects
around 30% of the sunlight.

All the aforementioned effects: parasitic resistance, spectral mismatch, and
optical losses result in the inability to reach maximum efficiencies. Throughout the
history of development in photovoltaics, there have been many attempts to mitigate
those losses and propose diverse concepts for achieving optimal solar light
harvesting. All these concepts collectively constitute the light management strategy

for the photovoltaic system, which is one of the main focal points of this thesis.

1.4. Generations of solar cells

Solar cell technology has undergone an impressive evolution over the past few
decades. The first solar cells were developed in 1940’, and started with a conversion
efficiency of around 1% - 2% with notable progress made in 1955 when an 11%
efficiency solar cell was made [57]. Recent advances have improved the efficiency
to a staggering value of 48%, achieved by small-scale solar cells [58]. The
differences in their architectures led to a natural distinction into three main
generations of the solar cells:

» First generation: mono- and poly-silicon solar cells
» Second generation: thin-films materials and multijunction III-V cells
» Third generation: concentrator cells, organic, dye-synthesized, and

perovskite absorbers

Figure 14 presents the evolution of maximum efficiencies achieved by the
selected technologies throughout the last two decades. The horizontal red line
indicates the Auger-constrained limit as a practical maximum for single junction
cell efficiency [59-61]. Efficiencies above 30% can be reached only using two or
more junction architectures, that use multiple semiconductor absorbers to capture
a wider range of the solar spectrum. Despite a rapid development regarding novel
concepts, such as multijunction devices, thin-films, or perovskites; silicon solar cells

continue to dominate the market with 95% shares in 2023, leaving just 5% for thin-
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films technologies, specifically CdTe and CIGS [62]. This dominance is mainly due
to the well-established production process, contrary to a very preliminary

industrial ecosystem of the other technologies.

50 :
e -9 «~—~_Multijunc.
PO hd ;
— | p-e-e
§.40 yod
§35 - -/
230 __Auger-constrained SQ limit_________#° silicon
Y 26.8%
q‘-I: _______ —___.__.,.—-A__!‘,/ (0] .
W 25 g Py perovskite
- —0 —~&  [—23.6%
20 4 5
/
15 | | F L
O \e) Q \eJ QO AV
QO Q Y Sy J L
'19 ,‘/0 ,]/Q "\9 ,]/Q ,-19
Year

Figure 14. Current Maximum Efficiencies achieved by different photovoltaic
technologies. The horizontal line depicts the Auger-constrained Schockley-
Queisser limit for single junction cells under the 1.5 AM spectrum. Data provided
by: NREL [63].

1.4.1. First generation: silicon solar cells

Silicon solar cells either mono or polycrystalline constitute the first
generation of solar cells, being the most widespread technology so far. The silicon
solar cell scheme is shown in Figure 15. It consists of a texturized silicon p-n
homojunction and additional antireflective coating (ARC) sandwiched between
metallic contact layers. Cells with this architecture were also the first to
demonstrate a practically working device, around 70 years ago, therefore it is also
the most mature technology. Despite its pioneering status, throughout the last 30
years of advancement, this architecture has gained only a modest 3% improvement:
from 24% in 2000 to 26.8% in 2023. This efficiency enhancement relies mainly on

advancements in cell doping and light management strategy optimization [64,65].
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Figure 15. Silicon solar cell. a) Sketch of the cross-section with the anti-reflective,
texturized coating indicated. b) Real image of two types of solar cells:
left - monocrystalline module and right - polycrystalline module with flakes of
crystals visible. Module image provided by [66].

As current silicon solar cells are approaching the Auger-constrained SQ limit,
novel concepts are expected to be proposed and widespread. Also, another
deficiency related to silicon cells lies in their indirect bandgap and low absorption
coefficient, which involve a high thickness of the wafer of about 300 pm. Despite
this limitation, the silicon cells are relatively affordable, and durable and utilize a
well-established technology. Consequently, it has acquired dominance within the

contemporary photovoltaic market.

1.4.2. Second generation: thin-films solar cells

To address the issue of the low absorption coefficient of silicon, thin-films
solar cell technology was introduced. Materials used in thin-films solar cells are
characterized by the direct bandgap, assuring excellent absorption abilities that
enable layers as thin as 400 nm to effectively absorb all the light above the bandgap
[67-69] This approach helps to limit the material usage and in result immensely
reduce the production costs. Second generation solar cells include materials such
as cadmium telluride (CdTe), copper indium gallium selenide (CIGS), gallium
arsenide (GaAs), and amorphous silicon (a-Si). Those materials can be grown by
established deposition techniques such as chemical vapour deposition, sputtering,
or spin-coating [70,71]. Figure 16 presents a typical scheme of the thin film solar

cell. The main difference is the presence of a transparent conductive oxide (TCO)
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layer atop the cell. The TCO layer serves a dual purpose: allows for high

transmission of light to the active layer and effective collection of photogenerated

carriers.

a) Metal Contact b)
ARC
TCO

Glass / Polymer substrate

Figure 16. Thin film solar cell. a) Sketch of the cross-section. Note the presence
of the transparent conductive oxide layer. b) A real photo of an exemplary thin film
solar cell (CIGS) with the flexibility of the panel indicated. CIGS cell image provided
by [72].

The manufacturing process for thin-film cells is similar to the widespread
semiconductor production line for photodetectors, sensors, etc. Besides, two or
more semiconducting materials can be joined together, creating a multijunction
system with a detailly tailored bandgap to assert maximum light harvest [73,74].
For instance, the epitaxial, 4-junction devices offer unraveled efficiencies, currently
reaching 47.6% featuring four semiconducting materials with varying bandgap
energies. However, the manufacture involves many step-processes which highly
elevate the costs of the device. Therefore, those cells occupy a marginal share of the
market, usually finding application in specific domains, where the high-efficiency
demand outweighs the costinvolved in the production (space, military, and aviation
industries [75]). On the other hand, single junction thin-film solar cells such as CIGS
or amorphous silicon still suffer from low efficiencies, prohibiting their global

widespread.
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1.4.3. Third Generation: emerging technologies

Third generation photovoltaics proposes new absorbers such as organic
compounds (OSC) and perovskites (PSC), fabricated using very simple methods,
such as spin coating or spray-coating. Those materials combine very good
absorption properties with cost-effective manufacturing. Also, third generation
photovoltaics delves into novel concepts regarding concentrating lenses [76,77],
semitransparent materials, dye-sensitized cells [78,79]and up- or down-converting
particles [80,81].

The third generation photovoltaic promises to surpass the SQ limit for single
junction cells, while maintaining very competitive costs and systems. One of the
foremost candidates for this purpose are the cells utilizing perovskite crystal
structure as the absorber, commonly abbreviated to perovskite cells. The device
scheme is shown in Figure 17, along with a typical elementary cell of the

perovskite.

a) Metal Contact b)
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Figure 17. Perovskite solar cell scheme. a) Sketch of the cross-section. b) Typical
perovskite crystal structure employed for photovoltaics applications.

Since their recognition for photovoltaic application, a very dynamic efficiency
growth has been observed, currently equal to almost 24%, only 2% below the
silicon cell record. Besides the competitive efficiency, perovskites exhibit an
exceptional bandgap tunability, making them a perfect complement for silicon cells
by forming tandem structures, currently surpassing Auger constrained SQ limit.

Figure 18 presents the standard energy level diagram of a perovskite cell,

comprising the absorber layer with adjacent hole and electron transport layers
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(HTL and ETL respectively). These layers enable the separation and transport of the
photogenerated charges. Perovskite’s general formula is described as ABX3 with the
structure of calcium titanate. Perovskites constitute a broad family of materials,
however for the photovoltaic application, the most prominent subclass is the
organic-inorganic hybrid material which consists of:

. A-site: methylammonium (CH3NHs3* or abbreviated MA*) or
formamidinium (CH3(NHz2)2* or abbreviated FA*),
. B-site: a divalent metal cation (SnZ* or Pb?%*),

= X-site: monovalent halide anion (Cl-, Br-, ).

The cations inside the perovskite structure can be substituted and non-
stoichiometrically mixed, creating a vast family of materials with exceptional
tunability of optoelectronic properties, including light energy emission, bandgap
engineering [82] as well as the occurrence of non-linear optics phenomena [83].
Figure 18b depicts the photoluminescence emission energy redshifting when
various ions, such as Pb2*, Cl, I- or Sn2* are incorporated in the MA* perovskite
structure. In recent times, perovskites have been comprehensively examined,
mostly attributed to their great efficiency growth from just around 3.8% in 2009
[84] to almost 25%. Furthermore, they exhibit other intriguing phenomena,
streamlining the arrival of the new era of optoelectronic devices.
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Figure 18 Perovskite cell energy diagram and bandgap tunability. a) Energy
levels in an exemplary perovskite cell. Electrons due to the band energy move
toward the TCO layer, whereas holes are transported to the metal contact. b) Sketch
of the emission spectra for the MA* perovskite, depending on the stoichiometry and
type of the metal cations. The top panel schematically shows the lowering of the
bandgap while substituting cations. Adapted and updated from [85,86].
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Moreover, the MA* and FA* perovskites can be produced using very affordable
and scalable techniques, involving spin-coating, doctor blade, and sputtering, all
available at very moderate conditions. Yet, the primary challenge in wide-spreading
perovskite solar cells lies in their long-term instability, which manifests itself in
significantly faster degradation compared to their silicon-based counterparts.
Substantial efforts are put into optimizing their composition to enhance their water
and photodegradation resistance.

This dissertation mainly focuses on third-generation solar cells, specifically
perovskite cells, and the novel concepts to enhance their efficiency.
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CHAPTER 2.

Transparent Electrodes

2.1.Electrical and Optical Properties

The primary role of the transparent electrode, as the name suggests, revolves
around the effective photogenerated carriers collection while maintaining
transparency within the relevant wavelength range. In the case of solar cells, this
entails alignment with the solar spectrum maximum falling within the
300 - 800 nm range. Therefore, the optimal material for this task should possess a
rarely seen dual nature - exhibiting high transmission and as low as possible
resistivity. These attributes are found particularly pronounced in the selected oxide
materials, such as zinc oxide (Zn0), indium-tin oxide (ITO), and cadmium-tin oxide
(CTO). These materials are mainly deposited using various techniques, including
chemical vapour deposition and physical vapour deposition techniques, depending
on the final desired properties. Besides, efficient carrier collection can be achieved
not only by the planar oxide layers but also through more sophisticated systems,
such as metallic nanowires or grids. Within this chapter, the key desired properties

of such systems and state-of-the-art concepts are discussed.

2.1.1. Transmittance and reflection

Most transparent conductive electrodes are wideband gap semiconductors
that exhibit high transmission within the relevant visible wavelength range. Since
the relationship between transmission (T), reflection (R), and absorption (A4) can be

expressed through the formula:
T=1—-—R—-A, (11)

reflection and absorption are the key factors constituting the losses that should be

minimized to the lowest possible level. Typically, transmission of the transparent
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electrode exceeds 85% - 90% within the visible wavelength range. The reflection
of a planar oxide approximately equals 10% due to the refractive index difference
in reference to the surrounding medium and the adjacent layer within a solar cell.
A plethora of concepts and management strategies have been proposed to optimize
this value. Absorption in the case of the direct bandgap semiconductors starts to
increase abruptly above the bandgap, emphasizing the vital importance of the
bandgap value to assert high transmission, particularly in the blue and ultraviolet
range. For the practical use of the material as a TCE, its bandgap should exceed 3 eV.
The bandgap value is an inherent property of the material, however, it could be
slightly tuned using doping or some posttreatment. Another parameter that
significantly influences the optical performance is the thickness of the utilized
transparent conductive layer. As the thickness increases, so does the absorption
and depending on the interference conditions, also reflection, inducing losses in the
optical transparency. Figure 19 presents the transmission curves of ITO. There are
schematically shown regions of reflection losses, fundamental absorption losses,
and lattice vibration absorption in the infrared region. All those losses reduce the

overall performance, demanding some optimization and mitigation strategies.
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Figure 19. Optical properties of ITO thin film. a) Transmission spectra across
the VIS-IR range of wavelengths alongside with AM1.5G spectrum. The reflection
losses come mostly from refractive index mismatch. b) Transmission spectra
showcasing varied thicknesses of an ITO thin film. As the thickness increases, the
interference fringes along with a fast absorption in the IR range appear. The
primary reason for the transmission attenuation is the electric permittivity falling
below zero, resulting in metallic properties within this range. The transmission data
was taken and visually adapted from [87].

The power flux of the solar spectrum reaches its maximum of approximately

600 nm, rendering the region around this wavelength the most significant.
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Similarly, above 1800 nm wavelength, the power flux is becoming insignificant.
Therefore the most relevant range lies between 400 - 1800 nm. Increasing the thin
film thickness leads to the emergence of interference patterns and substantial
absorption in the infrared range. Therefore, despite the enhanced conductivity of
thicker layers, the thickness should be kept low to assert high transmission in the
VIS-IR range.

2.1.2. Conductivity and Figure of Merit

Conductivity is a fundamental material property, that defines its electrical
transport ability. It stems from the two basic parameters that the material can be
described with: concentration of free carriers and their mobility. The formula for

the conductivity, linking those properties is as follows:
o = qnu, (12)

where q - elementary charge, n - free charge carriers concentration, and
u — mobility of those charge carriers. Competitive conductivity requires sufficiently
high values of both n and y, aiming for a conductivity of at least 103 Scm-1. These
values are achievable for samples with very high carrier concentrations, exceeding
1019 cm-3 and mobility at least around 10 - 15 Vs/cm?2. These requirements heavily
confine the pool of potentially appropriate materials to specific metal oxides,
recently discovered and intensively studied 2D materials and metals. Increasing
free carrier concentration density significantly affects the reflection and absorption
of the light upon those carriers, leading to severe optical losses when the critical
carrier density is reached. The reflection increase is induced by the screening of the
electromagnetic field by the collective carrier movement (oscillation of the electron
density). This effect prohibits the propagation of light within the material with
frequencies lower than these collective oscillations. This oscillation frequency,
known as the plasma frequency (wp), fundamentally describes the frequency
threshold above which, the reflectance of the material approaches 1. The plasma

frequency is expressed as follows:

nq?

Wy = Eom*, (13)
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where €, - the vacuum electrical permittivity, m* - the effective mass of the charge
carrier. Figure 20 presents the reflectivity spectra of different materials with
varying free carrier densities. As seen, the reflected wavelengths threshold is blue-
shifted with increasing free carrier density up to the point where the whole visible
spectrum is reflected as in the Al and Ag cases. Materials displaying plasma
frequencies acceptable for transparent electrode application, exhibit carrier
density around 1020 - 1021 cm-3 and high reflectivity above 1400 nm wavelength.
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Figure 20. Reflectance alteration due to the different plasma frequencies in
the selected, highly conductive materials. As seen, metals exhibit one order of
magnitude more free carriers, yet they become highly reflective in the visible range.

ITO is currently the most widely used as a TCE for its superior electrical
parameters and high transmittance. However, its scarcity elevates the production
costs [88], inevitably limiting the economical feasibility of utilization of this
material beyond multiple square kilometres scale. Therefore, there is an ongoing
effort to optimize and introduce new concepts for transparent electrode
application. While metals exhibit the best electrical conductivity across all the listed
materials, they suffer from very high reflectivity, limiting their performance as
transparent electrodes. Therefore, several, more advanced concepts trying to
incorporate metals into the system, mitigating the losses stemming from their

optical properties, have been proposed. Table 1 displays the electrical parameters
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of some of the commonly used materials as transparent electrodes such as metal

oxides and metals.

Table 1. Electrical parameters (carrier concentration, mobility and
resistivity) of the grown TCO samples with varying thicknesses and doping.

Material T (avg.)[%] n[102°cm3] p[cm?2/Vs] p [x10-*Qcm]

ITO 86.3 1-10 20-80 2-8
Zn0 87.9 2-5 20-80 8
Sn0: 84.0 2-10 20-60 2-8
Ag - 600 10-50 0.16
Al - 2000 10 -50 0.26

As the final performance of the material combines two essential properties:
electrical conductivity and transmission, the metric that takes into account those
attributes is introduced. One of the figures of merit, introduced by Haacke [89],

simply interlinks the two fundamental parameters in the following form:

T¢ 14
o, = L (14)

where T is the average transmission and Rs sheet resistance of the sample. The
c exponent term determines the extent to which transmission is weighted to
emphasize the detrimental effects of the absorption and reflection, present in the
sample. Usually, ¢ equal to 10 is used to introduce a substantial penalty for the
transmission loss which severely decreases the figure of merit value when the
sample exhibits average transmission below 85%. There have been proposed other
figures of merits with more complicated formulas, involving the current density
generated by the cell or more sophisticated parameters [90,91]. Those approaches
are however much more complex, require more than direct measurements of
transmission and resistance and in principle are aimed at more specific
applications. Equation (10) is commonly used in practical scenarios, especially in

assessing photovoltaic performance and is adopted throughout this thesis.
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2.2.Performance improvement strategies

2.2.1. Thin layer interference

The light management strategies are crucial to further elevate the collection
of photons within the system, mainly by reducing the reflection losses from the
surface and the optical path enhancement in the active layer. One commonly
employed method, proposed in numerous other applications, involves the single or
multilayer antireflective planar layer coating. The main objectives of this coating
are to match the refractive indices between the environment and the underlying
TCE material and engineer such a stack that meets the criteria for destructive
interference, thus suppressing the reflected waves. The first goal is achieved by
adhering to the well-known formulas regarding the optimal refractive index (narc)

and thickness (darc) for a given 1, wavelength:

nARC = ,/nlnz (15)
Ao
AMapc

darc = (16)

This simple and effective approach has however a significant limitation, which
is the tuning for the specific wavelength, leading to marginal improvement or even
worsening within the remaining spectrum range. This scenario appears when the
matching refractive index criteria lean towards constructive interference,
increasing reflectance for the specific spectral range. To overcome this limitation,
coatings consisting of multiple layers can be employed to match the refractive index
closer, leading to smoother interface transitions and simultaneously adjusting the
destructive interference conditions. The solution to this problem requires a
computational approach such as the transfer matrices method applied [92] to find
the best-performing thicknesses and refractive index combination. Figure 21
presents the optical stack consisting of one and three antireflective layers along

with the transfer matrix method simulations.
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Figure 21. Planar layered antireflective coatings. a) A schematic drawing of a
single and multi-layer antireflective coating placed on a glass substrate.
b) Reflectance spectra of the systems. Multilayer antireflective coatings can further
improve the transmission properties of the system, thus they involve more
sophisticated structures, planning, and available materials.

Although the samples with a multilayer approach demonstrate high
antireflective performance, they demand more computational and manufacturing
effort, and in certain scenarios, tuning the stack for a wide wavelength range may
pose a challenge. As depicted in Figure 21, introducing additional index-matched
interfaces results in improvement compared to single-layer systems, however in
certain regions, the reflectance is increased due to varied constructive interference
conditions. Thus, this approach has its limitations, and beyond a certain number of
layers, further complicating the structure might not yield noticeable benefits.
Moreover, the planar layers do not substantially enhance the optical path length
within the system, as the light enters into deeper layers with very similar angular
distribution, without much scattering or diffraction.

Another explored idea involves constructing a trilayer stack made of both
transparent conductive oxide (O) and a very thin metal layer (M) arranged in a
sandwich-like stack with an 0-M-0 sequence to minimize reflection and increase
the conductivity of such a composite material. Commonly exploited materials
encompass ITO, Sn0z, ZnO and their doped variations [93-96]. As for metals silver,
copper, and gold are usually employed [97-102]. Figure 22. presents selected

successful demonstrations of such systems along with their schematic drawings.
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Figure 22. Selected TCO/metal/TCO optical stacks. a) The working principle of
the TCO/metal/TCO electrode. The resistivity of the metal is much lower than the
TCO part. Therefore, the preferred route for carriers runs through the thin metal
layer. b) - d) Triple layer stacks with a variety of used oxides and metals. Below
each stack, the achieved sheet resistance and average transmittance in the visible
range are shown. Data taken from [103].

These stacks have shown promising results concerning both transmission and
resistivity, suggesting a potential shift in the approach to TCEs. Besides the
optoelectronic properties, there are arguments for this particular design over solely
using ultrathin metal layers, mostly regarding the manufacturing ease. The
composite electrode design enables ultrathin metal films deposition since mostly
conductive oxides act as a wetting agent helping to deposit really thin layers below
10 nm. Also, such thin metal layers, tend to agglomerate into islands even after a
few months of air exposure, hindering the conductivity of the layer [104]. Thus,
such a sandwich arrangement helps to protect the structure of a metal thin film and
facilitates the deposition of a continuous layer

For instance, in one of the pioneering works, M. Sawada [105] showed that the
ITO/Ag/ITO triple layer stack demonstrates exceptionally low sheet resistance
(4.2Q/sq) retaining high transmittance (85%). However, their production
demands more effort with thin layers of metal engineering with precisely defined
thickness, adjusting wetting agents and dealing with the continuity of the films,
which can be a challenging task, particularly when repeated several times within
multilayer systems. As the transmission of the metal rapidly decreases with
thicknesses above 6 - 8 nm, the high precision of the thickness control during the
deposition is a critical condition. Furthermore, the metal atoms may diffuse over
time into oxide layers, leading to degradation of the optoelectronic properties. This
approach is further developed and investigated in Section 4.4 using aluminium-

doped zinc oxide (AZO) and silver multilayer stack.
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2.2.2. Solutions beyond planar layers

A wide range of concepts aims to enhance conductivity and light management,
which extend beyond planar layer approaches. A commonly explored idea involves
silver nanowires randomly distributed across the surface. Silver's high conductivity
and ease of large-scale manufacturing make such samples effective carrier
collectors with low sheet resistance. However, shadow loss associated with the
wires should be closely investigated to find the right balance between transmission

and conductivity. Figure 23 displays some prominent examples of this approach.
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Figure 23 SEM images of silver nanowires transparent electrodes creating a
randomly distributed conducting grid using a wide array of techniques.
a) - b) Bioinspired patterns of imprinted leaf veins created by silver nanowires
Image from [106], c) Percolating grid of silver ribbon network created with self-
cracking technique. Image from [107] d) - f) Silver nanowires pattern with
submicron thick silver lines. Image from [108]

For instance, Yu[109], Andres [110], and Leem [111]presented simple
methods to manufacture randomly distributed silver nanowires samples with high
figures of merit and sheet resistance reaching 6 - 10 (1/sq, increasing the organic
solar cells performance and allowing to be deposited on a flexible substrate.

More advanced concepts involve the structurization with the conductive lines,
leading to a periodic, predefined arrangement. In this way, the main limitations of
randomly distributed structure, such as excessive overlapping in certain areas and
insufficient density in other regions are diminished. It allows for the precise
definition of the desired structure and its subsequent evaluation and

characterization. However, this method demands greater effort in the preparation
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of the structures, relying on lithography techniques, which not only elevates costs
but also creates risks of errors during the manufacturing process. Albeit, the realm
of the structures that can find their place in these applications is still under
thorough exploration. Mostly used structures are straight lines, rectangular grids
or hexagons, exploring only a fraction of available geometries. Figure 24 presents

some of the proposed arrangements in the literature.

a) c)

b)
ll .
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Figure 24. SEM images of periodic metallic structures, creating conductive
patterns with a variety of shapes and configurations. a) Straight, parallel lines
with different periods acting both as a conductor and diffractive gratings. Image
from: [112] b) Rectangular grid with very thin conductive lines. Image from: [113]
c) Hierarchical structure consisting of a square, hundreds of micrometer grid
decorated with nanometer, diagonals crossing the meta structure. Image from:
[114] d) Hexagonal grid decorated with metal nanomesh of hexagonal symmetry.
Image from: [115]

These systems exhibit a conductivity comparable to metals with a competitive
transmission of such systems since only a small fraction is covered by the metal. For
instance, Gao [115] demonstrates a device with only 0.7 1/sq sheet resistance and
81% transmission. Similarly, Hong [116] showcases a simple method of patterning
silver thin films obtaining 9 (1/sq sheet resistance with over 92% transmission.

The metal grids, akin to nanowires introduce some shading losses. These can
be minimized using an antireflective planar layer, showcased in Section 2.2.1,
however, this approach does not efficiently address direct reflections from the
metal structure, as it primarily serves for index matching purposes. The most
sought-after systems should achieve both goals simultaneously by enhancing
optical and electrical performance which renders a non-trivial engineering task. To
meet those criteria, a more viable solution involves a multi-scattering antireflective

texture to first scatter or diffuse the light, leading to a change in the angular
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distribution of the incident light upon entering the active layer. Thus, the incoupling
of the light is much more effective both in terms of reflective properties and optical
path within the relevant segment of the cell. This asserts a very effective light
harvesting with minimal reflection losses. This concept is extensively explored in

the literature, Figure 25 features some of the examples of such systems.

a)

Figure 25. SEM images of antireflective textures for effective light incoupling.
a) High-aspect ratio needle-like structure with a subwavelength period. Image
from: [117] b) Micrometer-wide pyramidal shapes, used for reducing the reflection
of the solar cell. Image from: [118] c) Tightly packed ZnO nanorod array, acting as
a subwavelength antireflective structure. Image from: [119]

These systems can be manufactured using a variety of techniques including
selective etching, photolithography, ion-reactive etching, bottom-up growth, or
nanoimprint lithography. The wide range of available structures and manufacturing
methods makes the selection of the right texture or structure a matter of elaborate
simulations to optimize their performance for the given application. This
considerable effort is rewarded with unparalleled antireflective optical properties
of such structures. Moreover, these approaches enable further enhancement of
absorption within the active layer, especially crucial for thin perovskite absorbers

and silicon wafers in the IR region.

These more advanced concepts are the main point of focus within CHAPTER
5. and CHAPTER 6. and constitute the main research topic of this dissertation.
These concepts are examined in detail to improve the performance of the solar cells.
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CHAPTER 3.

Methodology

3.1.Atomic layer deposition

Atomic layer deposition (ALD) is a growth technique that enables the
deposition of thin films of diverse materials from a vapour phase. It exhibits a few
important features that render it advantageous over alternative, commonly
employed deposition techniques such as chemical vapour deposition (CVD),
molecular beam epitaxy (MBE), or physical vapour deposition (PVD). The electronic
industry is evolving toward manufacturing sophistically engineered nanometer
structures such as Fin and Gate-All-Around Field Effect Transistors (finFET and
GAAFET) that are manufactured through numerous photolithography, etching,
metalization, and deposition cycles. Conducting all these steps results in an
extremely complicated three-dimensional landscape, therefore the precise control
and deposition over non-planar geometries play here a pivotal role. Figure 26
illustrates the outcomes of the non-planar samples' growth mode using different
deposition techniques. The sol-gel technique covers the samples from every angle,
but it lacks precision in thickness control across the entire sample. In contrast, CVD
and PVD are more directional techniques that cover specific parts of the sample,

mostly the top, whereas the rest of the sample is either uncoated of coated
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ﬂ I3 H

Sol-gel ALD

insufficiently.

Figure 26. Various deposition techniques characteristics. During the
deposition, different growth methods exhibit distinct results on texturized samples.
ALD is characterized by a uniform deposition of different shapes, even with high
aspect ratio geometry. Image inspired by [120].
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ALD on the other hand provides precise control over the composition of
deposited materials through a repetitive pulse and purge cycle in which precursor
vapors penetrate the sample. Therefore, this technique allows for uniformly coated
high-aspect ratio samples, which remain unreachable for sputtering techniques.
ALD and its plasma-enhanced (PEALD) or spatial ALD (SALD) variants are
employed to deposit a diverse range of dielectric and semiconductor materials,
including oxides (e.g. ZnO, SnO, In203, CuO, Al203, HfO2, M003), sulfides (e.g. ZnS,
MoS2), nitrides (e.g. BN, AIN, GaN) and elements, metals in particular (e.g. Al, Co, Cu,
Ag). Figure 27 showcases notable applications and advancements in ALD.
Currently, the ALD technique is employed in the mass production of the newest field

effect transistors, LED, VSCEL, and many other nanostructure devices fabrication
[121-126].

Figure 27. Selected literature examples of the ALD technique. a) High aspect
ratio 3D structures uniformly coated with titanium oxide.[127] b) Conformal
coating of nanoporous, high active surface materials.[128] ¢) Fin and Gate-All-
Around Field Effect Transistor coated with hafnium oxide with a high dielectric
constant for an effective gating [129].

ALD technique was developed in the 1970s and originally stemmed from a
variety of CVD processes, as it shares many precursors for the deposition. A key
distinction between those two techniques lies in the sequential exposure of the
gaseous precursors that induce self-terminating reactions on the surface. In this
way, the entire process is divided into half-reactions that stop when the substrate
surface is devoid of the free sites ready to adsorb the precursor. The nature of the
process leads to several, noteworthy advantages that may outweigh the decision to
choose the ALD over other existing techniques. Additionally, when the growth

conditions are properly chosen, the one cycle in the process yields exactly one
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monolayer of the desired material, providing precise thickness control through
layer-by-layer deposition. Another advantage is the conformality of the received
layers. The precursor exposure time can be prolonged, allowing for a steady
diffusion inside high-aspect ratio, complex structures, and cover it entirely with a
pin-hole free, conformal coating.

The sequentiality and self-saturation of the process allow for compositional
control and fine tailoring of the optoelectronic properties of non-stoichiometric
films. The following sections discuss in detail the growth properties and dynamics
of the ALD process.

3.1.1. ALD System Employed

The equipment employed to grow all the samples within this thesis is a
commercially available ALD reactor Beneq TFS-200 model. It features up to 8 lines
of different precursors, a 200 mm reactor chamber, allowing for coating multiple
substrates at once and precise temperature control up to 500 °C. The setup is shown
in Figure 28. The system enables both liquid and solid precursor usage. In the case
of the last, a heating of the container as well as the precursor line is necessary. All

the ALD-grown samples presented in this thesis are manufactured using this

system.

Figure 28. ALD setup photo. The inset shows the reaction chamber which spans
over 200 mm in diameter.
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3.1.2. ALD growth dynamics and properties

The frequently emphasized advantage of the ALD is the precise control of the
thickness of the sample, as the reactions occurring on the surface are self-
terminatory resulting in the deposition of exactly one monolayer. The description
of ALD process in previous section provides fundamental and illustrative form. In
reality, this requires certain growth conditions, several requirements for
precursors and reaction types. In principle, this requires certain growth conditions
and reaction types to be fulfilled. Otherwise, the growth per cycle may strongly
deviate from 1 monolayer, depending on the deposition temperature, which can
lead to different deposition modes, such as CVD. Figure 29 showcases different
reaction types with different amounts of adsorbed material.

The self-terminating reactions pair is a prerequisite for any ALD process to
take place. This term refers to the reactions that cannot further proceed when the
free sites of the surface are saturated, consequently stopping the growth after one
monolayer of the precursor is incorporated, without excessive growth beyond that
point. Besides, for the self-terminating reactions to be fully controllable and yield
an ALD growth mode, they should satisfy the following conditions [130-133]:
= no attachment of the precursors to its initial ligands,

. no desorption during the purge phase,

. non-reactive by-products of each reaction pair that are easily removed during
purging,

. irreversible adsorption which is resistant to any etching processes during
other phases and relies on chemisorption mechanisms, (ligand exchange or

dissociation rather than physisorption).
a) b) <) d)
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Figure 29. Different modes of adsorbing material in the ALD process,
depending on the chemistry of the process. a) an ideal ALD process with
irreversible, saturated adsorption, also called self-terminating reaction, b)
reversible saturating reaction: after the exposure termination, the grown layer is
etched, therefore the full monolayer is not reached c) irreversible, not saturating
reaction: the example of CVD process where the thickness of the layer grows
unstoppably, d) irreversible adsorption stopped too early to saturate. Visually
adapted from: [134-136]
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During the physisorption process, numerous attractive interactions between
molecules and layers are made, leading to weak bonding between many monolayers
that can be easily broken or altered.

For instance, weakly bound atoms result in reversible reactions and slower
deposition of the material. Similarly, an inadequately chosen precursor pair can
cause non-saturated behaviour, where the precursor may react with the reaction
by-product, causing excessive growth or, conversely, etching the just-incorporated
layer (Figure 29b). The most desirable scenario for ALD is depicted in Figure 29a,
where a true self-terminating reaction, leading to a plateau in the adsorbed material
after some time, is shown. However, also the opposite in nature, non-saturating
growth without the specific reaction termination moment can occur, causing an
excessive deposition of the material.

The reaction dynamic is influenced not only by the reactants involved but also
by the temperature of the process, which is one of the most influential and decisive
parameters. Figure 30 presents the deposition speed vs temperature with different
regions marked outside the ALD growth mode, also referred to as the “ALD
window” in which the ALD process takes place. Within this temperature range, the
growth per cycle (GPC) is nearly constant and is equal to approximately

1 monolayer of the grown material.
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Figure 30. Different growth modes during the deposition. The ALD growth
occurs only at a given temperature where we observe exactly one monolayer per
cycle. In case of too low (regions 1,2) or too high temperature (regions 3,4), the
deposition is either insufficient to cover the entire surface or due too excessive
dopant amount, another layer is deposited. In both situations, the growth mode
cannot be called an ALD deposition mode.

This allows for a self-terminating reaction despite some temperature

variations and repeatable results, devoid of the undesired effects mentioned earlier.
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Outside these conditions, an ordinary CVD process occurs, which is usually highly
undesirable as it lacks control over the thickness and does not provide self-
saturation of the reactions. As a result, this may lead to unintentional incorporation
of byproducts and excessive growth ratios.

The deviations from 1 monolayer GPC can be categorized into four main
regions, each stemming from different reasons [137-140]. Examining the GPC
across a wide temperature range and observing its alterations allows for assuming

one of the following reasons for the behaviour:

1.  Condensation of the precursor on the surface

The temperature is too low to sufficiently decompose the precursor;
therefore, physisorption becomes the dominant process, in which no ligand is
released from the molecule. This mode does not qualify as a true ALD process,
as the physisorption occurring in this mode is not self-terminated, and the

layer continues to grow.

2. Steric hindrance reduction

With an elevation in temperature, an increased GPC is observed. That means
enhancing the reactivity of the precursor, as more ligands are removed, and

more molecules can be attached to the free sites on the surface.

3. Ligands and reactions byproducts incorporation or lingering

The temperature increase causes an excessive amount of by-products and
ligands to either decompose into simpler compounds which cannot be easily
purged or cause uncontrolled incorporation in the lattice. That causes GPC to
exceed 1 monolayer. This process, similar to others, is not self-saturated and

can proceed for a longer time.

4. Monolayer desorption or ligand dissociation

When the GPC decreases with increasing temperatures, the reason behind this
is the decomposition of the monolayer into non-reactive compounds, which
are needed for the next process step to occur. For instance, the functional
methyl groups can be detached from the surface and joined together to form
gaseous by-products, lowering the active free sites concentration important

for the activation of the second half-reaction.

Maintaining the process nature within the ALD window is crucial to assert

control over the process development, the final thickness of the material and
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stoichiometry. However, even within this window, variations in the GPC can occur,
resulting in less than monolayer per cycle growth [134-136]. These alterations
come from the coverage ratio differences, i.e. how dense the atoms packed on the
surface of the material are. The coverage within the process using the given
precursors is not exactly constant and can be influenced by many factors. Figure
31 presents the coverage ratio over time of exposure of the precursor. As seen, the
curve approaches 1 with the elongated exposure times. Also, the mass gain occurs
only at a specific point in time, namely the introduction of the precursor that takes
place very quickly followed by the long purging phase, during which there is no

mass gain.
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Figure 31. ALD growth characteristics. a) Coverage relation vs exposure time. In
a properALD growth, the coverage is slowly converging to 1. The coverage can be
approximated via the square function. b) Mass gain vs Number of Cycles. The
deposition occurs only in a specific moment within the cycle, which is visible as the
growth in mass deposited on the substrate. [120]

Several factors contribute to coverage curve shape as well as variations in the
GPC. For instance, high steric hindrance of the ligands poses a challenge as not all
free sites can be saturated, given that the ligands' physical dimensions are larger
than the distance between the free sites. Therefore, the coverage equal to 1 does
not necessarily mean the saturation of all free sites with the cation atom. The
concentration of these free sites itself is regulated by the process temperature. It
tends to decrease in higher temperatures, thus there are fewer reactive surface sites
to be filled.

Besides, the reactiveness of the substrate also influences the saturation

effectivity. Initially, the layers are attached to the intrinsically or artificially
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functionalized substrate, therefore GPC may fluctuate around some value until the
entire substrate is covered. The growth mode typically assumed for an ALD process
is the Stranski-Krastanov type, where the first few monolayers are filled by
randomly saturating free sites. After this phase, the new material nucleates in
island-mode, creating expanding islands that are joint together after reaching a
critical number of pulses. Beyond this point, the GPC is expected to stabilize, and
the thickness vs pulse number dependence should become linear. Another
noteworthy reason for the variation is the geometry of the sample itself which can
change during the growth due to the coverage of the thin film on the surface.
Considering all these reasons and process dynamics, designing the right
precursors and associated reaction pathways that fulfil those requirements for an
ALD process becomes a challenging task. Such precursors should be volatile enough
to exhibit high vapour pressure in either room or slightly elevated temperature.
Also, they should not decompose until they reach the surface at elevated
temperature, and the reaction itself should be quick, and irreversible and the
reaction product should be inert and gaseous. The dimensions of such precursor
should be as small as possible (minimizing steric hindrance) to cover as tight as
possible the surface. Due to these requirements, there are a limited number of
precursors and processes that can be categorized as truly ALD. Nevertheless, the

existing ones provide numerous advantages and unrivalled properties.

3.1.3. ALD Process Cycle and Reactions

This section illustrates the growth cycle of the typical ALD process. A single
cycle results in the deposition of one monolayer of the desired material. This
process itself consists of several steps, exploiting the fact that the involved reactions
exhibit a self-saturating nature and occur only on the surface with the specific
functional group. In addition, the substrate can be functionalized to enhance the
precursor deposition if it contains insufficient natural functionalization. The
exemplary process scheme is shown in Figure 32 for a commonly used zinc oxide
deposition. This scheme can be straightforwardly extended to any material,
consisting of more than two elements.

The cycle starts with the first precursor - in this case, diethylzinc
(Zn(CzHs)2) - being introduced into the chamber (Figure 32a). The metalorganic
nature of this precursor allows for an effective decomposition and adsorption of the
cation on the surface, or more specifically with the functional groups present on the

surface. The organic groups, in this case ethyl groups are detached upon contact
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with the surface. The excessive amount of the precursor along with the by-products
of the reactions are purged by the inert gas (nitrogen) in the following step (Figure
32b). The next precursor, water vapours, is introduced subsequently. The water
reacts with the cation on the surface and substitutes organic groups, incorporating
the oxygen atom into the lattice structure (Figure 32d). Once again, nitrogen is
pumped to clear the chamber (Figure 32e). The entire process is cycled with zinc

precursor until the appropriate thickness of the film is reached.
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Figure 32. One cycle of ALD technique growth scheme. Each of the precursors is
introduced to the chamber at a time and is purged before the next sub-step can
occur. The thickness is achieved through the cycling of all the steps shown.

During ALD growth, the deposition is realized through at least two half-
reactions. For instance, ZnO deposition using diethylzinc and water occurs in two
steps, where the DEZ is adsorbed to the -OH group on the surface, detaching one
ethyl group, resulting in C2He as a by-product gas. ZnCz2Hs molecules with one ethyl
group are attached to the surface. The second step removes this remaining group,
substituting an oxygen atom, thus finishing the formation of the ZnO with a very
reactive -OH group atop, ready to adsorb another precursor. Those two half-
reactions are described below. The (s) and (g) letters indicate either the gaseous or

solid state of the material, respectively:

1.  OH-surface(s) + Zn(CzHs)2(g) — OZnC2Hs(s)+C2He(g)
N2 purging step
2. 0ZnCzHs(s)+ H20(g) — 0ZnOH(s) + CzHe(g)
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Reaction (1.) stops when there are no more free sites present and the rest of
diethylzinc cannot be effectively incorporated, and thus is removed in the purging
phase. Similarly, reaction (2.) is stopped when the sites with ethyl groups are
saturated.

The same procedure applies to the more complicated materials, such as
ternary and quaternary compounds where more chemical reactions are involved.
Figure 33 shows such process with an example of doping zinc oxide with Al3*

cation.
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Figure 33. Doping through ALD technique scheme. After some number of ZnO
cycle depositions, a certain dopant cycle is introduced, which constitutes a super-
cycle. The process goes on until the desired thickness is reached. The n number
controls the doping level.

In the following example, the precursor of the aluminium organometal
compound trimethylaluminum (TMA) is utilized. In this case, the similar two half-
reactions occur, where the TMA methyl group are substituted:

1. OH-surface(s) + Al(CH3)3(g) — OAl(CH3)2(s) +CHa(g)

N2 purging step
2. OAIl(CHs3)2(s) +2H20(g) — OAI(OH)2z(s) + 2CHa(g)

The amount of this precursor is controlled by adjusting the cycle number,
instead of known from other techniques particle beam intensity or growth vapour
pressure adjustments. Therefore, by varying the zinc cycle number, we change the

doping in the material. Unlike the intuitive and simplistic view of this technique, the
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cycle ratio does not necessarily correspond to the atomic ratio of the given element
in the resultant material. This holds especially true for more complex compounds,
made of 3 or 4 elements where the non-linearity of the cycle ratio vs. atomic ratio
leads to hard-to-predict stoichiometry [140,141]. For instance, the content of
oxygen, hydrogen, and zinc in ALD-grown ZnO samples varies depending on many
factors, such as temperature, exposure time, and substrate even when the pulsing
ratio remains the same. Therefore, determining the precise amount of the dopant
incorporated requires further material characterization.

Figure 34 presents the cross-section of the differently doped ZnO with
aluminium atoms, showcasing the distribution uniformity of the Al dopant for

different concentrations.
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Figure 34. Cross-section of the ALD-grown samples. a) TEM image of a
differently Al-doped zinc oxide. b), c) Al fraction within those samples. As visible,
planar doping of the TMA precursor leads to diffusion of the element across the
lattice structure, however, there are pronounced peaks in the Al atom content,
meaning that the doping is not uniform below some critical doping level. [142]
d) Cross section of nanolaminar sample of Al203 (dark) and HfO2 (light).[143]

Determining the exact place and distribution of cations in the material
involves more complicated characterization techniques such as secondary ion mass
spectrometry (SIMS) or transmission electron microscope (TEM). However, the
dopant atoms usually undergo a diffusion across the layers, and when the critical
level in doping is reached, the sample approaches a state of uniform doping. As seen,
very low doping ratios result in spikes in the measured Al concentration. Also,
Figure 34d presents the possibility of growing very well-defined nanolaminate

structures consisting of different materials.
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3.2.Nanoimprint lithography

Nanoimprint lithography is a widely employed technique for fabricating
micro- and nanostructures over large surfaces, possibly exceeding 20 x 20 cm. This
technique enables the texturization of the surface with a diversity of structures
under a moderate temperature range and environmental conditions. It primarily
involves applying pressure to a moldable, semi-fluid resist that during this process
is shaped according to the stamp. When combined with selective etching,
nanoimprint lithography enables the manufacture of highly engineered patterns
with a resolution below 50 nm, surpassing the resolution of deep ultraviolet
photolithography. Several variations of this technique have been proposed,
differing in conditions and assisted media, yet adhering to the same fundamental
working principle. These variations include thermally assisted, UV triggered, flat
stamp, or roller versions of the method, each tailored for specific applications [144-
146]. Within the thesis, the employed variation of this technique is thermally

assisted UV roller nanoimprint.
3.2.1. Nanoimprint method overview

The fundamental working principle of the nanoimprint technique is akin to a
well-known embossing process, yet executed on micro- or nanometer-scale
patterns. The entire method is based on mechanical forces acting on the semi-liquid
resist by a soft stamp, therefore the resolution of the manufactured structures is not
limited by the light source as in classical photolithography. The resolution can
therefore exceed 50 nm, typically achieved through expensive equipment such as
electron or ion beam lithography. By relying on mechanical forces, the whole
process is consequently much faster than direct patterning or mask-based
lithography which also encounters difficulties when applied to illuminate larger
surfaces. This results in a high throughput of this method, especially when
employing its roller variation, enabling fast and seamless integration into the
production chain. This prerequirement is especially crucial due to the increasing
demand for efficient cells in the photovoltaic industry. The process of pattern
creation is depicted in Figure 35. The manufacturing process begins with defining
the desired pattern for subsequent imprint and replication. The pattern should be
placed on a rigid substrate, durable enough to withstand multiple presses against
the stamp. Pattern manufacture can be done by at least several techniques,

including e-beam, interference lithography, or direct laser writing. The interference
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lithography holds an advantage in this process since it allows for a swift pattern
origination across a large surface with a wide range of possible structure
periodicity, spanning from 100 nm to even 100 um. This method is particularly
well-suited for creating periodic micro-textures, aligning with the objectives of our
research. Within this thesis, the interference lithography technique was employed

to manufacture the master structure, also called a shim.
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Figure 35. Interference lithography setup scheme. The red arrows depict the
possible angle adjustment that determines the period and symmetry of the
achieved gratings. Also, by tilting the whole substrate, non-vertical profiles can be
originated. Inspired by the image from [118] and visually adapted.

Beam Splitter

During the interference lithography process, a photoresist is illuminated by
two or more, previously split light beams. The interference pattern comes from
superpostion of those two coherent light beams illuminating the substrate at the
certain angle. The period of those maxima is expressed by the following formula:

1 (17)
sin (6)’
where A denotes the wavelength of the light and 6 is the angle between the two

interfering beams.

The phase shift and optical length differences adjust the position and contrast
of the interference maxima within the photoresist, resulting in developed and
undeveloped places, arranged in a periodic pattern. The intensity and the exposure

time at a specific point on the surface determines the extent to which the
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photoresist is exposed and consequently the depth of the resist that will be
removed. Thereby with a fixed exposure time the light intensity defines the depth
of the created cavity. Typically, a blue or UV laser light is used for this purpose, due
to the shorter wavelength and thus higher resolution. In such a way, the resist is
exposed in the controllable manner, by adjusting the period and symmetry of the
linear interference pattern created by these superimposed beams. The period of the
pattern is controlled by the phase shift between the two beams and their relative
position, i.e. the laser wavelength and the angles of incident of those two beams.
The rotation of the sample allows to further complicates the interference beam
arrangement picture. For instance, two exposures with a 90-degree rotation, yield
a square symmetry pattern, while three exposures, each separated by a 120-degree
rotation, result in a hexagonal symmetry. After exposing the desired arrangement,
the excessive photoresist is then removed, resulting in the 3D topography within
the photoresist layer on the substrate. The acquired master structure in the
photoresist is then electroplated with metal to obtain a durable and reusable
metallic shim for mass production of stamps. Given these inherent properties of
interference lithography working principles, certain desired patterns may be either
very challenging or simply unachievable using this technique.

Once the shim with the replicated pattern is ready, the next step involves a
PDMS replicate stamp from a master shim. Figure 36 presents schematically all the
necessary steps involved in the procedure with an exemplary honeycomb-like

structure. The resulting shape is the negative of the master shim pattern.
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Figure 36. Thermally assisted Roller nanoimprint process scheme. a) The
PDMS stamp replication b) Removing the ready-to-use stamp c) Spin-coating of the
resist onto the substrate d) Rolling onto mouldable resist to imprint the negative of
the stamp shape e) The finished sample along with the SEM image of an exemplary
imprinted structure.

First, the liquid PDMS is dispensed over the metallic shim to slowly and
thoroughly penetrate the master shim. Through applied pressure and elevated
temperature of approximately 90 °C, the PDMS solidifies and becomes durable, with
the exact pattern formed at its surface. Careful detaching yields a reusable, soft
stamp that can be folded around the roller tube to later imprint the pattern into the
photoresist. Each such created stamp can be used over 50 times, ensuring a highly

efficient process. The photoresist is applied by spin-coating onto the desired
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substrate. During the nanoimprint process, the PDMS stamp is slowly pressed
against the photoresist-covered sample at the elevated temperature to make the
resist soft and formable, under the weight of the rotating roller, forming the
negative of the stamp pattern on the sample. As the photoresist is pressed and
moulded, UV light triggers its cross-linking process. After the exposure and
complete imprinting of the stamp, a brief post-baking is performed to finalize the
crosslinking of the resist. As a result, a well-reproduced pattern of the original

master shim is obtained within the resist.
3.2.2. Roller nanoimprint system

The scheme along with the photography of the setup is shown in Figure 37.
In our case, the system used to nanoimprint the samples consists of a several kg
roller with an installed UV lamp inside to allow an effective UV exposure of the

sample beneath it.

a)

Control

o UV Intensity
o Temperature
e Rolling speed

Figure 37. Roller nanoimprint system. a) A scheme with the most crucial parts
including the tracer, hotplate and lamp depicted. b) The real appearance of the
system.
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Due to the geometry, only a small part of the stamp has contact with the
surface at the time, amplifying the exerted pressure on one area. The sample itself
is placed on a controllable hotplate to assert a valid temperature during the process.
In this setup, the moving part is the treadmill with an attached hotplate, rather than
the roller itself. The system operator has control over the UV illumination intensity,
treadmill speed and hot plate temperature. The tuning of these parameters is
crucial to obtain a repeatable and high-quality process. The whole system is placed
in a room equipped with UV-blocking filters to rule out unintentional exposure of
the photoresist.

This exact system used to nanoimprint the samples was designed and made
from scratch by Dr Hubert Hauser. More details regarding this configuration can be
found in ref. [118,147-149]. This system has been used to manufacture samples
investigated in CHAPTER 5.

3.3.Characterization methods

This section comprehensively explains the phenomena behind each of the
characterization methods used in the investigations presented in this dissertation.
Additionally, it provides information about all the employed equipment and
acknowledges the contribution of people, particularly in case the author of the

thesis was not fully involved in the sample characterization process.

3.3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is a fundamental technique for the
visualization and characterization of structures, offering resolution capabilities
close to single nanometers, reaching magnification levels of approximately
x500,000. This technique is vastly used across various scientific disciplines due to
its versatility and the ease with which it analyzes the samples.

The SEM system consists of electron acceleration lenses and coils that
precisely concentrate the beam in a very specific place of the sample with an
accuracy down to a few nanometers. These accelerated electrons interact with the

sample’s surface providing information about the topography and composition of
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the sample. The distinguishing feature of the SEM lies in the utilization of magnetic
fields to focus and steer the high-energy electron beam, resulting in an orders-of-
magnitude greater resolution compared to its optical counterpart. A schematic
representation of the electron scattering and re-emission is depicted in Figure 38.

The source of the SEM signal comes primarily from the ejected electrons
within the sample, usually from the K shell after being inelastic scattered. Those
electrons are referred to as secondary electrons (SE) and they are ejected from or
near the surface, typically from depths of no more than 50 nm, losing most of their
initial energy during the scattering. Consequently, SEM is applied for imaging
mostly the topography of the sample. Additionally, another scattering phenomenon
known as elastic scattering is observed. The electrons involved in this process come
from deeper regions within the sample and experience scattering on the atom
nuclei as they travel toward the surface. These electrons are called backscattered
electrons (BSE) since they undergo an elastic scattering, maintaining their initial
high kinetic energy within the range of 2 - 30 keV. The cross-section of this process
exhibits pronounced dependence on the atomic number Z. Consequently, the
intensity of the signal is dependent on the elements composing the sample’s
surface, which is manifested as the appearance of bright regions corresponding to
heavy elements and dark areas consisting of lighter elements.

Primary
Characteristi Beam
aracteristic
X-rays Auger BSE
sg | electrons /1 X-ray continuum

Sample

Figure 38. SEM electron beam scheme. In the picture penetration depths and
reflections routes for different types of electrons and X-rays are indicated. Electron
signals important for SEM, i.e. secondary electrons and backscattered electrons
imagery are indicated in green, whereas X-ray generated light, particularly
interesting for EDS is indicated in blue.
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Besides electrons, the sample also radiates characteristic X-ray energies,
originating from the electron transitions occurring between deeper shells of the
atom, alike to creating electron-hole pairs in semiconductors, but with energy
differences of the order of magnitude higher. Upon recombination, this energy is
released in the form of X-ray radiation. Having the database of the characteristic X-
ray energy emission, quantitative analysis of the elements present in the material
with submicron resolution can be performed. This operational mode of the SEM
system is called Energy-dispersive X-ray Spectroscopy (EDS).

Apart from the equipment itself, the acquisition of SEM necessitates the
maintenance of high vacuum conditions since the electron beam can be very easily
distorted when interacting with air molecules. The samples should be highly
conductive to prevent the electrons accumulation on the sample’s surface, which
leads to electrostatic charging and severe image aberrations, deforming a sharp
view of the sample. In the case of isolating samples (refer to CHAPTER 5. and
nanoimprinted structures), a thin layer of sputtered metal atop is mandatory.
However, when viewing TCO samples, no additional treatment is required thanks
to their conductivity. It is important to emphasize that SEM is not a non-invasive
technique and prolonged observation at one point may cause damage to the sample,
which is particularly pronounced when dealing with organic materials.

In this dissertation, the results obtained with 3 different SEM systems are
included:

. CHAPTER 4. The ALD-grown samples were characterized mostly with a Carl
Zeiss Sigma HV field emission microscope at 15 kV accelerating voltage and
around 3 mm working distance. These measurements were performed with
the great help of PhD Piotr Wrébel.

. CHAPTER 4. Some of the ALD-grown samples were characterized with Helios
Nanolab 600 Focus lon Beam with high-resolution SE detector at 8 kV voltage
and 5 mm working distance.

. CHAPTER 6: Perovskite and nanoimprinted structures were characterized
using a Hitachi S-4700 system with 5 kV accelerating voltage and around

16 mm working distance.
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3.3.2. X-Ray Diffraction

X-ray diffraction (XRD) is the technique used to extract information about the
sample’s crystal lattice. It is considered as a fundamental tool in every material
science laboratory due to its capacity to characterize the structure of the
investigated material from a multitude of perspectives. The information obtained
through this technique involves, among other things:

. Crystal structure type and lattice constants, followed by the precise
classification of the investigated material,

. Quality of the layer, including grain sizes and amorphicity,

. Thickness and strain present in the layer,

. Preferential growth directions.

XRD technique utilizes the atoms constituting the crystal structure to diffract
incident monochromatic X-ray light, as these atoms function as a diffractive grating
with an angstrom-like grating period that approximately matches the wavelength
of the incident light. Figure 39 provides a schematic representation of this
technique along with an example of the XRD spectrum.
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Figure 39. XRD operational principle scheme. a) An incident X-ray light is
illuminating the crystal surface, undergoing diffraction on the atom’s planes with
interplanar distances indicated as drk. b) An exemplary diffractogram of zinc oxide
polycrystalline sample with peaks marked after Miller indices crystal planes.

Similarly to a diffractive grating operating in the visible range, the reflection
peaks emerge at very specific angles, meeting the conditions for constructive
interference conditions. In the context of crystals, the angles at which these peaks

are observed depending on the interplanar distances within the crystal, thereby
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providing valuable insight into its structure. The condition for the interference to
occur is expressed by the Bragg's law[150]:
Zdhleine = nl, (18)

where dhi is the interplanar distance between the specific planes characterized by
the Miller’s indices, 6 - the angle at which we detect the reflection, n - positive
integer number and £ - the wavelength of the incident X-ray light.

The positions and intensities of the peaks in the diffractogram, show us the
quality of a monocrystalline material along with the type of the investigated
material. The X-ray light source must be both monochromatic and have sufficient
brightness to prevent rapid attenuation within the sample. Usually, an electron
charge lamp with a metal cathode is utilized for this purpose. In this setup, the
electrons are accelerated by a high voltage and directed at the cathode, releasing X-
ray light along with some other wavelengths, that are subsequently filtered out. As
aresult, a collimated and monochromatic light beam is achieved, being a mandatory
condition for the accurate determination of the reflection peaks.

XRD measurements were performed using a Panalytical X’pert diffractometer
equipped with a Cu X-ray tube with a characteristic wavelength equal to A = 1.542
A. The measurements were performed by PhD Mateusz Tokarczyk at University of

Warsaw, Faculty of Physics.

3.3.3. UV-Vis-NIR Spectroscopy

For the optical characterization of the samples, the UV-Vis-NIR spectroscopy
was employed. The scheme of the transmittance measurement employing a
spectrophotometer is presented in Figure 40.

This technique was primarily used to determine optical parameters such as
transmittance, optical bandgap, and reflectivity of the investigated samples. The
spectrophotometer is a fundamental tool for this purpose, providing a spectrally
resolved ratio of transmitted, absorbed and reflected light to the incident one. It
consists of a well-defined light source covering the desired wavelength range, a
high-quality dispersion element (such as diffractive grating) and a photodetector.
Additionally, the instrument comprises a system of lenses and mirrors to direct and

focus the light onto the right place.
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Figure 40 UV-Vis-NIR spectroscopy method scheme. a) Spectrophotometer
operation and measurement scheme. The drawing depicts the essential parts of the
instrument during its operation in transmission mode. b) Sketch of the light
behaviour when encountering sample of thickness d and absorption coefficient a(A)
with the incident, transmitted and reflected beams indicated.

During the operation, the light first passes through the entrance slit and lens,
where it becomes collimated. Then, it undergoes diffraction on the gratings,
resulting in the generation of a spatially resolved spectrum. The motorized beam
selector separates only a very specific wavelengths and transmits them to the
photodetector. The selector moves during the measurement, to acquire a desired
spectrum range. As a result, the relative intensity of the signal is acquired for each
scanned wavelength. The obligatory condition for this technique to work
effectively, is the well-defined source light spectrum, enabling the comparison of
the initial and recorded signal. The instrument can also operate in reflection mode.
In this mode, the instrument instead of collecting transmitted light, it captures only
reflected light. When dealing with scattering samples, the presence of an integrating
sphere is necessary to collect all the signals reflected from the sample at various
angles.

The reflectivity and transmittance are expressed as relative light intensities

to the incident one, which are defined by the following formula:

Ix(A)
R =15y (19)
_ @ 20
W=7 )
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Once those parameters are obtained, absorption of the sample can be

determined by the following formula:

AD) = 1-RA) -TQ), (21)

Assuming the known thickness of the sample and meeting the requirement of ad >
1 which is asserted for the measured samples, the full absorption coefficient
dependence can be calculated using this formula [151]:

_ 1 (T 22
a(2) = dln<1_R(/,D>. 22)

Those parameters are crucial in characterizing both solar cells and TCO
materials, since they provide information on the optical properties of the sample,
specifically about what part of the incident light is either transmitted, absorbed, or
reflected. Additionally, a very convenient value is the weighted transmission and
reflectance with respect to the standard solar spectrum. The spectrum was taken
from NREL data [49] - a widely adopted source of the standard spectrum. The

formula for Rw is equal to:

_ JRA)Pay15(D)dA

— 23
YT [ Pas(DdA =3

where R(A) is the reflectance of the sample and ®am1.5 is the photon flux of the
AM1.5g solar spectrum.

In this thesis, two different spectrophotometers were employed:

. CHAPTER 4. Transmission spectra of the ALD-grown samples were collected
at room temperature, with a Varian Cary 3000 spectrophotometer setup in
the 250 - 1100 nm range with a 1 nm step with a light beam dimension of
around 3 mm x 3 mm. Since the scattering within those samples is negligible,
there was no necessity to employ an integration sphere.

. CHAPTER 5: Reflectance and transmittance spectra of the imprinted
structures were measured using a Perkin Elmer UV/VIS/NIR Lambda 950
Spectrometer with an integrating sphere to assert full signal collection. The
spectra were collected in 2 nm steps from 300 to 1200 nm with light beam

dimensions around 4 mm x 4 mm.
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3.3.4. Hall effect measurements

The electrical parameters of the samples such as resistivity, carrier
concentration and mobility were determined through Hall effect measurements.
The electrical properties study using Hall effect and van der Pauw method is
routinely used in numerous experimental research dealing with semiconductor
physics and material science. The measurements were conducted at room
temperature, utilizing an Ecopia HMS-3000 Hall Effect Measurement System with
0.532 T neodymium built-in magnets. Uncertainties of the electrical parameters
were determined based on data provided by the manufacturer, as well as the

measurement setup and sample geometry. The measurement setup is illustrated in

Figure 41.
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Figure 41. Hall effect and van der Pauw measurement setup. a) Sample with
contact scheme and applied voltage. Such connected wires define resistance termed
as Ri2.34. b) Hall effect measurement setup with directions of magnetic field, current
and charges detraction indicated, being the source of measured Hall voltage,
indicated here as V*24. The final value of the Hall voltage is the average across the
varied magnetic field and current polarization.

The TCO samples used in the study were squares measuring 2 cm x 2 cm with
four silver paste small droplets placed at the corners, each with an approximate
area of 1 mm?2. Such metallic pads provide ohmic contact minimizing parasitic
resistances. To determine sheet resistance and the resistivity of the samples, van
der Pauw method was employed [152]. This method involves several measurement

steps.
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First, a set of 8 combinations of resistances is measured, adapting the

following naming convention:
V34

R12,34 =I )
12

Ri1234 represents the resistance measured by the potential difference between
points (3) and (4) with current flow from point (1) to (2). The resistivity measured
with reversed voltage and current polarities is - following the convention - denoted
as R21,43. Measuring the resistances for both polarities minimizes the error arising
from any non-uniformities and voltage misalignments present in the sample.

Vertical and horizontal resistances are defined as follows:

_ R12,34- + R34-,12 + R21,4-3 + R4-3,21
v 4
(24)

R. — Ry331 1 Ry4123 + R3p14 + Rigso
y=
4

Determining sheet resistance (Rs) involves solving the following equation,
which can be done only by using numerical methods, for example extensively

described in [153].
e TRv/Rs 4 o—TRH/Rs — 1 (25)

Once Rsis calculated, other electrical parameters can be obtained utilizing the
Hall effect. By applying a constant magnetic field, charges are deviated from their
linear path, inducing imbalanced charge distribution and appearance of the voltage
between the two sides of the sample, termed as Hall voltage. This voltage is directly
proportional to the mobility of the carriers and inversely proportional to their
concentration. Similarly, to the Rs establishing process, determining Hall voltage
requires measuring voltages for both polarities with constant current flow. The

final value is the average of all these measurements:
_ V13 + V24- + V31 + V4-2
H — 8 )

where:
Vij = Vijey = Vijay
marks the voltage difference with positive and negative polarity of the applied

magnetic field. The final parameters are defined by the following relations:

= The Hall coefficient:
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Ry =275 Ve (26)
. Carrier concentration:
! 27
n =
Ry q (27)
. Carrier mobility:
= u (28)
Rqd

Van der Pauw's method is susceptible to uncertainties arising from the
contact placement and geometry of the sample. The proposed model works most
accurately when the sample is considered as a uniform, pin-hole-free conductor
without any thickness variations. Metal pads, serving as contacts, should be as small
as possible and placed in the corners of the sample, at the same time providing
ohmic contact [154]. Additionally, the magnetic field value should be well-
determined and uniform across the whole sample to assert valid calculations using
Equations ((27) and ((28). In the case of the measurements, all the

abovementioned precautions to minimize the uncertainties were applied.

3.3.5. J-V Characteristics and External Quantum
Efficiency

J-V characteristic is the fundamental indicator of solar cell performance and
its significance has already been discussed in Section 1.3. Here, only the
experimental details about measurement are presented. |-V characteristics were
collected using a Xenon lamp with its brightness calibrated to a reference silicon
cell sample to assert a stable illumination power density of 100 mW/cm? for each
sample. During the measurement of a given cell, all area outside the solar cell was
covered with a black mask to eliminate the unintentional over-illumination of the
sample. In the case of textured surfaces, which may induce incoupling of the light
beyond the chosen area, no significant influence was found. This approach aligns
with the work of M. JoSt et al.[155] where similar type of samples was investigated,
without significant uncertainties reported. The mismatch factor was not
considered; however, it influences the result in a very negligible way. J-V curves
were recorded using a Keithley 2400 source meter in forward and reverse scan
direction (range - 0.1 V to 1.2 V, step width 20 mV, scan speed 20 mV/s). A few
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measurements were taken until the stabilization of the J-V curves, which is a

commonly seen phenomenon, then the latest result is presented.

External Quantum Efficiency (EQE) refers to the ratio of incident photons to
photogenerated electrons collected at the electrodes of the solar cell. This is a
critical metric showing the capability of solar cells to convert the photon flux into a
usable electron flow. It quantifies the ratio between the charge carriers collected
and the number of incident photons at a given wavelength, expressed via:

collected electrons / sec
EQE(A) =

incident photons / sec (29)

This ratio includes optical losses, arising from reflection and transmission,
therefore this is the most reliable indicator of the solar cell optical performance.
While an ideal cell would exhibit EQE equal to 1 for all wavelengths in the solar
spectrum, this value is always only approached but never reached, especially for the
wavelengths below the bandgap. Also, the integral of EQE and solar spectrum
directly yields the current density generated by the cell:

Jse = q f EQE()®AM5(2)dA (30)
0

EQE measurements were collected with an in-house built setup in 10 nm steps
from 300 to 900 nm. The light source is a Xenon lamp that is subsequently chopped
at a frequency of 133 Hz and directed to a double monochromator. A
transimpedance amplifier connected in series converted the measured current
signal to a voltage signal and finally, the lock-in amplifier filtered and detected the
signal despite the noise. The samples were measured with no additional bias light.
The EQE data were normalized to the Jsc obtained from ]J-V measurements.
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3.4.Numerical methods

Numerical methods were employed to describe the behaviour of simulated
thin film samples and solar cells. Two main methods were used: transfer-matrix
method (TMM) for planar, homogenous layers and more computational demanding

rigorous coupled-wave analysis (RCWA).

3.4.1. Transfer-Matrix Method

This method describes the propagation of light by assigning a matrix that
connects the amplitude of the electric and magnetic- field component of the
incident, transmitted, and reflected light while traveling through the given medium.
It is a very fast method that relies on implementing Fresnel equations and
continuity conditions described by Maxwell’s equations. For its low computational
consumption power, it is used for solving optimization problems such as thickness
and refractive index tuning in complicated optical stacks.

Figure 42a presents electromagnetic wave propagation through a medium as
a superposition of two waves travelling in opposite directions on both sides of the

medium. The wave before and after propagating through a medium is connected by

B2\ (E}
(Eé) =M <E> GU

where E},E}, EZ, E? are amplitudes of the respective electric field, and M is the

the following relation:

transfer matrix.

— d - ds d;
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Figure 42 Transfer matrix method scheme. a) Schematic illustration of electric
field amplitudes of the EM waves propagating through isotropic medium of
thickness d. b) Scheme of multilayer optical stack consisting of i layers. E1, Er and ET
are the amplitudes of incident, reflected and transmitted electric field, respectively.
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In the case of a wave propagating only from the left direction, the amplitudes
of E} is equal to 0. Its amplitude can be normalized to be equal to 1 In this case and
are transmission (t) and reflectance (r) coefficients, respectively.. It results in a
following equation, describing optical response of the system:

((t)) =M (i) - (%i %;2) (i) - (eiSZd e_?kzd) (i) 2

with k- equal to:

e

k,= | +ik)?— kﬁ
¢ (33)
where M is a propagation matrix for a medium of thickness d with k-vector kz, wave
vector parallel to the propagation direction. k- depends on: w - frequency of the
incidentlight, ni+iki — the complex refractive index of the medium and k” -k - vector
component parallel to the medium surface.

In the case of a multilayer system, the continuity requirements described by
Maxwell’s equation must be taken into account when the wave crosses an interface
within the system. That puts constrains onto the vector components that are
expressed by additional interface 2x2 matrices multiplication, which leads to the
following expression for the optical response of the whole system, consisting of N

MsYs = (ﬂ Mffthi> M, (34)
i

where Miif - left interface matrix between (i - 1)-th and i-th layer, M; - propagation

layers:

int

matrix of i-th layer and M;y - right interface matrix between (N - 1)-th and N-th
layers.
In fact, the whole system calculates the phase accumulation and attenuation

of the field for a plane wave propagating distances di with nirefractive indices. Thus,
the full description of the optical response of the system consisting of N planar,
homogenous media is reducible to solving 2x2 matrices multiplication and solving
a set of 2 linear equations to obtain r and t coefficients, according to Equation (32).

All presented numerical simulations in CHAPTER 4. were conducted using
the already implemented TMM method in tmm python library written by Steven
Byrnes [156].
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3.4.2. Rigorous coupled wave analysis

This method is developed to efficiently calculate the properties of a system
with periodic structures, currently vastly explored for many photonic and
optoelectronic devices. This method effectively computes the diffraction
efficiencies and diffracted amplitudes of a periodic system, namely diffraction
gratings and their stacks. Additionally, it gives transmission, reflectance, absorption
coefficients and EM field distribution within the system. The method utilizes the
Fourier expansion of the real space into k-space and similarly translates the
problem of solving Maxwell’s equation in real to Fourier space. For RCWA
calculations, the “reticolo” MATLAB implementation provided by Lalanne, Hugonin
etal.[157-159] was employed.

This implementation allows to define 3D elementary cell of a periodic
structure with Ly X L,, X L, dimensions with a complex refractive index profile,
consisting of multiple textures stacked in z-direction and investigate its diffraction
properties. Within each texture, the refractive index is constant in direction z, but
can vary in x- and y-direction. The RCWA method is of huge importance especially
in the solar cells where the angular redistribution of the incident light is a key
feature in enhancing the absorption within the active layer. The dielectric constant
and electric field (exemplary shown for x-component) can be expressed as Fourier

series by the following equations:

5T(XJY) — z z am’nel(m6x+n6y).r’

m=—oon=—oo

oo

E.(x,y,z) = Z z S,(m,n; 7) - e~ ikxmmx+ky (mn)yl

e (36)
where a,,, are the Fourier coefficients in the expansion within the G, X G, the
reciprocal lattice of elementary lattice, similar as S, (m, n; z) are the coefficients of
electric field expansion.

By including more m, n terms, Maxwell’s equations solution for
electromagnetic field distribution, Ex, Ey, E is closer approximated. The solution is
therefore a set of planar wave basis with different k,(m,n) and k,,(m,n) values
modulated by S, (m, n; z). The intensities of the S-terms describe the intensity of the
mode propagated in the system. Also, it provides direct insight into diffraction

powers and propagation direction of each mode.
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Figure 43 depicts an exemplary elemental cell with the staircase
approximation used, where the whole structure is cut layer by layer and

approximated with a step-like boundary.

Figure 43 Elementary cell of a diffractive texture used in RCWA calculations.
The whole area is sliced by the z-planes, across the refractive index, n+ik, is
constant. The 3D structure is defined in xy planes.

As the number of these layers grows, the calculation time may be unfeasible
to perform the calculations in the finite time domain. Therefore, the layer thickness
must be chosen to accurately reflect the structure at the same time not overflow the
machine. Also, the calculation time highly depends on the elementary cell size, since
we need to include more terms (m, n) in the computation of the solution, exploding
into excessive amounts of needed computational power to calculate problems that
demand fine discretization of the space. The problem scales as O(n3), where n is the
number of plane waves used. Therefore, a convergence analysis was also done to
choose the scaling factor of the cell, ensuring a close approximation of the behaviour

of the experimental system with minimal computational resources demands.

RCWA method was used to calculate the reflectance and transmittance of the
systems described in:
= CHAPTER 5. Nanoimprinted Perovskite Solar Cell, consisting of the thin
film perovskite cell and the anti-reflective texture atop
» CHAPTER 6. Transparent Electrodes with Embedded Nanomeshes,
consisting of perovskite solar cell, TCO layer with nanomesh structure and

anti-reflective texture atop
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3.5.Summary

This chapter provides an introduction to the two main manufacture methods
used in this thesis, which are atomic layer deposition and nanoimprint lithography.
With a strong emphasis on the physical and chemical processes occurring during
the atomic layer deposition growth along with its prominent applications examples,
this chapter can be useful for every student who wants to grasp the fundamentals
of this technique to further deepen his/her knowledge. Also, the nanoimprint
technique is presented in an approachable way, showcasing the entire process
chain from the design to obtaining the final structures reproduced in the
photoresists.

Besides, the main characterization techniques are explained in detail and
stated with the exact equipment employed in the study with, if applicable, stated
explicit formulas that were used to analyze the data. The two numerical methods
used throughout the thesis are also described: transfer matrix method and rigorous
coupled wave analysis. These two techniques helped to design the optimized optical
stacks to help improve solar cells. If possible, the numerical findings are
accompanied by the experimental validation.
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CHAPTER 4.

ALD-grown Zn0O as a Transparent
Conductive Electrode

The researches described here were the basis for the subsequent publication:
Maciej Krajewski et al, Structural, Optical, and Electrical Properties of
Hafnium-Aluminum-Zinc-Oxide Films Grown by Atomic Layer Deposition for TCO
Applications, ASC Omega, 2023 [160]. The measurements were performed by the
author of this dissertation, if not stated otherwise.

4.1.Zinc oxide selected properties

Zinc oxide (Zn0) is a compound naturally found in nature, crystallizing in the
hexagonal wurtzite structure. The elementary cell is depicted in Figure 44. The
dimensions of the elementary cell are as follows: a = 3.25 A b=3254 c=5.21A4
The c-axis is usually a preferential growth during most of the growth types, creating
a hexagonal nanorods or nanowires that are joined together, creating a forest-like
structure with well-aligned c-orientation. The elementary cell is made of 2 ZnO
molecules, where oxygen atoms are placed in tetrahedral configuration, with
slightly shorten Zn-O distance along the c-axis (0.19 nm, vs. 0.198 nm respectively).

1st layer
2nd layer

C a

Figure 44. ZnO crystal Structure. Left: the view from side, Right: view from top.
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ZnO constitute one of the most popular material employed to transparent
conductive electrodes role. It exhibits a typical in the similar oxide materials n-type
conductivity with intrinsic charge concentration exceeding 101° cm-3. and a direct
bandgap of 3.3 eV at room temperature. These features make it both a very good
electrical conductor remaining transmissive in the visible range. Additionally, both
of these properties can be varied in the wide range by an appropriate doping, what
is the subject of the following sections. Due to wide bandgap, the main source of the
free charges are the intrinsic or induced point defects present in the lattice
structure that disrupt the ideal crystal structure by displacement or removal of the
atoms [161-163]. Zinc oxide exhibits an abundance of different defects, placed at
different energy levels in the band gap. Figure 45. illustrates this rich landscape
along with the estimated ionization energies of each of the donors. The exact energy
of each impurity is still a matter of an extensive debate and varies, depending on
the author claiming these values. Within this thesis, the adopted notation is the

Kroger-Vink's.

Zn; Gag, H;

Al,
. 2 0.04 eV
005eV 0056V —=

0.3eV

3.3 eV

Figure 45. ZnO valence and conduction bands energy levels along with the
most commonly met donors and their positions in the bandgap. The bars
indicates the energy levels of the either intrinsic or extrinsic donor.

The intrinsic point defects consists of vacancies, interstitials and antistites. In
case of ZnO there are six possible point defects that determine the electrical
properties of the material. These are denoted as Vzn, Vo, Zni, O, Zno and Ozn and can

also exhibit varied charge values, depending on the ionization level. Due to the
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much lower energy formation of donors and thus their higher concentration, the
achieving of p-type ZnO is challenging and demands a lot of precise engineering and
tailored growth conditions [164]. The dominant defect responsible for intrinsic n-
type doping in ZnO is according to many authors either interstitial zinc atom or
oxygen vacancy [165-168]. This matter itself raises a lot of divided opinions and is
still under discussion which one holds more significance. Another important
element that contributes to the conductivity is hydrogen atom, which is often
incorporated in the lattice during growth from vapours, adding one loosely bound
electron [169]. Figure 45 shows also some of the extrinsic dopants like Al3* and
Ga3*. These dopants are substituted to Zn position and contributes one extra
electron, comparing to Zn2+*. The influence of these dopants on the optoelectrical

properties of ZnO is discussed in the subsequent sections of this chapter.

4.2.Aluminum doped zinc oxide ALD growth

Zinc oxide stands out as a semiconductor with a very good conductivity whose
properties can be easily tuned by introducing various dopant atoms into its lattice
structure. Numerous studies have demonstrated successful doping within the low
concentration range (below approximately 7%) using metals from the IIIA group,
such as Al, Ga, and In [170-175], transition metals like Ag, Cu, Mn[176-178] and
even rare earth elements such as Ce and Er [179,180]. In these cases, the introduced
metal substitutes the zinc atom within the structure, thereby contributing an
additional ionized electron to the conduction band. Among the commonly employed
dopants, aluminum is one of the most prominent element [181,182], as it enables
injecting additional electrons into the conduction band through a precise
controllable process. Besides, aluminum holds significance as a cation due to its
abundance, affordability and non-toxicity with well-established track-record of its
usage in transparent conductive oxide applications. The primary objective of this
chapter is to demonstrate a growth of aluminum-doped zinc oxide (AZO) thin films
that are not only highly conductive but also transparent using atomic layer
deposition technique. Furthermore, these studies aim to explore the widest
possible doping range, achieving the most versatile tuning of optoelectronic

parameters.
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4.2.1. Zn0 growth parameters optimization

The atomic layer deposition growth dynamics and in consequence the
resultant material structure and properties, highly depend on a several growth
parameters governing the physics within the reactor volume. Through the
optimization process, one of the main objective was to adjust the growth conditions
to obtain the samples exhibiting optimal performance in terms of both electrical

and optical parameters. The parameters that have been subjected to adjustment

include:

. Growth temperature

. Precursor pulsing time

. Precursor purging time

. Aluminum dopant content

These parameters spans a multidimensional space of which experimentally
probing step-by-step is unfeasible to conduct. However, this exhaustive exploration
is not necessary, since the relevant trends in the samples’ behavior can be revealed
by isolating and varying a single parameter while holding all others constant. The
literature provides a very wide range of recommended values for these parameters,
however their transfer to a specific ALD system is not straightforward. Precursor
dosing and purging times are influenced by factors such as the volume of the reactor
chamber, length of the lines delivering the chemicals, and also pump efficiency.
Similarly, the growth temperature and aluminum dopant content vary based on
system limitations and the specific applications being targeted. Therefore, this
process needs to be tailored for each specific ALD system and grown material,
despite the abundance of literature data.

Once an optimized value for the varying parameter is reached, subsequent
parameters are tested, building upon the knowledge on previously optimized
parameters. This approach allows to reach the desired properties without the need
of excessive number of growths.

Table 2 shows these parameters along with their respective variation ranges
used during the growths. The dataset collected for the optimization process
comprises over 100 individual growths with over 600 samples measured. Such an
extensive amount of data provides a statistically significant number of
measurements, effectively mitigating chance errors and outliers. Figure

46 - Figure 49 show the collected data illustrating the relationship between a
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specific parameter and its influence, disregarding the impact of other parameters.
The electrical parameters were measured using the method described in Section
3.3.4. As the thickness of the sample introduces another variability in its structure,
all the samples had the similar thickness of approximately 200 nm to minimize this
effect.

Table 2. Investigated growth parameters and their respective ranges.

Growth Parameter Range
Aluminum dopant 0-15%
content

Temperature 120 - 250 °C
Diethylozinc (DEZ) 50 - 500 ms
pulsing time

Purging time 2-12s

The parameter that significantly influences the structural and optoelectronic
attributes of the sample is the growth temperature. As has been discussed in
Section 3.1., the temperature determines the growth mode in the reactor, changing
the occurring reaction speed and mobility of precursors molecules. Figure 46.
presents electrical parameters of the grown samples for varying growth
temperature for each measured sample.
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Figure 46. Electrical parameters of ZnO and AZO thin films for varying growth
temperatures. These graphs disregards the influence of other growth parameters.

A temperature that is too low leads to reduced reactivity of the precursors, in

consequence obtaining the insufficient concentration of incorporated atoms, not
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yielding the whole monolayer. On the other hand, excessively high temperature
may trigger decomposition of the precursor before it reaches the ligands on the
surface or remove the ligands already present on the surface that are important for
the next step reaction. Therefore, it is crucial to find a balance where the full
monolayer is obtained with intended subsequent reaction steps.

Note that Figure 46 presents the data without other growth parameters kept
constant, thus there are some processes with ranging precursor dosing and purging
time, inflouencing the outcome. The samples exhibit a wide range of mobility
values, spanning from 5 to 28 cm?/Vs. Interestingly, at 190 °C, the results show
considerable divergence due to the biggest ensemble of measured samples,
encompassing both different free carrier concentrations and mobilities. Carrier
concentration achieve levels of 3.7x1020 cm-3 for the optimal temperature range of
190 - 200 °C. As can be seen, the lowest resistivity, being the product of the
concentration and mobility, is obtained for the same temperatures around 190 -
200 °C, indicating the most favorable conditions for the desired electrical
properties.

Figure 47 presents the electrical parameters for different precursor dosing at
190 - 200 °C temperature, which was established as the best performing one.
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Figure 47. Electrical parameters of ZnO and AZO thin films for varying

diethylzinc precursor pulse duration at 190 - 200 °C growth temperature,
200 nm thickness.

The pulsing time determines the duration for which the precursor valve is
open, allowing the carrier gas mixing with precursor and then enter the chamber.
When the precursor pulse is too short, the dosage of the chemical is insufficient to
cover the whole surface, leading to not-saturated process - the surface coverage
remains low, resulting in an incomplete monolayer formation. Conversely, pulses of
excessive duration, introducing too much precursors amount, are not

recommended either. This excessive dosing not only leads to unnecessary
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precursor consumption but also complicates the purging of the precursor
molecules thus, hindering the growth of the material, similar as too short purging
times. As explained in Section 3.1., that may sometimes lead to deterioration of the
quality of the growing monolayers. Therefore, we need to minimize dosing to the
point when the stable, monolayer and pinhole-free growth is attained.

Finding a balance in precursor pulse duration is therefore crucial to ensure
optimal surface coverage without chemical wastage. As depicted in the figure, there
is no visible correlation between the precursor dosing time and the electrical
parameters, unlike for growths at different temperatures. For instance, there is no
significant resistance minimum shift between 100 and 500 ms of DEZ precursor
dosing time. Similarly, the concentration values remain consistent regardless of the
dosing time. A slight discrepancy is noticeable for mobilities, where 50 and 75 ms
seems to have a detrimental effect on the achieved maximal values. Also, some of
the samples exhibit slight undersaturation, depending on the position within the
reactor chamber. To ensure stable growth and avoid excessive precursor dosage,
the optimal diethylzinc precursor has been determined to be 120 ms.

Similar to pulsing, the optimization of purge duration time was investigated.
The purge time should be sufficient to remove all residual molecules of the
preceding precursor but at the same time, it should not excessively elongate the
growth process. As depicted in Figure 48, purge times below 4 seconds appear to
result in slightly lower values in concentration or mobility, probably due to limited
cleansing of residual molecules. Although, the difference in the minimum
resistivities are not striking, for precautionary measures, asserting removal of the
reaction by-products and lingering precursor, the optimal purge duration has been
set at 8 seconds. Again, note that Figure 48 shows measurement points with

varying pulse dosages that may cause diverse results.
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Figure 48. Electrical parameters of ZnO and AZO thin films for varying purge
duration at 190 - 200 °C growth temperature, 200 nm thickness.
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Upon necessary optimization of those parameters, we may study the
properties of the obtained films. This enables a comparative analysis as the dopant
concentration and type are varied. In this thesis, the following growth parameters
are used while growing all the samples, presented in Table 3.

Table 3. Established optimal growth parameters for AZO thin films using
atomic layer deposition.

Growth Parameter Range
Temperature 200°C
Diethylozinc (DEZ) 120 ms
pulsing time

Trimethyloaluminum 120 ms

(TMA) pulsing time

Purging time 8s

The impact of cation dopants introduced into the crystal lattice of zinc oxide
defines the primary point of interest within this study and is significantly extended
in Section 4.3. Here, the primary trend of behavior is highlighted. By keeping the
other growth parameters constant, the influence of doping aluminum atom is
clearly seen. Figure 49 shows the electrical parameters for varying aluminum
content after optimizing other parameters. Doping with aluminum to create a
ternary compound is realized by adhering to the method described in Section 3.1.,
where the trimethylaluminum pulse is introduced between the diethylzinc and
water cycles to achieve the desired zinc-aluminum ratio. Note that this number
express the ratio between the TMA and DEZ precursors pulses and it controls the
doping ratio within the resultant material, however in principle it does not mean

the exapt atomic ratio between aluminium and zinc in the resultant material.
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Figure 49 The electrical parameters obtained for varying aluminium cation
pulse ratiowith all the other growth parameters kept constant at the
optimum, previously established levels.

Starting with an almost pristine ZnO material, the mobility is at its maximum,
while the concentration remain below 1020 cm-3, resulting in relatively high
resistivity of approximately 3x10-3 (Qcm. As doping increases, the mobility
decreases due to a higher scattering centers concentration. However, the
introduction of aluminum cations contributes additional electrons to the
conduction band, ultimately reducing the resistivity. At approximately 4% this
effect reaches a saturation and with monotonically declining in the mobility, the
overall resistivity starts to grow, quickly reaching high values. In Figure 49, some
outliers are also visible, especially pronounced at around 4% of aluminum content.
These discrepancies should be regarded as the effect of the substantial number of
samples measured and in principle they do not contradict the general trend

revealed within the study and optimal growth parameters established.

4.2.2. Structure and optical properties

Thin film samples of doped zinc oxide, each 200 nm in thickness, featuring
varying aluminum dopant content, were grown. Figure 50. presents the surface
morphology of the selected samples. Across all structures, randomly scattered,
double-wedge crystallines are present, resembling grains of rice with
approximately 50 nm in length. As a result, a tight-packed picture of disordered
polycrystalline structure is formed. This picture seems to be maintained across
wide range of doping levels. After the certain doping threshold (approximately
15%), a notable change in morphology occurs, transforming the crystalline grains

into more circular and smaller shapes. That may stems from the excessive amount
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of extrinsic doping in the lattice, which leads to the deterioration in the crystal

quality.

Figure 50. SEM images of zinc oxide with various aluminum dopant content.
The pictures reveal the morphology of the thin films and the distortion in the lattice
visible after critical doping is reached.

To trace the growth dynamics and grains formation process, the depositions
of materials with varying thickness were conducted. In Figure 51, the morphology
of the samples with the same aluminum cation content, equal to 4%, is depicted.
This consistency in dopant concentration was maintained to eliminate the influence

of different doping levels on the material.

10 20

30 40 50 60 70 80
Grain Length [nm]

Figure 51. Morphology of the AZO thin fims with 4% of aluminum content for
increasing material thickness. On the right of each histogram, the average value
of the grain length along with the standard deviation is presented.

As displayed, the thin layers of 20 nm and 40 nm thickness show crystal grains
in a circular shape, typically not exceeding 25 nm in length along the longer axis in

the horizontal plane, as evidenced by the SEM images. However, even the 20 nm
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thickness of grown zinc oxide forms the pin-hole free layer, covering tightly the
surface. Also, with increased thickness, the grains gradually exhibit an elongated
shape, eventually forming the distinctive double-wedge polycrystalline landscape
described earlier. Figure 51 also presents the granulometry studies associated
with the specific layer thickness. Additionally, each histogram features the average
grain sizes with one standard deviation. The thinnest layer, measuring 20 nm layer
exhibits a very narrow histogram with only 4 nm deviation in grain sizes. The
histograms shift towards the longer grains with thicker grown layers, reaching
100 nm long grains for 500 nm thick layer. Also, they tend to be wider and more
spread, as visible from the relative standard deviation starting from 25% for 20 nm
samples and reaching 45% for 500 nm material. These studies reveal that thicker
samples consists of grains of bigger sizes, compared to those of 100 nm - 200 nm,
which may results in less pronounced grain boundaries scattering that overall has
a beneficial effect on the electrical transport properties. Figure 52 presents SEM
cross-sections of 500 nm thick aluminum doped zinc oxide thin films. As visible, the
grain morphology seen in Figure 51 is propagated down to the bottom of the
sample, showing the columnar growth mode with clearly oriented direction and
order, resulting in overlapping of the grains, visible on the surface. The surface,
when seen from tilted angle, reveal that the rough cap of the grains spans only over

the small fraction of the whole layer.

.250.nm., .

Figure 52. SEM cross-sections of 500 nm aluminum doped zinc oxide (4%) at
different angles.

Another crucial property under investigation is the optical transmission in
the most relevant range, specifically from 300 to 1000 nm. This range encompasses
wavelengths critical for efficient solar cell operation, as it covers the solar spectrum
necessary for the functioning of TCEs layers. Figure 53 depicts the real appearance
of the samples with visible changing colours due to varying thickness, whereas
Figure 54 shows the transmission spectra for those layers along with the glass
reference spectrum. As seen, the samples exhibit high transparency even for the
thicker material layer.
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Figure 53. Real appearances of the samples with different thicknesses. The
images were taken with the same camera setup and lighting conditions. The white
piece of paper for comparison.

The increase in material thickness leads to the appearance of characteristic
thin film interference effect with several minima and maxima present in the
spectrum. In thinner samples ranging from 20 nm to 40 nm in thickness, the
absorption edge experiences only slight shifts, as the exhibited absorption is
insufficient to determine a sharp absorption edge. However, in thicker samples, this
edge becomes apparent at approximately 350 nm where the attenuation of the
transmission begins. Due to their thickness, they exert subtle effects on the
transmission spectrum which is particularly evidenced by the convergence with the
glass absorption edge at around 280 nm.
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Figure 54. Transmission spectra of 4% AZO thin films for varying thickness
ranging from 20 to 500 nm grown on a glass substrate. The interference effect
clearly manifested by the maxima in transmission spectra is visible.
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A slight decrease in transmission, from the initial 90% for glass to
approximately 85% for shorter wavelengths, is visible. As the samples become
thicker, stronger absorption in the infrared region is observed, leading to values
below 80% transmission. The average transmittance within the commonly used
range (around 150 - 200 nm) aligns with findings in existing literature and remains
at 86%][87] The study shows that zinc oxide remain transparent even for thicker
layers, establishing it as a highly suitable material for TCE applications. In the next
section, the interplay between two different dopant cations and the consequences
of this approach is discussed.

4.3.Co-doping of aluminium zinc oxide

As described in the previous section, the properties of the transparent
conductive oxide films can be widely tuned by changing various factors such as their
growth parameters, composition, doping amount, and post-deposition treatment. A
careful approach should be taken to establish a precisely tuned material with the
desired properties optimized. The properties of singly-doped ZnO have been
thoroughly investigated over the last three decades, receiving a deep insight about
the resulting alloy. Nevertheless, there still remains undiscovered potential in co-
doping ZnO with two elements simultaneously. This approach lead to the growth of
quaternary material with novel, not yet known optoelectronic properties, offering
new pathways for tuning with additional degree of freedom.

The co-doped ZnO is present in literature and usually promises enhanced
properties comparing to the singly-doped version. For instance, Kang et al.[183]
have shown that Al/F codoping passivates trapping defects such as oxygen
vacancies and thus increase the mobility of the sample resulting in a exceptionally
low resistivity equal to 5x104 Q.cm. Besides, elements pairs comprising of Al/Sn,
Al/Ti, Al/Th, or Al/Mn were also reported to exert beneficial influence on the
material optoelectronic properties. The beneficial influence of codoping using two
elements from different groups, such as IIIA and IVB is also present in the literature
[184-190]. Simultaneously introducing elements from those two groups may not
only lead to enhanced long-term stability in air but also further promote the
mobility and concentration of the carriers in the material. Therefore, this chapter
demonstrates a co-doped zinc oxide employing two different cations by combining
elements from IIIA and IVB groups i.e. quaternary hafnium-aluminum zinc oxide
films (HAZO), utilizing the ALD technique.

79



Aluminum is widely used in the industry, whereas the utilization of hafnium
is presently infrequent in the literature, although there are several arguments in
favour of the implementation of hafnium that justify the investigation of this
element. Some reports investigate doping ZnO with IVB elements such as Hf, Ti, and
Zr, which enhances the material’s electrical stability, modifies the conduction band
minimum, and fills the oxygen vacancies states. Additionally, it contributes four
valence electrons stemming from 5d26s? electron configuration. As Hf** ion
substitutes Zn2* ion, which gives 2 additional electrons that contributes to free
carrier concentration. Hf** ion possess also atomic radius close to that of Zn2+
(0.78 A and 0.74 A, respectively). The incorporation of this cation is less
detrimental to the crystal lattice, since it causes less lattice constant changes. Hence,
exploring the potential of co-doped ZnO emerges as a highly intriguing and valuable
research activity, opening door to a new realm of material design. In the following
sections, the surface morphology, optical and electrical properties are discussed
over a wide range of dopant concentrations to optimize the structure and compare
its properties with singly doped zinc oxide. The obtained material might hold
significant importance as a TCE for photovoltaic applications. As the main goal of
this thesis is to propose the solutions for enhanced photovoltaic architecture, such
improvement may lead to better photogenerated carrier collection and in result,

higher current density.

4.3.1. Samples and Morphology

Thin films of singly-doped (aluminum zinc oxide) and co-doped (hafnium-
aluminum zinc oxide) were grown for varying doping of cations. Figure 55 presents
the scheme of the pulses sequence during the growth. Note that the dopants, due to
inter-diffusion, are uniformly or close to uniformly distributed in the structure and
do not create planar layers. Co-doped zinc oxide is doped with the same number of
both precursors being introduced in the material which means that HAZO 6%
consists of 3% Hf and 3% Al cycles. We employed two thickness: 170 nm and 570
nm. The first one is in the range of optimal transmission and it is commonly used as
TCO layer in numerous applications. The second one, thicker has been grown to
demonstrate the resistivity decrease in even more pronounced way, since it is well

known that thicker oxide samples exhibit lower resistivities.
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Figure 55. Sample growth scheme with varying dopant content of a) Zn0:Al
(AZO) and b) ZnO:Hf:Al (HAZO). By controlling the k-number the right doping
amount can be adjusted.

The samples were grown after the optimal growth parameters have been
established. The TEMAH (tetrakis(ethylmethylamido)hafnium) precursor was
heated to 80 °C to provide sufficient vapor pressure for this growth to occur and the
pulse time was selected to be 500 ms. Figure 56 presents the morphology of the
selected samples with varying dopant contents. As can be seen, the 170 nm thick
samples exhibit similar grain structure, resembling elongated double wedges with
around ~50 nm in length, previously seen in Figure 51. It is hard to point out a
pronounced distinctions between AZO and HAZO samples, as they exhibit similar
morphology across wide range of dopant incorporated. The granulometry studies
were conducted to reveal a more subtle differences between those two materials,
especially in the grain sizes. Herein, the horizontal grain lengths (longer axis of the
grain) visible in SEM images are investigated. The average grain size values
distributions are depicted in Figure 57, with both materials demonstrating stable
grain lengths throughout the studied dopant concentration in the range of

approximately 45 - 58 nm.

81



Al 9.8%

Al 1.9% Hf 1,9"/;9 '« Al 3% Hf 3% Al 4.8% Hf 4.8%

7~ Al 3% Hf 3%, 570 nm

Figure 56. SEM images of ALD-grown thin film ZnO samples. a) - b) AZO and
HAZO samples with different Al or Hf cation content and HAZO 170 nm thin films
samples grown on glass. ¢) AZO and HAZO samples of 570 nm thickness with 3.8%
and 6% of dopant contents, respectively.

The shape of the received histograms is similar throughout the studied
samples, with a clearly marked middle point. The pure ZnO sample presents an
average grain length of approximately 58 nm, slightly higher than the AZO and
HAZO samples which exhibit an average of 48 - 52 nm and 55 - 57 nm, respectively.
The size distribution of AZO grains is slightly more varied, showing a relative
standard deviation ranging from 28% to even 48% for some AZO samples, whereas
the HAZO samples typically demonstrate lower relative variance in grain sizes, with
a very stable standard deviation in the 30% - 34% range.
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Figure 57. Granulometry results obtained from SEM images for both types of
dopant samples with varying concentrations. On the right of each histogram, the
average value of the grain length along with the standard deviation is presented.

As a result, co-doped samples exhibit consistently longer grains, therefore
with less pronounced grain boundaries and less scattering centers. The one
hypothesis regarding this notable distinction in growth modes is the ion radius
mismatch which is very low for Hf** ion, thereby streamlining the process of grain
formation, in contrary to Al3* ion. In the case of thicker samples (Figure 56c), the
grains are notably longer, reaching around 100 nm with a very similar, previously
seen double-wedge polycrystalline landscape.

Another technique used to investigate the morphology, in particular the
surface roughness, of the samples is atomic force microscopy (AFM). The surface
roughness is investigated with respect to the dopant concentration (depicted in
Figure 58). SEM and granulometry studies reveals that dopant concentration can
influence the grain dimensions and thus the roughness of the materials. The root
mean square (RMS) roughness values of 2.0 -2.3 nm and 2.7 - 3.4 nm were
established for AZO and HAZO samples, respectively, aligning with the values
reported in the literature [191,192]. The introduction of hafnium ion in the lattice
structure, seemingly affects the surface roughness, increasing it slightly. Both
morphology studies indicate that aluminum and hafnium are incorporated in
similar manner, without forming non-stoichiometric aggregates and other phases.
The correlation between grain sizes and dopant percentage implies that surface
roughness could also be influenced by the organization pattern of these grains,

including their steepness and directional alignment.
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Figure 58. Atomic Force Microscopy images in 3D projection of the samples,
showing the surface morphology and roughness of each sample with different
dopant concentrations. On the side of each image, the RMS roughness is stated.

Besides the surface, the crystal structure is influenced as well by the amount
and type of the used dopant. The polycrystalline nature of the grown samples has
been confirmed by XRD studies. Figure 59 presents diffractograms of the thin films
samples with varying dopant content.
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Figure 59. X-Ray Diffraction studies. a) Diffractograms of as deposited AZO (left)
and HAZO (right) selected thin films on the glass substrates. ZnO results are shown
as the reference. b) Intensity relationship between (002) and (100) peaks in AZO
and HAZO samples showing the preferred orientation of the crystallites in the thin
film. The dotted line represents the theoretical threshold for either a- or c-axis
oriented sample. Pure ZnO is marked as a green square.

The absence of other peaks attributed to Al203 or Hf20 phases, as well as not
altering wurtzite structure indicates the successful incorporation of cations even
for quite high concentration, reaching approximately 10%. The diffraction peak
positions are in agreement with the reference ZnO pattern taken from JCP2.2CA 01-
079-2205. The introduction of dopants does not notably shift the peaks, which

remain stable across wide range of the concentration, close to the initial position of
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pure ZnO material. Some subtle shifts are present for the (002) and (110) peaks at
6.1% and 9.8% aluminum content in AZO samples, possibly due to the slight lattice
changes. Taking into account that ionic radius of Hf** is very similar to Zn2* ion
which it substitutes in the crystal lattice, its incorporation does not cause significant
stress and significant lattice alterations. Although the introduction of Al3* ions
theoretically induces compression stress, there is the possibility of the expansion of
the lattice in case of interstitial incorporation of Al3* ion[193]. None of such
behavior is observed in this case, therefore we may conclude that most of the ions
are incorporated as the substitutional positions. Those findings are also coherent
with literature reports where even the highly doped structures do not exhibit much
lattice changes (above 1%)[184,194]. The relative intensity of the (100) and (002)
peaks corresponds to the preferred growth direction, providing insights into
crystallite vertical or horizontal orientation. The variation in the intensity of these
peaks indicates the dominance of different growth orientations, depending on the
dopant concentration and the material. Figure 59b presents the intensity
relationship between those two peaks. Dominant intensity of (100) peak is related
to the a-axis preferred crystallites (horizontal growth), whereas (002) is the
indicator of c-axis oriented growth (vertical). As can be seen, the HAZO samples
remain in the realm of a-axis growth, regardless of the doping level. On the other
hand, hafnium addition seemingly leads to preferred a-axis growth. Furthermore,
the absolute intensity of the peaks is attenuated with the higher dopant addition,
implying an ongoing amorphization process. This observation aligns with the SEM
images and electrical transport parameters, which also indicate the deterioration

of the crystalline quality for high dopant concentrations.

4.3.2. Electrical properties

The electrical transport properties are described with the well-established
parameters, such as carrier mobility, concentration and resistivity. These
fundamental physical values primarily define the material’s suitability as a TCE.
Figure 60 presents these parameters for two differently doped materials with
varying cation content along with undoped ZnO results. As anticipated, the mobility
displays a linear decrease from 28 cm?2/Vs, recorded in the sample without extrinsic
doping, to around 6 - 8 cm?/Vs at higher doping ratios. This decline mostly stem
from the abundance of ionized dopant atoms acting as scattering centers, thereby
leading to the higher scattering probability [195].
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Figure 60. Electrical parameters of the studied materials for varying cation metal
content. Pure ZnO sample (i.e. with 0% doping) is indicated with a green square.
The stars indicate the 570 nm AZO (blue) and HAZO (red) samples.

Furthermore, increasing the free carrier concentrations intensifies carrier-
carrier scattering, thus reducing the mobility. The results clearly indicate that at the
comparable doping level, HAZO consistently achieves higher mobility than AZO.
These results suggest the beneficial influence of maintaining larger grains size, that
have been shown in granulometry studies in Figure 57. While the disparity is not
very substantial, as it reaches approximately 3 - 4 cm?2/Vs across the most relevant
doping content, it beneficially affects the performance of the new proposed
material. Incorporating 3* or 4+ valence cations in both materials results in
remarkably high free carrier concentrations. Starting from approximately
2x19 cm?3, it reaches levels as high as 3.3x20 cm3 and 3.7x20 cm3 for AZO 6% and
HAZO 6%, respectively. Further doping the materials fails to provide additional free
carriers, as the carrier concentration starts to decline, possibly due to the
introduction of a significant number of trapping states, that effectively limits the
growth in carrier concentration. However, once more, co-doped zinc oxide exhibits
slightly more favorable values for comparable doping, mainly attributed to
additional electron provided by Hf** ion.

The resistivity of the films - resulting from the product of two formerly
discussed values - demonstrates a V-shape when plotted against varying dopant
concentration. At first, the resistivity decreases with increasing cations content,
reaching minima corresponding to the previously discussed concentration maxima.
Specifically, the resistivity minima are observed at 4% for AZO and 6% for HAZO,
reaching 1.5x10-3 Q0cm and 1.2x10-3 Qlcm, respectively. Beyond these doping ratios,
the resistivity starts to grow due to simultaneous decrease in mobility and carrier

concentration. Therefore, the optimal electrical properties have been established at
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6% of cation doping level for co-doped HAZO samples, surpassing the singly-doped
AZ0.

Additionally, to explore further conductivity enhancements, two additional
growths were performed for optimized parameters on substantially thicker
samples (570 nm) for both AZO and HAZO materials. These samples yielded even
lower resistivities values, equal to 1.05x10-3 Qcm and 9.5x104 Qcm for AZO and
HAZO samples, respectively. This result is understandable taking into account the
the crystal quality improvement with thicker samples. Table 4 provides a summary
of the electrical parameters.

Table 4. Electrical parameters (carrier concentration, mobility and
resistivity) of the grown TCO samples with varying thicknesses and doping.

Material Thickness Doping n u P
[nm] [%] [cm-3] [cm?/Vs] [103 Qcm]

0 0.35 29.3 6.12

1.9 1.14 21.1 2.60

AZO 170 3.8 2.36 17.5 1.51
6.1 3.25 11.1 1.72

9.8 2.11 6.1 4.86

1.9 1.11 23.7 2.37

3.8 2.18 18.3 1.57

HAZO 170 6.0 3.73 13.8 1.21
9.6 2.43 7.5 3.41

AZO 570 3.8 3.19 18.7 1.05
HAZO 6.0 4.45 14.7 0.95
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4.3.3. Optical properties

The optical properties of the thin films, namely the transmission and
reflectivity are crucial attributes that determine the further applicability of the
material as a TCE. Transmission spectra of the selected, representative samples are
shown in Figure 61. for AZO and HAZO samples with different dopants
concentrations along with the glass reference spectrum. The samples regardless of
the dopant type exhibit an average transmittance of 86% in the 300 - 1000 nm

wavelength range.
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Figure 61. Optical transmittance spectra of: a) AZO and b) HAZO thin films with
different dopants concentration deposited on a glass substrate (included in graph).

As the cation concentration increases, a noticeable blueshift of the absorption
edge is visible due to bandgap widening, caused mostly by the Burstein-Moss effect
since the free carriers of significantly increased concentration fill the lower states
in the conduction band, disallowing typically available interband transitions.
Consequently, this results in an increase in transmission within the 400 - 500 nm
range. To precisely quantify this widening, the transmission spectra were plotted

in Tauc convention (Figure 62), following the relation:

ahv = A(hv — Ej)*/? (37)

where «a is the absorption coefficient, h is the Planck constant, v is the radiation
frequency and A is the proportionality constant. The exponent value equal to %

denotes direct allowed transitions, characteristic for direct energy gap
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semiconductors, which is the case for ZnO. Here, the assumption that ZnO bands are
approximately parabolic is implemented, which is in accordance with many reports
for low dopant concentration [181,184,196,197].
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Figure 62. Tauc plots obtained from transmittance spectra of a) AZO and b)
HAZO thin films with varying dopant concentrations together with linear fits
pointing toward optical bandgap value (dashed lines) obtained using
Equation ((37) and extrapolated.

Despite certain limitations of this method, as it was originally developed for
non-direct interband transitions in amorphous bulk semiconductor [198], the
predictions for optical bandgap acquired with this method corresponds with the
literature findings derived from different methodologies. We should note that
determining the real bandgap in such systems is a challenging task, since it's value
is influenced by defects states near the band edges, excitonic effects and previously
mentioned Burstein-Moss effect.[199] Tauc plots in case of highly doped ZnO help
to determine the absorption edge and optical band gap. Nevertheless, when this
approach is systematically applied to samples within a single ensemble, it reliably
reveals trends and enables comparisons between different samples. As illustrated
in Figure 62, the bandgap monotonically widens with increasing dopants
concentration, regardless of the introduced dopant type. Specifically, for singly-
doped material, AZO, bandgap alterations of 0.57 eV were obtained, whereas for
HAZO the obtained range spans across 0.4 eV.

For high carrier concentration, the bandgap narrowing term should be taken
into account that originates from many-body interactions, in particular electron-

electron and electron-impurity scatterings effects [200] As many reports
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show,[201,202] the deviation from the Burstein-Moss effect is increasing with
dopant concentration, suggesting the amplification of those effects along with the
non-parabolicity of the conduction band in ZnO. The bandgap value vs doping
content and carrier concentration measured using van der Pauw method are
presented in Figure 63. The dashed lines presented in Figure 63b graph are
determined using the following formula:

37 (38)

_ 2/3
AE, = ZmZn 13 + Egy(n),

where m;, is electron effective mass, n is electron concentration and Esw is a band-
narrowing term with non-trivial dependence on the carrier concentration and
dopant ion radius. This term takes into account narrowing effects that occur in the
material [181,200]. The exact determination and theoretical examination of this
term is beyond the scope of this thesis. Instead, it is included to collectively
encompass those effects that cause deviation from the treated Burstein-Moss

2/3

formula with n“/* dependence.
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Figure 63. Optical bandgap of the thin film samples determined from Tauc
plots. a) for varying dopant concentration. Dashed lines are a linear guide for the
eye. b) for the carrier concentration obtained from Hall measurements. Dashed
lines are calculated according to Equation (38) and tries to estimate the deviation
from the Burstein-Moss effect.

The primary factors contributing to these deviations include the Coulomb
interaction repulsion between the electrons, leading to the effective attraction of
the holes and shifting the energy of the band downwards. Additionally, the
excessive amount of electrons from donor ions in the zinc position alters the charge

distribution, disrupting the parabolicity of the conduction band[203]. In our case,
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the data was fitted using Equation ((38) with simplified term responsible for band
narrowing. However, as previously mentioned, quantifying the exact contribution
of these effects is challenging and experimentally laborious process, therefore, the
dashed curves should be regarded as an initial attempt to incorporate these
apparently existing effects in the studies.

In Figure 63a, both materials display a consistent, monotonic widening of the
band gap, exhibiting a nearly linear relationship in the low doping regime. However,
beyond the 8% dopant concentration level, the widening slows down notably, but
it still occurs which cannot be explained solely by the carrier concentration increase
(Burstein-Moss effect), as discussed before but might be influenced by structural
changes. In particular, lattice stress from high dopant concentration may be the
cause of the deterioration of the crystal. As the dopant atoms such as Al (or Hf)
incorporates in the lattice sites of ZnO [168,204,205], replacing zinc atom with
dopants that contribute 3 (or 4) additional electrons to the conduction band.
Adding such amount of free carriers results in shifting upward Fermi energy and
accordingly, lowering the defect formation energy of some intrinsic acceptors and
electron trapping states, such as oxygen vacancies. This mechanism, known as self-
compensation is widely recognized in semiconductor physics as it is the main cause
of free carrier saturation in a variety of materials.

AZ0O demonstrates a slightly wider bandgap, reaching up to approximately
3.7 eV for 9% of Al doping compared to HAZO, which shows bandgap of 3.62 eV for
with 5% Al and 5% Hf content, respectively. Moreover, 3.5 eV and 3.62 eV bandgaps
are observed at their respective resistivity minima, i.e. 4% and 6% for AZO and
HAZO. An intriguing aspect is the comparatively slower bandgap widening, despite
higher carrier concentrations measured. This phenomenon could be attributed to
the presence of optically active states below the Fermi level, induced by hafnium
incorporation that may lower the recorded optical bandgap.[206] This effect along
with many-body interactions described before, counteracts the pure Burstein-Moss
effect, thus causing the bandgap narrowing more prominent.

To extensively study the optical properties of the grown samples, the
ellipsometry studies were performed. This method allows to precisely track the
changes in the refractive indices based on the used dopant and it's amount. The
ellipsometry measurement and the subsequent model tuning based on the received
data have been done by PhD Piotr Wroébel. Figure 64 illustrates the real and
imaginary components of the complex refractive index i =n + ik of AZO and

HAZO plotted against the wavelengths for different aluminum content.
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Figure 64. Complex refractive index extracted from the ellipsometric
measurements of a) - b) AZO and c) - d) HAZO. Subplots a) and c) present the real
component of the refractive index, whereas subplots b) and d) present the
imaginary component of the refractive index.

Both materials exhibit comparable behavior in the presented spectral range.
In the UV spectral region, electronic transitions lead to significant absorption,
reaching peak values for the extinction coefficient (k) and the real part of the
refractive index (n). Beyond that peak, the k abruptly decreases to a very low values,
indicating high transparency. Within the VIS-NIR range, ZnO demonstrates near-
zero values of k, while the refractive index n slowly decreases from approximately
2 -2.1toaround 1.5 - 1.9, depending on the cation doping ratio.

The introduction of a dopant, either aluminum or hafnium, induces a decrease
in the real component of the refractive index, which coming down from around 2.5
to 2.1 for highly doped samples. Besides, the refractive index peak itself is getting

broader. At the same time, shifting of the both complex refractive index components
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towards shorter wavelengths is visible. The increase in the carrier concentration
leads to an observed increase in the extinction coefficient within the NIR range,
especially prominent above 900 nm range. This pronounced increase is attributed
to free carrier absorption, described by the Drude term, alongside absorption
originating from phonons or defect states, which are included within the model as
Gaussian oscillators. The patterns and trends revealed by the ellipsometry studies
are very alike for both of the materials. However, there are some differences when
the changes of the dynamics are examined. For instance, HAZO displays better
refractive index consistency across the doped samples, which are around 0.14 at
500 nm wavelength and around 0.31 at 1000 nm. AZO samples on the other hand,
exhibits at the same wavelengths the relative changes equal to 0.19 and 0.41,
respectively. This attribute make it less susceptible to unintentional refractive
index change due to alterations in doping. The noteworthy attribute of HAZO is the
enhanced transmission in the IR range, as it reaches half of the k value observed for
comparable doped AZO samples.

4.3.4. Outlook and prospects for co-doped ZnO

Aluminum doped zinc oxide and hafnium-aluminum doped zinc oxide thin
films were grown employing ALD technique with different dopant ratios.
Comprehensive studies were conducted to deeply investigate the optoelectronic
properties of these films. Doping - regardless of the type of the cation - induced
significant changes in the samples' electrical and optical properties, notably
enhancing conductivity and blue shifting the optical bandgap. These enhancements
primarily stem from increased concentrations of free carriers within the material,
along with slightly larger grain lengths observed in thin films doped with hafnium.

Given the exceptional conductivity and versatile tunability, the proposed
material can be employed as a part of future electronic devices utilizing TCO films.
Although there are reported results of other conductive oxides that achieve even
better performance, with exhibited resistivities as low as ~2 - 4x104 Q0cm [207-
209], these materials are usually obtained with RF sputtering or evaporation
techniques and demands some post-growth treatment. Their presence should not
diminish the benefits offered by ALD. This technique presents high throughput,
cost-effectiveness which are indispensable for future, large surfaces solutions and
applications such as photovoltaics. In addition, this method enable the uniform

coating of high-aspect ratio structures, unreachable for sputtering techniques. Also,

93



the achievable refractive index range is sufficient for the design of efficient Bragg
gratings and other photonic components based on the optical constants

modulation.

4.4. Performance optimization using
multilayer TCE

As described in Section 2.2, various strategies have been explored to enhance
the performance of TCEs, focusing on improvements in both electrical conductivity
and optical characteristics. The one noteworthy concept involves incorporation of
a very thin layer of metal, creating a multilayer, sandwich-like composite electrode.
Such an idea has been demonstrated to be a very promising approach to
substantially enhance the material conductivity while minimally impacting light
transmission, offering a reasonable trade-off resulting in the improved TCE
performance. The critical aspect lies in the precise tuning the individual layers
thicknesses to find optimal interference conditions minimizing optical losses due to
reflection. At the same time, the very high conductivity of the metal provides an
efficient photoinduced carrier collection and undisturbed transport. In this section,
the numerical and experimental findings of the multilayer oxide-metal-oxide

composite electrode are discussed.

4.4.1. Numerical Findings - TMM Results

The main method used here to simulate the optical behavior of the samples is
TMM (described in Section 3.4.1). Dielectric functions of considered materials
where determined ellipsometrically and implemented in the python code. First, the
planar AZO layer deposited on the glass substrate was simulated to establish a
reference point in the further studies. Figure 65 presents the calculated

transmission of the AZO layer with varying thickness.
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Figure 65. TMM calculations results. a) AZO thin film deposited on the glass
substrate for thicknesses ranging from 50 to 500 nm. b) Weighted transmission and
reflectance to AM1.5G standard spectrum for the same samples. Maximum
transmittance is exhibited at 140 nm of AZO.

The transmission for thicker samples starts to exhibit typical interference
patterns, consistent with those observed in experimental data. Figure 65b presents
the AM1.5G standard solar spectrum weighted transmissionand reflectance,
calculated according to Equation ((23) within 300 - 1000 nm range. In this way,
the information on the applicability of the material as TCE is received. As seen, the
typical transmission of the layer is about 82 - 86%, reaching its maximum
at 140 nm of thickness. The bare planar layer suffers from the relatively high
reflectance and not optimal transmission. The multilayer approach promises to
overcome those shortcomings with carefully designed stack composition.

The commonly adopted approach employs the sandwich-like structure
made of 3 layers in the following order: oxide-metal-oxide. Such a composite stack
is also the easiest to manufacture. In addition to the analysis of the entry-level
structure, this study investigates optical properties of more complicated
structures, which are made of 5 and 9 alternating metal-oxide layers. Figure 66
presents the stack schemes along with weighted transmission and reflectance heat
maps, where warmer colors indicate higher transmission and lower reflectance,
respectively. The thicknesses of AZO and Ag layers were tested across the 20 - 120
nm and 0 - 20 nm ranges, respectively. The best layers combination is marked with
the yellow arrow. As seen, adding additional bilayers of oxide-metal does not bring
beneficial results, since the highest transmission is exhibited by the triple layer
made of AZO-Ag-AZO. Thicker, more complicated samples tends to absorb more

light without mitigating the reflection.
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Figure 66. Tw and Rw based on TMM calculations for different composite,
mulitlayer systems comprising of a) 3-layer stack of AZO-Ag-AZO, b) 5-layer
stack and c¢) 9-layer stack. Maximum performance for both transmission and
reflectnce is marked with arrow for the best performing AZO, Ag thicknesses.

Furthermore, apart from the increased complexity in fabrication, the
individual layers become thinner, posing challenges in manufacturing such a
system. The best performing optical stacks are made of layers with thickness equal
to 52 nm of AZO (4% Al content) and 4 nm of Ag, resulting in 91% of Tw and 6% of
Rw. Those results are 5% and 4% better than bare AZO layer, respectively. To
further demonstrate the limit of this system, the simulations with antireflective
layer made of MgF2 were performed. MgF: is a low refractive index (around 1.37 in
the visible range) material used to minimize reflections on the interface due to
better index matching. The results employing this additional layer are depicted in
Figure 67.
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Figure 67. Tw and Rw based on TMM calculations for 3-layer stack of AZO-Ag-
AZO with antireflective MgF2 coating. a) stack scheme, b) Tw with marked
maximum performance, ¢) Rw with accordingly marked maximum.

Tw reaches maximum for very thin silver layer, equal to 4 nm and 52 nm of
AZ0. Similarly Rw reaches minimum for 5 nm of Ag and 52 nm. Such modified layer
yields slightly better reflectivity results, achieving only 5% of Rw, whereas the
transmission stays at the same level. Table 5 summarizes the optimal parameters
of each of the stack.

Table 5. Optical performance of the optical stacks proposed as a
transparent conductive electrode with varying stack structure.

Optical Thickness AZO thickness Metal Tw Rw

Stack [nm] [nm] thickness max. min.
[nm]
AZO 140 140 0 86% 10%

AZ0-Ag . .
(3-layor) 108 52 4 91% 6%
AZO-Ag 0 0
(5-layer) 112 36 2 89% 6%
AZO-Ag 0 0
(9-layer) 124 24 1 89% 6%
AZO-Ag

(3-layer + 108 52 + 110 MgF; 4 91% 5%
MgF3)
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Given the promising outcomes from these numerical simulations, the next
step involved experimental validation of the proposed stacks using a combination
of ALD and PVD techniques to manufacture the composite structures. The main goal
of this experiment is to assess both the feasibility and performance of such designed

structures.

4.4.2. Experimental Realization

The simulation results suggest that adding thin layer of metal could indeed
significantly improve the transmission of the stack. These findings are also
supported by the numerous literature examples (see Section 2.2). Thus, the trilayer
samples made of AZO/Ag/AZO stack with the parameters close to the optimized
layers received in simulations were performed. The thin layer of the silver was
evaporated using PVD75 e-beam evaporation system delivered by Lesker. This
process was performed by PhD Piotr Wrébel. The images of the samples are
depicted in Figure 68. The samples underwent the basic optical and electrical

characterization to potentially validate the findings of the employed model.

40/4/60 60/4/60 ~ 60/6/60 100/6/60

Figure 68. Real appearance of the multilayer composite electrodes. The
numbers above each of the sample marks the layer thickness following the
convention: AZO/Ag/AZO. All the samples - even the ones with a very thin silver
layer - seem to be insufficiently transparent to be an efficient transparent electrode
material.

It is evident that the samples exhibit dark bluish or light violet color,
indicating high reflection within this range. The appearance of the samples suggest
that the transmission of them might not be adequate for creating a high-quality
transparent electrode. To investigate the impact of incorporating a metal layer,

transmission measurements were conducted (Figure 69).
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Figure 69. Transmission spectra of different AZO/Ag/AZO stacks, deposited
on the glass substrate. Legend shows the thickness of the individual layers where
the middle one marks the metal thickness, and two other AZO thickness. The glass
and 120 nm AZO curves are shown for comparison.

The optical performance, as seen in the presented figures, falls well below the
expectations and TMM model predictions. The weighted transmission values
change from approximately 64% to 33%, mostly influenced by the silver layer
thickness within the material. Notably, the visible maximum in transmission is blue
shifted with increased silver thickness layer between the AZO layers, indicating a
tuning potential by selecting the right silver thickness. The reason for such
discrepancy may stem from the fact that evaporation such thin layer of silver make
it prone to agglomerating into nanoparticles, rather than forming the desired thin,
uniform planar layer. In such structures, the presence of localized surface plasmons
(LSPs) can induce undesired effects and an optical response unsuitable for the
intended application, particularly leading to increased absorption at the resonance
frequency of the plasmon. On the other hand excitation of LSPs on metal
nanoparticles immersed in ZnO medium might lead to generation of hot electrons
and their injection into the TCO [210-212] resulting in the increased concentration
of charge carriers and thus improved performance of the entire photovoltaic
system. Surprisingly, the electrical performance of the samples, is minimally
affected by this modification up to relatively thick layers of silver, as high as 12 nm.
In this case, the resistivity drops down to 3.7x104 Q0cm, whereas for samples with
6 and 4 nm the results are very similar to the ones without any metal embedded.

Table 6 summarizes the electrical resistivity and optical performance.
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Table 6. Composite electrode resistivity and transmission values. The first
column presents the structure of the sample following the relation: AZO/Ag/AZO.

Sample o [103 Qcm] Tw [%]

thickness [nm]

120/-/- 1.48 85.0%
40/4/60 1.85 63.9%
60/4/60 1.57 62.0%
60/6/60 1.5 50.3%
60/6/100 1.26 41.9%
60/12/60 0.37 32.7%

It appears that the key factor for success is obtaining a pin-hole-free silver
layer, leading to the efficient transport of carriers. However, achieving such a thin,
pristine surface renders to be challenging, in particular on the rough surface formed
by the underlying AZO layer. Adding ~1 nm germanium or nickel wetting layer may
be a solution, though it induces some absorption losses and this approach will be
investigated in the future. Additional difficulty may come from the silver diffusion
and reconfiguration, phenomena observed in similar systems being exposed to
elevated temperature in oxygen rich temperature [213-215]. Under these
conditions, oxygen may diffuse into silver and degrade it. Another undesired effect
is the agglomeration of silver into larger islands that disrupt the continuity of the
thin film. These two main effects lead to the deterioration of interfacial properties,
increasing light scattering and absorption, as well as reducing the conductivity of
the system.

These attempts yielded moderate results, falling short of the promising effects
calculated in simulations. Therefore, the approach involving Oxide-Metal-Oxide
architecture, was not further developed due to the extensive time and labor
involved, outweighing the benefits. The next efforts were redirected towards

texturized geometries and their antireflective properties.
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4.5.Summary

This chapter presented the laborious and time-consuming process of the
optimization procedure to obtain the best-performing ZnO and ZnO:Al thin film
samples, showing the importance of the equipment-specific protocol development
and the large parameter space to optimize.

It is worth mentioning that the ALD setup was delivered to our Faculty as a
brand-new, therefore the whole process chain which is not described here has been
developed from the very beginning. Many of the steps undertaken within the
procedure beeing developed in the initial period have not been discussed here, but
taking these steps was essential to assert the full operation of the setup and it's
reproducibility of the results.

This part also presented the various effects that the doping of the two
different dopants have. One is the obvious change in electrical resistivity, coming
from the additional free carriers introduced by substitutional atoms, either
aluminum or hafnium. The co-doping of ZnO has been done before, but this field is
still mostly unexplored, therefore a new insight into it is useful and helps to find the
best working pairs in this complex environment. The co-doping proved to raise
better electrical performance especially in terms of enhanced carrier
concentrations, promising new material for transparent electrode applications.

Moreover, this chapter delved into the more advanced concepts presented in
Section 2.2.1 such as oxide-metal-oxide structures. First, the numerical models
specially tailored to reflect the efficiency driven approach were tested for a wide
array of configurations to find the best parameters for later experimental
validation. Some of the samples raised a very promising results, expanding the
performance of just planar transparent conductive oxide layer. Nevertheless, the
experiment went much below the expectations, probably due to the difficulty in

preparation of a few nanometer thin metallic layer.

101



CHAPTER 5.

Nanoimprinted Perovskite Solar Cell

5.1.Introduction

In the previous chapter, we focused on the reflection mitigation losses as well
as proposing the novel TCE materials, aiming for enhancing the performance of the
solar cells. The properly designed top layer that enhances the charge collection is
inevitable in the efficient solar cell design. In this chapter, another concept of
enhancing current generation and reflection loss is demonstrated by
nanoimprinting the ARC onto perovskite solar cell. Asserting the best light
management is important to achieve high performance in all photovoltaic
technologies and can be done by taking two basic approaches. The first one is the
reflection losses reduction, whereas the second one is the elongating the optical
path length within the active layer of the absorber. There have been many proposed
concepts of dealing with this, notably to mentioned are planar ARC, structured
surfaces such as random nanorods[216,217], biomimetic moth-eye
patterns[119,218,219], micro lens arrays[220] or applying texturized foils[221-
224]. By nanoimprinting the structure on top of the perovskite solar cell, we aimed
to simultaneously reduce the reflectance and improve the absorption within the
active layer.

Perovskite solar cells have experienced an astonishingly rapid evolution over
the past decade, starting with the efficiency of just 3.8% in 2009 [84]to current 25%
[225]record breaking devices [225]. The extensive research and efforts are
motivated also by their exceptional bandgap tunability, achieved through
compositional adjustments within an energy range of 1.2 to 3.0 eV [226,227].
Furthermore, the manufacturing process of perovskite solar cells employs simple
methods solution-based synthesis that enables a cost-effective production.

In this chapter, we present the detail description of the nanoimprint process,
proposed structures and the influence on the optical and electrical parameters of
such modified perovskite solar cells. We demonstrated that the whole nanoimprint
process chain is safe enough to not alter the perovskite solar cell, which may results

in its severe damage and performance deterioration. To the best of our knowledge
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nanoimprint lithography, has been never directly applied to create such or similar
structures on top of perovskite cell a roller nanoimprint technique. Furthermore,
this chapter discuss the limits of light harvesting improvements using proposed
honeycomb structure. The researches described in this chapter served as the
foundation for the publication in Maciej Krajewski et al. Roller Nanoimprinted
Honeycomb Texture as an Efficient Antireflective Coating for Perovskite Solar Cells,
Advanced Materials Interfaces, 2023 [228]. The measurements were performed by

the author of this dissertation unless otherwise stated.

5.2.Proposed structures

The nanoimprint process begins with spin-coating of the moldable photoresist
that get soften in elevated temperature of 90 - 120 °C. The used resist was the
commercially available SU-2002 epoxy negative photoresist (purchased at
Microchem company [229]). The thickness of received layer is controlled by the
rotation speed during the spin-coating process and was also investigated
throughout the study. After the spin-coating the samples were preheated at 60 °C
for 90 seconds and kept in dark place to rule out the accidental light exposure. The
samples were then placed on a roller nanoimprint setup that provide temperature
of 90 °C and UV light exposure. During the process the sample slowly slides under
the roller and the structure itself get imprinted within the soft resist and get cross-
linked due to UV radiation. After the curing of the resist, the sample is left for
2 minutes bake to let the process finish. Three fundamental regimes of operation
were tested to choose the best performing structure, schematically pictured in

Figure 70.
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Figure 70. Schemes and SEM images of different textures with varying spatial
periods and features size. a) large structures allow many diffraction orders to
propagate b) intermediate structures with periods comparable to wavelength
c) structures with a very small features sizes, acting as an effective medium with
different refractive index

The roller nanoimprint technique was applied to manufacture a wide array of
different textures, all aiming to modify the optical properties of the solar cell,
namely to reduce its reflectivity. Large features such as pictured in the SEM image
cause the light to diffract in many channels, leading to the geometry or ray optics
approximation feasible. Such structures reduce the reflection by multiple internal
reflections within the texture and therefore increasing the path length in the active
layer, profoundly improving the absorption. When the features size are close to
investigated wavelengths, the Snell’s law and ray tracing is no longer valid, since
the diffraction start to dominate the distribution of light power, the proper
approach entails rigorous Maxwell equation solving using finite-difference time-
domain (FDTD), RCWA or similar techniques. Going down with features size, the
light wavelength is much longer than the period of the structure, which becomes
unresolvable for the light and therefore the light acts as if it travels through a
medium with a gradient refractive index, minimizing the reflection through the
index-matching phenomenon.

To effectively explore the performance and potential applications of those
three regimes, several structures using nanoimprint technique were prepared onto

glass substrate to validate the antireflection properties, depicted in Figure 71.
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Figure 71. Different textures imprinted on top of the glass substrate visible
under different angles and magnifications. a) Honeycomb structure b) random
pyramids c) needle-like structure d) moth-eye structure

The textures vary in terms of their period, symmetry and employed shapes.
Starting from a several micrometers period in case of the honeycomb structure,
through a 2 micron pyramids and needle-like structure down to moth eye structure
with the period of approximately 300 nm, which constitutes the subwavelength
properties of such structure. The structures cover different regimes of light
propagation, however their main goal is the same, i.e. lowering of the reflection
from the top surface of the solar cell. Additionally, most of them, namely
honeycomb, pyramids and needle-like structures enhance the optical length within
the active layer, due to introducing the light inside the solar cell at different angles.
In the moth-eye texture, those effects are less pronounced. Some structures due to
smaller features are harder to replicate, resulting in degenerated shape of the

outcoming structure. Also, the right thickness of the resist, controlled by the spin-
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coating speed is the key factor for the right replication of the structure. Figure 72
presents some of the poorly replicated results due to different factors such too thin
layer of SU-8 photoresist, too much pressure during the imprint or insufficient UV
exposure. Proper optimization of all these parameters is the precondition for

replicating the structures with a sufficient quality.

Figure 72. Examples of poorly replicated structures. a) collapsed, not cross-
linked resist after moth-eye stamp imprint b) vertically squished honeycomb
texture due to insufficient thickness of the resist with visible holes in the bottom
c) defected honeycomb structure

5.2.1. Optical Studies of the Imprinted Structures

The best as possible replication is indispensable for the efficient light
incoupling and the performance of the texture as an anti-reflective coating. Figure
Figure 73 presents the influence of the rotation speed on the reflectivity of the
honeycomb structure. With thinner layer, there are some holes visible that do not
contribute to the antireflective properties of the layer. The optimal spin-coating
speed is 300 rpm. This corresponds to resist thickness of around 5 pum, as
determined via SEM imaging. After the optimization of the nanoimprint process, all
the abovementioned structures were nanoimprinted onto the soda-lime glass

substrate to firstly evaluate their antireflective performance.
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Figure 73. Reflectivity for the honeycomb structure with different spin-
coating speed. The differences stem from the differently coated surface for high
rotation speed samples.

The results are presented in Figure 74. To eliminate the backside reflection
coming from the glass that may interfere with the true optical properties of the
given structure, the glass was coated with a black paint that effectively absorbs in
the visible range. However, the paint itself reflects some of the light in the infrared
region which is visible in the graph above 800 nm wavelengths. The increased
signal within infrared range originating from this black paint reflection is replicated
across all the investigated samples. The results reveal that to a greater or lesser
extent, all the investigated structures decrease the reflectivity of the sample,
pushing it below 4% in the visible spectrum. As can be seen in the Figure 74 the
lowest reflectivity is exhibited by the honeycomb structure, reaching as low as 2%,
followed by the needle and moth eye structures, however the moth eye structure
exhibit some interference pattern where the maxima exceed the needles
reflectivity. The best-performing structures, i.e. needles and honeycomb were
selected to process further on the real perovskite solar cells to check their

performance on the device.
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Figure 74. Reflectivity results for the imprinted samples on the glass
substrate with black paint on the bottom surface. The increase in reflectivity
above 800 nm in case of glass is caused by some residual reflectance coming from
the non-ideal absorption in the infrared region.

5.3.Perovskite Solar Cell Imprinting Process

The imprint process on the glass or silicon substrate has been previously
demonstrated in literature [230,231]. However, the imprint technique may be
invasive when applied to other surfaces, especially sensitive to corrosive chemicals,
like perovskite active layer. Therefore, the transfer of this technology to the
perovskite layer was the first challenge and when successfully demonstrated, that

would be one of the first attempts of doing so on such a delicate substrate.

5.3.1. Fabrication and Characterization of perovskite
solar cell

The perovskite solar cells were manufactured by Minasadat Heydarian
(Fraunhofer ISE) using the procedure described in detail in Ref. [228]. The
outcoming layer was the cesium-lead-iod-bromium perovskite active layer of exact
formula Cso.15(FAo.sMAo.2)0.85Pb(lo.sBro.2)3 with a bandgap of 1.66 eV suitable for
perovskite-silicon tandem solar cell. The active layer is placed between transparent
conductive electrode made of ITO and ETL, HTL layers. The cell consists of 4
independent subcells (commonly referred as the pixels) with 5x5 mm area. The

electrodes of evaporated Ag consisting of busbar surrounding each of the subcell
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and two pads to connect the measurement setup. The SEM cross-section image and
the scheme of the layers stack are depicted in Figure 75, whereas the image of the
ready device is depicted in Figure 76.

Figure 75. Perovskite solar cell cross-section. a) The SEM cross-section with
SU-8 resist on top of the cell b) scheme of the perovskite cell with the direction of
incident solar light depicted and exact thickness of each layer stated in nm

The imprint process on the ready device is different to that on top of the
resistant and durable material such as glass or silicon. The first step in transfer is
the optimization of the process using nanoimprint technique. Figure 76 shows the
peeled of and destroyed perovskite solar cells of first attempts in transferring the
technology on the perovskite solar cell using planar stamp nanolithography setup
shown in Figure 37. The tries of adapting different pressure, UV exposure and other
parameters proved to be insufficient and no successful attempt was done using the
tool. The main reason for this failure is the high pressure generated exert on the
solar cell and strong adhesive forces that are keeping the stamp and cell together

too tight, making it very fragile to peeling of the whole optical stack.
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Figure 76. The real appearance of the perovskite solar cells. A) as
manufactured b) and c) after unsuccessful nanoimprint process, showing severe
degradation and peeling off.

Therefore, the next step was to try the roller nanoimprint setup, already
described in Section 3.2.2 where the pressure is applied in more controlled way
and with slowly departing it from the surface, making the stress generated less
pronounced. This approach proved to be the key factor in successful texture
imprinting on the solar cell. The SEM images of the such imprinted layers along with

schematical cross section of the cell are depicted in Figure 77.
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Figure 77. SEM cross-sections of perovskite solar cells with two different
nanoimprinted structures along with their schematical drawing.
a) honeycomb b) needle-like

The solar cell sample with spin-coated resist was placed in the roller
nanoimprint system and heated to 90 °C for a few minutes to let the photoresist

become formable. Then, the sample is slowly pressed against the stamp by slowly
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moving tape, which results in forming the negative stamp pattern on the sample,
simultaneously exposing it to the UV radiation. This triggers the cross-linking
process and hardening of the resist. After the exposure, the sample is left for post
baking for 3 minutes to finish the cross-linking and hardening processes. Two, most
promising structures based on the previous reflectance research were imprinted
onto perovskite solar cell to check its real performance as the anti-reflective layer.

As can be seen in those two cases, the imprinted layer is tightly attached to
the perovskite solar cell, proving the whole procedure was successful. The
structures itself are much bigger than the whole optical stack of the perovskite cell,
which emphasizes that the proper attachment to such delicate layer demands
special attention. As can be seen from the SEM image, the procedure of applying the
texture is harmless for the cell, leaving the whole stack in place and untouched. Such
modified cells were subjected to the reflectance measurements, depicted in Figure
78., to determine the antireflection properties of the applied layers and chose the

best performing one for further processing.
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Figure 78. Reflectance measurements of a perovskite solar cell with two
different nanoimprinted textures applied: needle-like and honeycombs.

Both textures have an exceptionally well influence over the reflectivity of the
solar cells, reducing the reflectance across the wide range of wavelengths. Such
designed structures diffract the incident light, forming some kind of a waveguide,
making it harder for light to escape, effectively increasing the absorption within the
active layer. The most pronounced outcome is the reduction from around 24% at
480 nm to well below 10% level. Also, beyond 500 nm, the reflectance is close to

3%, making little room for further improvement. The rise beyond 740 nm is related
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to the bandgap of the perovskite layer after which, the absorption is severely
diminished. By comparison of those two structures, it is clear that the better
performing one is the honeycomb texture due to subtle, but visible differences in
the reflectance where the recorded value fall below 5% across the whole range. Due
to limited number of samples, our goal is to transfer only the best performing
structures onto real, working devices. Therefore, the ongoing analysis and

processing is done for the champion texture which is honeycomb structure.

5.4.0ptical and Electrical Parameters

5.4.1. Effect of the ARC on the optical performance

Reflectance spectra were collected for three different samples: as
manufactured perovskite cell without any ARC, planar 100 nm MgF: layer as the
representation of commonly used ARC and nanoimprinted honeycomb texture. The

stacks and real images of the investigated samples are presented in Figure 79.
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Figure 79. Real images of the perovskite solar cells with varying top
surfaces. a) as manufactured cell without any ARC b) evaporated 100 nm MgF2
planar layer c¢) nanoimprinted honeycomb structure

All the pictures were taken under similar lighting conditions and white

balance setup. As seen, the uncoated device has a uniform light-blue color, reflecting
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substantial part of shorter wavelength light. On the other hand, honeycomb
structure has dark indigo color, indicating that the most of the light is absorbed by
active layer. What is also worth mentioning are the contact pads that underwent
the imprinting procedure are without any visible damage.

The reflectance measurements along with the simulation results of all
investigated samples are shown in Figure 80. The details concerning the numerical
calculations are exhaustively described in Section 5.6. Simulations using RCWA
method along with the convergence studies were done utilizing Fraunhofer ISE
computational cluster with a great help and supervision from Adrian Callies.
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Figure 80. Reflectance results of the perovskite solar cell (solid line)
along with the spectra obtained from the RCWA simulations (dashed lines).

The uncoated, reference sample exhibit high reflection losses, reaching above
10% in most of the relevant wavelength’s spectrum of 350 - 600 nm. The sample
with the MgF2 top layer exhibit much lower reflection losses, with visible
wavelength-dependent behavior with constructive interference maximum reaching
15% at around 400 nm. Although the sample reflectance is profoundly reduced
below 5% in the 500 - 700 nm range, there is substantial loss of approximately 10%
in the shorter wavelength range of 350 - 500 nm. On the other hand, the sample
with the honeycomb texture exhibits a uniform, wavelength-independent
spectrum, with the recorded loss below 5% across the most relevant wavelength
range for perovskite solar cells (400 - 740 nm). That clearly shows the high
applicability for this concept. The simulated spectra closely follow the experimental
data. They show proximity to the measured values, and in particular the relative

changes caused by the different approaches are well reproduced. Some deviations
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toward higher reflectance can be explained by the assumption of perfectly planar
layers and surfaces made in the simulation, whereas in reality there is some
microroughness present that influence the reflectance results.[232] As the main
goal is to quantitatively evaluate the ARC influence, the AM1.5g photon flux solar
spectrum weighted reflectance, Rw, was calculated using Equation (23).

To estimate the maximum generated current assuming perfect external
quantum efficiency, the following formula is used:

Jon = q j (1 = RO amrs(A)dA, (39)

where q is the elementary charge.

The planar solar cell without ARC exhibits 13.6% of weighted reflectance in
the 300 - 750 nm range which translates to 3.2 mA/cm? current density loss.
Applying a planar anti-reflective layer of 100 nm MgF2 decreases this loss to around
4.9% (1.2 mA/cm?). With the honeycomb pattern presented in this work, the
reflection loss can be further reduced to a value of 2.7%, which corresponds to a
loss of 0.6 mA/cm2. These results show profound increase in Jsc generation upon
applying the novel nanoimprinted structure, even though the SU-8 resist is not
properly index-matched to the rest of the solar cell, leaving some room for
improvement when correctly addressed. To investigate the full potential of the
proposed structure, additional RCWA simulations were carried out, depicted in
Figure 81:

1. Modeling of the same geometric structure, but with an idealized photoresist with
no absorption and a real part of the refractive index equal to the ITO top layer.
This assumption aims to remove the reflection at the structure-cell interface,
leading to even better performance. This simulation provides an outlook on what
can be achieved by further optimizing the optical properties of utilized resist.

2. Modelling the structure with optimized refractive index equal to that of ITO with
a module glass on top. That approach closely replicates the actual use case in the
module. In the real device, the cells are protected from detrimental

environmental conditions by the front glass.
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Figure 81. Simulated reflectivity results along with the simulated optical
stacks schemes of a) planar MgF: layer and honeycomb samples with different
refractive indices. The red line indicates the honeycomb structure imprinted in SU-
8, and the blue indicates the honeycomb structure with a refractive index equal to
this of ITO. b) honeycomb structure implemented as a part of the whole module
(blue line) along with the module without any ARC (grey line).

As can be seen in Figure 81a, the properly matched refractive index leads to
a beneficial reflectance effects, with the reflectance spectrum falling below 3%
throughout the whole range of relevance. Therefore, a very promising weighted
reflectance value equal to 1.6% has been achieved, which translates to only
0.4 mA/cm? Jsc loss, showing that this structure would absorb virtually all the
reflection from the cell. For the scenario of module integration, the results seem to
be very promising as well, raising only 2.5% Rw. That means the honeycomb
structure can play a beneficial role when applied to the real module stack devices

as well. These results are summarized in Table 7.

Table 7. Weighted reflectance (Rw) and associated with this current density
loss for varied ARC integrated into perovskite cells. (*) marks the RCWA
simulation results.

Sample Rw [%] Jscloss [mA/cm?2]
Without ARC 13.6 3.2
MgF2 ARC 49 1.2
Honeycomb, nsy-g 2.7 0.6
Honeycomb, niro (*) 1.6 0.4
Honeycomb, module glass (*) 2.5 0.6
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5.4.2. Effect ofthe ARC onthe EQE and J-V performance

EQE measurements were performed to investigate the influence of the ARC on
the electrical properties of the cell, in particular the number of electrons generated
from the incident photons. Perovskite solar cells rarely exhibit exactly the same
EQE response due to some slight details during manufacture, resulting in subtle
deviations in their electrical properties. Therefore, the best approach is to compare
the obtained results before and after application of the specific ARC for precise
evaluation of their enhancement. EQE results are presented in Figure 82. The as
collected EQE data were calibrated with the Jsc obtained from the J-V measurements
that will be discussed later in this section. This approach is necessary in order to
obtain precise value of EQE, coherent with the current generated from the cell. The
spectra were taken over the range of 300 - 800 nm to fully cover the perovskite

absorption range.
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Figure 82. External quantum efficiency spectra normalized to Jsc received in J-
V measurements of a perovskite cell a) with and without MgF2 layer and b) with
and without honeycomb texture. At the bottom of each graph absolute difference
between modified and unmodified structures is shown. Gain is depicted as a dark
blue region whereas the loss is depicted as a red region. Also, the change in
calculated Jsc after ARC application using Equation ((30) is stated.

In both of the modified samples, featuring either MgF2 or a honeycomb
structure, we observe an enhancement in EQE within the spectral range of
400 - 750 nm, yet the honeycomb structure visibly surpasses the performance of
the MgF2 thin film alternative. The MgF2 EQE spectrum has a noticeable maximum
at approximately 550 nm which corresponds to the minimum in reflectance as
depicted in Figure 80. In contrast, the honeycomb texture exhibit more uniform,
broadband EQE enhancement across the extended range of 370 - 750 nm. Within
the 430 - 560 nm range, the EQE improvement exceeds 10%, and in the region up
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to 740 nm it remains above 5%. This improvement corresponds to the profound
reduction in the observed reflection, already described in Section 5.4.1.
Noteworthy, in both ARC configurations, there is an EQE reduction, 300 - 370 nm
wavelength region, compared to the untreated solar cell. However, it is much more
pronounced for honeycomb modified structure that suffers from parasitic
absorption in the SU-8 layer. On the other hand, the MgF2 ARC exhibits a
constructive interference, enhancing reflection in this region, leading to a similar
behavior. However, the loss-gain balanced out in favor for both structures, leading
to overall 2.4 mA/cm? and 1.5 mA/cm? gains increase for honeycomb and MgFz,
respectively. The losses and gains of the EQE are shown as a red- and blue-filled
curves in Figure 82. The general conclusion from the EQE measurement is that they
both exhibit enhanced electrical properties, however honeycomb structure
outperforms MgF2 planar layer.

Similar to EQE, J-V characteristics of the cells were measured before and after
the application of the MgF: layer and the honeycomb texture, as illustrated in
Figure 83. The shapes of the curves undergo minimal differences depending on the

sweeping direction, indicating minimal hysteresis in the J-V curves.
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Figure 83. J-V curves of the studied solar cells samples under standard
AM1.5g solar spectrum illumination conditions. Solid lines represent
measurements in the forward direction, whereas dashed lines the reverse direction.
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Solar cells electrical and optical parameters are summarized in Table 8.
Following the application of ARC, the Jsc is increased in both cases. Specifically, the
honeycomb structure exhibits a notable increase of 2.1 mA/cm?, while 1.6 mA/cm?
increase is observed for the thin film MgF2 layer when sweeping in forward
direction. The increase in current density is very similar in reverse direction,
achieving 2.0 mA/cm?2 and 1.5 mA/cm? for honeycomb and MgF, respectively. The
current increase leads also to Voc enhancement by 12 mV to 16 mV and the FF by
2 - 3 percent.

In both cases, the current density enhancement was equal to 2.4 mA/cm?
which closely matches the 2.1 mA/cm? increase observed in the experiment. This
alignment leads to the conclusion that the honeycomb structure achieved the most
significant improvements in Jsc and PCE, primarily attributed to its minimal

reflection losses.

Table 8. Summary of the examined solar cell electrical parameters.
Forward (fwd) and reverse (rev) scan direction along with reflectance performance
(weighted reflectance - Rw) are shown.

Sample Rw [%] Voc [V] Jsc [mA/cm?] FF [%] PCE [%]

fwd rev fwd rev fwd rev fwd rev

Before honeycomb 13.6 1.045 1.046 159 159 65 67 10.8 11.1

After honeycomb 2.7 1.062 1.062 18.0 17.9 68 69 13.0 13.1
Before MgF: 13.6 1.029 1.029 159 15.9 65 65 10.7 10.6
After MgF2 4.9 1.044 1.041 175 174 67 68 12.3 12.4

The absolute efficiency value achieved by the best-performing cell still falls
below expectations, given that the current records for perovskite single junction
cells exceeds 25%[233], which is almost twice the efficiency achieved in this study.
It is therefore noteworthy to emphasize that the cell’s efficiency as such in isolation
may not serve as a definitive indicator of its quality and potential. In this case, the
used perovskite absorber is a wide bandgap semiconductor, that is optimized for
the use in a tandem solar cell, leaving a substantial part of solar spectrum
unabsorbed. Thus, series resistance (influencing FF) as well as current density are
not optimal for single junction operation. Nevertheless, the open circuit voltage of
the device shows that the device has high quality, as it is comparable to the Voc
shown in literature[234] for such cells. It also shows that this technique may find

its place when enhancing perovskite-silicon tandem devices in future.
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5.5.Summary

Within this chapter, we have successfully demonstrated the application of a
nanoimprinted structure on top of the perovskite cell. This marks the first
successful attempt at the direct imprinting of an ARC onto such sensitive absorber
without deteriorating the layer.

Utilizing the roller nanoimprint technique has led to a significant
enhancement in the antireflection properties of the perovskite solar cell, achieving
an impressive reduction to as low as 4.7% in weighted reflectance. This reflection
decrease is correlated to Jsc and PCE increase, equal to 2.1 mA/cm? and 2.2%,
respectively. These results unveil the potential for further exploration of this path,
with the prospect of discovering an even more index-matched photoresist that can
reduce reflectivity to as low as 1.6%, as indicated by numerical analysis.

Among the various advantages of employing nanoimprint technique for
photovoltaics, one of the foremost is its potential in the context of perovskite silicon
tandem cell devices. This possibility holds profound significance as perovskite-
silicon tandem cells represents one of the most rapidly advancing technology in
photovoltaic research [224,235,236]. The technique presented here promises
construction of perovskite-silicon tandem devices with the exceptional
antireflective and light trapping properties, thus opening the way towards new

record breaking photovoltaic devices in future.
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5.6.Appendix to CHAPTER 5: RCWA
calculations details

The reflectivity simulations were performed using RCWA method, “reticolo”
MATLAB implementation, described in Section 3.4.2. As the calculation time
depends highly nonlinearly on the unit cell size, the simulation of 8.8 x 15.4 pm unit
would consume immense calculation power and time. Therefore, the structure was
scaled down with fixed proportions to streamline the calculation process without
losing the attributes of the geometry. Convergence analysis has been performed for
this scaling factor value to find the most efficient value without sacrificing the close
approximation of the light behavior within the system. Adhering to the guidelines
in RCWA simulations, it is advised to use the period that is at least 4 times larger
than the longest simulated wavelength, therefore the scaling factor was chosen to
be 0.3. This approach is adapted in those simulations, proving to be a reasonable
assumption, raising results closely following the experimental findings. Figure 84

presents the unit cell used in simulation before scaling down.

Figure 84. RCWA simulation setup. a) Elementary cell used in calculations with
the radii of the given layer depicted, top view b) Stair-case approximation of
honeycomb structure, side view. Dashed line depicts the cosine approximation of
the honeycomb profile.

The honeycomb profile was approximated using cosine function, which is
proved to be a close representation of the slanted surfaces of the unit cell. The
structure itself was replicated using staircase approximation with predefined single
layer height z. This value also has undergone a convergence studies, shown in

Figure 85.
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Figure 85. Reflectance results for three different wavelengths obtained for
varying layer heights.

The optimum layer height that raises stable reflectivity results with
acceptable calculation time was determined to be 75 nm. With this approach we
reproduce the shape of the slope and those residual shapes on top of the structure.
The exact function used to represent the radius of the described honeycomb

structure takes the following form:

Z
In_x,

R(z,) = S X Re| arccos S . ) (40)
0

where S -geometrical scaling factor, z - coordinate of the n-th layer and xo and zo are
the coefficient used to closely fit the exact function.
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CHAPTER 6.

Transparent Electrodes with
Embedded Nanomeshes

6.1.Introduction

In previous chapters, we focused on the concepts of enhancing the operation
of solar cells by modifying the top layer of the cell either by proposing a new TCE
material (CHAPTER 4. ) or by top surface texturization (CHAPTER 5. ). Herein, we
propose combining these two concepts by modifying the TCO top electrode with
with the embedded nanomesh patterns that facilitate the photogenerated charge
collection. Additionally, the texturization of the top surface and its antireflective
properties is investigated.

The concept of incorporating a metal grid structure within the TCO layer has
been a topic of discussion in the literature for at least one decade. The addition of a
microgrid pattern elevates the material conductivity while retaining acceptable
transparency. However, finding the right balance between the shading ratio and
enhancing conductivity remains a challenge while taking this approach. Much of the
existing literature focuses on rectangular grids or simple line designs
[113,114,237,238], leaving a substantial part of the geometry landscape
unexplored, particularly in the domain of more sophisticated configurations, such
as fractal geometries.

Within this chapter, we introduce a model that aims to find the nanomesh
geometries, offering the best optoelectronic enhancement for a specific solar cell
architecture. Our approach takes into consideration solar cell’s thickness, diffusion
length of the photogenerated minority charges and refractive index, expanding the
usually used approach that focuses solely on the geometry of the mesh. These
numerical findings contribute to the understanding of the nanomesh design for
improving the top electrode layer in third generation photovoltaics. Furthermore,
we conducted RCWA analysis of the optical properties of nanomesh structures with
ARC texture on top of them to determine the overall impact on the performance of

such modified solar cells.
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6.2.Proposed Model

Photogenerated electrons and holes should be collected at the respective
electrodes to provide a working solar cell. To maximize the number of the carriers
being collected, the electrons should reach the metal as soon as possible. Therefore,
the minimization of the distance travelled to the electrode is crucial to assert
effective carrier collection. Two models of this process were proposed: one
represents a purely 2D approach, whereas the 3D model, takes into account also the
thickness of the active layer. Figure 86 presents the scheme of the photogenerated
carrier behaviour within the active layer for both 2D and 3D cases. Atop the surface,

the metallic nanomesh is placed.

a) Metal mesh

Figure 86. Schematic drawing of two proposed models of
photogenerated carriers' behaviour. a) 2D model and b) 3D model.

In the 2D model, it is assumed that photogenerated carriers follow the
shortest available path to reach the metallic electrode. As known from
semiconductor physics, the photogenerated carriers undergo diffusion and travel
through the material at a specific distance before recombination with the opposing
carrier. This distance is called a diffusion length, or mean free path and is related to
the probability of finding the particle at distance d from the generation place:

p(d) = e_%, (1)

where d - distance to the metal electrode and » - diffusion length defined as the
material parameter, dependent on the bulk recombination rate of the minority
carriers.

This simplified model is widely adopted as the first approximation of the

dynamics of photogenerated charges in solar cells. To gain a more insightful view,
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it is important to note that the photogeneration process takes place at different
depths within the solar cells, thus the charges have different distances to traverse
to reach the electrode. Therefore, the photogenerated carriers' density distribution
itself is governed by the absorption of the solar cell.

Furthermore, the absorption process results in the electron-hole pairs
creation, which must undergo separation and collection at the opposite electrodes.
That creates a situation where the hole and the electron have different distances to
travel to the respective electrodes, depending on the depth of the photogeneration
process (see Figure 86). It is therefore important to account for that fact in

calculations, taking the lower value of the collection probability.

The proposed 3D model employed the following assumptions:

a) The mean free paths for photogenerated holes and electrons are equal. This
assumption is consistent with the experiment and has been confirmed in real-
world devices employing perovskite and organic active layers.[239-241]

b)  The electrons and holes take the shortest possible path to the metal electrode
placed on top of the cell and to the bottom unstructured electrode
respectively. The lower collection probability related to longer distance to the
electrode of one of the carriers is taken into calculation.

c) The photogenerated carriers spatial distribution is equal in the x-y plane
whereas for the z direction, it is related to the absorption probability of
photons within the solar spectrum taking into account architecture of the

optical stack, described in the next section.

Following these assumptions, the distance to the top structured electrode is
equal to d; = /x?+ y? + z%, whereas d, = z, — z is the distance to the non-

structured bottom electrode of the cell, where zo is the active layer thickness. The
collection probability for the charge carrier generated at the given point, distant

from the electrode by x, y and z in the spatial directions is equal to:

_max [dq,d5]
p(x,y,2) =G(2e ¥ &(x), (42)

where G(z) is the normalized z-dependent generation rate, equal to the ratio
between all absorbed photons to the absorbed photons in the given z-th layer
defined according to the optical response of the absorber layer, assuming a

standard AM1.5G solar spectrum illumination:
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Am ax
G&)=J. a(D)e D7 x AM1.5G (1) dA, (43)

lmin

where the exponent term is a representation of Beer-Lambert law, describing the
attenuation of the light traversing through the medium. It describes how the light
is absorbed within the material, thus after normalization, it describes the
photogeneration carrier distribution in the z-direction. During the calculation, the
discretization of the G(z) function is assumed. In the calculations, the z-direction is
divided into 51 points, streamlining the calculations and asserting a close
approximation of the function. Also, the § (x, y) term determines the coverage of the
points by metal, to exclude shaded points, as they do not yield any photogenerated

carriers. It is defined as:

0 for metal covered points (44)
1 for not covered points

50y = |

The most significant parameter that can be obtained is the average probability
collection across the whole structure which directly translates to the structure
effectiveness and generated current. To obtain the efficiency of this model, the
integral over the entire volume cell is introduced, and divided by the unit cell area
to normalize it. This computation results in the mean probability collection,
denoted by Equation (45). When a point in the unit cell is shaded, it cannot
generate the photocarriers and therefore the carrier collection probability at this

point is equal to zero. The formula is expressed as follows:

ﬂ]‘Volume p(x' Y Z) dXdde (45)

$= Unit cell volume

The primary objective of the model is to predict the performance of the
designated structure functioning as a transparent electrode. The final assessment
of the structure's efficiency is closely linked to the optical losses inherently induced
by the nanogrid placed atop the cell. The final efficiency term resembles the well-
known figure of merit first introduced by Haacke[89] which was later on adopted
by the scientific community (presented in Section 2.1.2). This formulation
underlines the influence of the transmission (7) by raising it to the tenth power,
serving as the predominant factor for the final performance as TCE. Following this

reasoning, the final evaluation is expressed through the below formula:

e=8Sx%xT1H, (46)
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The & parameter undergoes examination and subsequent optimization to
identify the best-performing geometry and design guidelines for the
implementation of these grids in real devices. The model takes into account the
active layer features such as its thickness, diffusion length of minority carriers, and
refractive index. This approach significantly extends the 2D model results, offering

nanomesh structure parameters for the specific active layer attributes.

6.3.Calculations examples and model
predictions

The collection probability results for an exemplary structure (in this case, a
space-filling fractal) and three different diffusion lengths are shown in Figure 87.
The calculation procedure first assigns the probability collection value to each point
in the unit cell according to Equation (43), resulting in a probability heatmap for

the whole elementary cell area.
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Figure 87. Collection probability heatmaps of the space-filling fractal for
varying diffusion lengths. The rest macroscopic parameters in the simulation are
kept constant, highlighting only the influence of the diffusion length elongation.

As expected, the resulting efficiency for the same geometry is directly
proportional to the diffusion length of the photogenerated carriers. The impact of
the mobility of the carriers aligns with the intuitive view, seen in the real devices
where the longer diffusion length results in a higher collection probability. To better
illustrate its influence, a series of simulations were performed over a wide range of
this parameter, spanning from 200 to 4000 nm. Figure 88a presents the collection
probability histograms with data derived from the heatmaps calculated with the

previously presented approach. Also, the normalized efficiency based on
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Equation ((46) is received. As the diffusion lengths increase, the distribution of
values becomes narrower, tending towards higher mean values - approaching 1 -
which are marked with triangles. Moreover, the rate of increase tends to slow down
beyond a certain threshold. For instance, a noticeable saturation is observed after
reaching 1500 nm, as depicted in Figure 88b. By inspecting these results, it is clear
that the diffusion length dictates the behaviour of the charges within the system,
regardless of the employed geometry. Consequently, to compare the influence of
the different geometries on effectiveness, the diffusion length parameter should be
kept at the same value.
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Figure 88. Collection probability of the structure for varying diffusion lengths.
a) Histograms of the values received from the heat map along with mean values of
each map (triangles) and b) Normalized efficiency of the structure with diffusion
lengths, defined as the average value of the histograms without taking zeros values
into account.

The next aspect to be explored is the influence of the diffusion length on the
predicted nanomesh complexity. Intuitively, higher mobility of charges would
require a less complicated structure to be effectively collected. Therefore, even
small changes in the diffusion length parameter may lead to substantial changes in
the optimal arrangement returned by the model. Figure 89 illustrates the efficiency
for different diffusion lengths in relation to the line number per unit cell for an
exemplary geometry. Diffusion length impact becomes especially pronounced when
considering the overall complexity of the structure, such as the number of lines per

unit cell (pitch of the structure).
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Figure 89. Efficiency results for different diffusion lengths done within a
10 pm unit cell. a) Normalized efficiency (vertically stacked for legibility) of the
structure with lines per unit cell for varying diffusion lengths of the active layer. The
vertical colourful lines mark the maximum achieved for the given macroscopic
parameters. Note the visible shifting toward more complicated structures with a
lowering of the diffusion length parameter. b) Lines number per unit cell for a given
diffusion length that gives the best efficiency values.

In Figure 89b the maximum efficiency for the given diffusion length is shown.
As seen, the general trend reveals that with increasing diffusion length, the
optimum is shifted towards less complicated structures. For instance, for the simple
parallel lines, increasing the diffusion length from 50 nm to 4000 nm shifts the
optimal periodicity from 24 per unit cell to just 5 lines per unit cell. Right in the
middle, the model predicts 7 lines per unit cell for 1500 nm. This prediction also
aligns with the expectations, as more complicated structures shade more area,
causing more pronounced transmission losses, and affecting the final outcome. On
the other hand, samples with higher carrier lifetimes gather photogenerated
carriers effectively, irrespective of the nanomesh structure density. Hence, it is
crucial in all cases to identify the appropriate complexity factor, which could be
either fractal depth or grid period, to adjust it to each pattern and material
parameters to determine the optimal position for achieving efficiency. Those results
serve as an example of general trends predicted by the 3D model. The main goal of
the study is to establish the design rules and predictions on the best-performing

geometries.
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6.4. Proposed Structures

The primary goal of the geometry design is to minimize the distance that the
carrier must traverse to reach the nearest metal line of the nanomesh structure
while ensuring low shading ratio losses. Rapidly exploring space structures, i.e.
geometric constructions with the property of quickly reaching any point in the
surface with the minimum distance required, are preferred for this purpose. Within
this chapter, several structure families are proposed and evaluated.

A space-filling fractal refers to a fractal pattern that approaches arbitrarily
close to all points in the surface with each iteration of the algorithm, sometimes
called the space-filling property. While many structures exhibit this characteristic,
some of them, such as the Hilbert curves family[242], fail to meet the minimum
surface coverage requirement. In the case of the Hilbert curve, although the
distance from the furthest points is reduced by a factor of 2 with each iteration, the
curve’s length in this process approaches infinity. In other words, such a
constructed fractal would shade too much area. The attribute that is primarily
sought-after in such geometry, is the simultaneous demonstration of reducing the
before-mentioned distance for arbitrarily chosen points on the surface with
growing complexity, while keeping at the lowest feasible point the length of the
curve. The investigation in this study is focused on identifying and developing the
fractals that satisfy both these criteria.

One of such fractals is the space-filling trees family. For the square-shaped
surface, the filling tree is constructed as follows. The square unit cell is divided by
its two diagonals, resulting in 4 distinct areas. Then, at the midpoint of each of the
so obtained 4 sections, the perpendicular line is drawn, scaled down with a ratio of

1/\/27 in length where n is the number of the present iteration. The procedure

continues for each section added to the geometry. The first three iterations of the
algorithm are presented in Figure 90a. The geometry with such a constructed
algorithm was described by Kuffner [243]. The tree exhibits a property that the
maximum distance connecting two arbitrarily selected points of the structure is
equal to V2 of the unit cell unit length which is the minimum distance possible in
case of any square-shaped arrangements, contrary to some randomly distributed
nanorods. This property proves to be highly favourable for the designed purpose of
transporting free carriers, minimizing resistance losses caused by travelling

through the mesh.
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Figure 90. Fractal structures proposed for the geometry of nanomesh
electrode design. Three first iterations of: a) square space-filling fractal, b) H-Tree
fractal, ¢) Hexagonal space-filling fractal

Another, a commonly used fractal pattern is the so-called H-Tree fractal,
frequently used in the Very Large Scale Integration (VSLI) design approach. This
design allows for effective transport of the charge within the system connecting its
different parts, and facilitating efficient carrier flow. The H-Tree fractal comprises

interconnected lines formed in the shape of the letter ‘H’. The self-similar but scaled

down by the factor of v/2 structure is extended from its vertices, further filling the
square space. The proper scaling asserts the surface filling and approaching of each
point of the system, avoiding overlapping and excess lines not contributing to the
transport. The first four iterations of the H-Tree fractal are depicted in Figure 90b.

Similarly, the space-filling procedure can also be applied to span a triangular-

shaped structure, coming arbitrarily close the a specified point within the surface.
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This procedure involves a similar approach as in the case of square space-filling tree
fractal, resulting in the structure depicted in Figure 90c. In the case of filling
hexagonal space, this procedure is repeated six times with successive rotation of
the whole pattern to fill the space. The maximum path length between two
arbitrarily chosen points within the grid is equal to v/3.

Across the literature, many tries of defining conductive nanomeshes
embedded in the TCO layer have been proposed. The most prominent and
commonly seen examples are simple rectangular grid, lines and a close variation of
them [114,115,244,245]. These structures serve as a reference point to test the
other, more sophisticated structures presented before. Figure 91 presents the

structures along with the modifications that they undergo during the evaluation

process.
a)  Crossed b) Square Grid C) Straight Lines d) Diagonal Lines
| L
[ | [ ]

Figure 91. Regular structures employed in the study with increasing
complication factor. The complication factor increase usually means the growing
number of lines per unit cell, which is visible for the following geoemtries: a)
Crossed structure b) Square grid c) Straight lines and d) Diagonal lines

These employed mostly changing the line density of the structure, leading to
a decrease in the period. The investigated pattern itself is placed within either a
hexagonal or square grid, creating a finely-decorated hierarchical structure. The

calculations presented in this chapter take place within a so-defined one-unit cell.
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6.5.Efficiency Results

All of the structures presented in Figure 90 and Figure 91 have been
thoroughly evaluated by varying their fundamental parameters such as line width,
period (or fractal iteration) and diffusion length parameter. Note that only a small
fraction of the investigated dataset is presented here, as the full amount of the
structures exceeds 1000 geometries. The presented results encapsulate the
conclusions and trends established through the analysis of this abundant database
of structures.

The final efficiency of the proposed structure heavily depends on the line
width of the structure since thicker lines give rise to shadow losses without altering
the fundamental geometrical properties. All of these parameters exert a profound
impact on the final performance of the geometry, therefore the comparison of each
structure is conducted under the same macroscopic conditions. The complexity of
each structure was also investigated, considering either the spacing (pitch)
between the lines used in the structure or the fractal depth in the case of the space-
spanning subclass. The model tries to find a delicate equilibrium between the
collection performance and shading losses induced by the metallic grid. As the
model takes into account the optical response and thickness of the specific active
layer, the main goal of the study is to establish the optimal structure for a given
active layer parameters. To take into account the difference in the optical response
of the cell, namely the different absorption exhibited by the active layer the two
architectures of third-generation solar cells are utilized. One of them is the
perovskite-silicon (pero-si) tandem cell and the second one is the organic layer. The
perovskite-silicon tandem cell is a recently intensively studied architecture [246-
248], promising high efficiency at a low cost of production. The optimized
perovskite absorber bandgap of the tandem solar cell is equal to 1.65 eV. Another
architecture used in the study is the organic fullerene acceptor and polymer donor
blend made of PTB7-PC71BM, a commonly employed material in recent studies
[249-251].

6.5.1. Diffusion length influence

Efficiency values for all the structures presented in Figure 90 and Figure 91
were assigned for varying complexity factors (pattern pitch or fractal depth), For a
better comparison between structures with different architecture, the complexity

factor was converted to a shaded area assuming constant linewidth. Additionally,
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to properly compare the results across distinct active layer materials with the same
optical properties (either pero-Si or organic) but different diffusion lengths,
simulations for 200, 500 and 1200 nm diffusion lengths within a 10 pm unit cell
were performed. Comparison between those two active layers of the third-
generation photovoltaics highlights the impact of solar cell optical properties on the
predicted parameters. Figure 92 displays outcomes for tested structures of 15 nm

linewidth along with a guide for an eye for improved legibility of the graph.

Y
—

200 nm |500 nm ‘ 1200 nm

—0-0-2] 1.0
— 2
> 8808
& 3
3 “m
< 3
S o) 7 g.
b= * 3
w 018
| | 0.9
6 PP
Shaded Area [%] Shaded Area [%] Shaded Area [%] VY
Diff. length [nm]
b) 200 nm 500 nm 1200 nm Lo
— B -
S o
s i 3
> i :
gl 3
o B =
Sl o
L
! i e
2 4 6 > SEP 09
Shaded Area [%] Shaded Area [%] Shaded Area [%] RN

Diff. length [nm]
Structure Type
@ Crossed o Hex. Filling o Square Grid e Diagonal Lines
@ H-Tree o Square Filling e Straight Lines

Figure 92. The efficiency results for each of the proposed structures with
growing complexity and density per unit vs shaded area for structures with
15 nm linewidth and different active layers. a) perovskite-silicon tandem active
layer and b) organic active layer. Three diffusion lengths are investigated: 200 nm,
500 nm and 1200 nm. In the right column, the maximum normalized efficiency is
shown indicating the best-performing structure for the given diffusion length and
active layer.

As anticipated, all the structures exhibit a rising trend, reaching a peak

before declining as the structural complexity increases. The highlighted green
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region marks the optimal shaded area for each diffusion length. It is established as
the region within one standard deviation from the mean value of the best three
structures efficiency for each subplot. The linewidth of 15 nm was selected to
correspond to a thin line replicablethrough e-beam lithography.

As mentioned previously, the efficiency outcomes are comparable to each
other only when stated against the results with the same macroscopic parameters,
most notably diffusion length and elementary unit cell. Therefore, the y-axes in 92
display different ranges across the subplots. On the right side of each row, there is
a subplot that consolidates the findings, normalized to the best-performing
structure in each diffusion length regime. For instance, in the case of the pero-si
tandem cell, the most optimal structures are observed to be straight lines and
crossed structures, followed by diagonal lines and crossed structures for shorter
diffusion lengths. For the organic active layer, a more diverse range of structures
exhibiting the highest efficiencies are observed with diagonal lines, straight lines
and square space-filling fractals, closely followed by the crossed structure. For
perovskite-silicon solar cells, the optimal shaded areas fluctuate between 2% and
4% at most, whereas for organic absorbers they reach as much as 5% for the 200
nm diffusion length and slightly above 2% for 1200 nm.

Notably, distinctions between different structure types become more
prominent in systems featuring thicker lines (around 100 nm), as illustrated in
Figure 93. In this case, the best performance is nearly always exhibited by straight
lines followed by the H-tree fractal, whereas the poorest performance is presented
by a hexagonal spanning fractal, unobservable in the figure due to the applied zoom.
In this linewidth regime, the crossed and diagonal lines structures yielded
significantly worse results. Due to the thick lines' employment, the reached
maximum is shifted towards less complicated structures, compared to geometries
utilizing 15 nm lines. It's noteworthy that the optimal shaded region is notably
shifted, now falling within the 5 - 10% range.
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Figure 93. The efficiency results for each of the proposed structures with
growing complexity and density per unit vs shaded area for structures with
100 m linewidth and different active layers. a) perovskite-silicon tandem active
layer and b) organic active layer. Three diffusion lengths are investigated: 200 nm,
500 nm and 1200 nm.

These results raise a question regarding optical losses caused by the metal
meshes, even for the best-performing structures, emphasizing the need to lower the
thickness of the lines within the system. Once more, fractal-like structures
consistently exhibit suboptimal outcomes compared to simple straight lines in most
instances, probably due to a very rapid increase in shading losses with successive
iteration of the fractal, which is significantly penalized in the final efficiency
evaluation.

The differences in the optimal shaded area ratio between perovskite-silicon
and organic absorbers are less pronounced for the 100 nm line thickness. It appears
that in this case, the geometry itself plays a more fundamental role in the collection

efficiency, rather than the outcomes than alterations in the distribution of
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photogenerated charges, induced by the different optical responses of the
absorbers. Surprisingly, despite their exceptional expansion properties, the space-
filling fractal geometries fail to dominate the result,falling short in comparison to
much simpler approaches. Traditional rectangular grids, commonly employed, do
not exhibit superior performance as well. Instead, it is either straight or diagonally

ordered lines that prove to be more effective for the same macroscopic parameters.

6.5.2. Efficiency applied for real cases of third
generation photovoltaics

Based upon the results presented in the previous section, three selected
structures are examined to compare their applicability varying the line thickness
and optimum period for the given linewidths. Within this section, perovskite-silicon
and organic active layers are selected and investigated, followed by outcomes
derived from a simplistic 2D model. This model's assumptions are significantly
constrained, as it excludes the absorber's optical response, as explained in Section
6.2. The selected structures for the examination are the following:

a) Straight lines, chosen for their manufacturing simplicity and consistently
high performance across diverse macroscopic parameters.

b) Rectangular grids, serving as a benchmark for other structures studied,
commonly employed in literature as TCE.

c) Crossed structure, which exhibits reasonable results, particularly notable
for thicker lines, which are easier to achieve through photo- and imprint
lithography techniques.

The sample with the properties of a pero-Si tandem cell is compared to the 2D
model findings in Figure 94. The efficiency value is assigned for varying line widths
and periods. As expected, the thickening of the line leads to lower efficiency and
shifting the curve toward larger periods in all studied cases, showing a preference
for less complicated structures. The vertical lines mark the maximum efficiency for

the given linewidth parameter.
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Figure 94. The efficiency of the selected structures evaluated for perovskite-
silicon and 2D models. Data presented for different line thicknesses and structure
periods within 10 um unit cell. Vertical lines mark the maximum efficiency for the
specific linewidth.

The 3D model consistently predicts less dense structures, resulting in
improved light transmission across all investigated structures. Notably, there is a
very little disparities between the 2D and 3D models in the case of rectangular grid
structures. However, for straight linesexist some discrepancies, especially visible
for thinner lines, disappearing beyond 60 nm lines. Furthermore, when comparing
the crossed structures, the divergence between the 2D and 3D models becomes
more pronounced, as the 3D model consistently indicates the less complicated
structures with larger pitch values, exceeding 2 pm for structures with thicker lines.
These findings display the importance of accounting for the three-dimensional
nature of carrier kinetics in the design of metallic grids, as it has a visible impact on
the predicted density and spatial arrangement of the grid elements.

The samples with a very low diffusion length, resembling the organic absorber
solar cell and the refractive index of the PTB7-PC71BM are shown in Figure 95.
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Figure 95. The efficiency of the selected structures evaluated for the organic
active layer and 2D models. Data presented for different line thicknesses and
structure periods within 10 um unit cell. Vertical lines mark the maximum
efficiency for the specific linewidth.

Interestingly, in the case of the organic active layer, the samples yield very

similar optimal period results, regardless of the computational model utilized. For
instance, straight lines and rectangular grid structures coherently raise the same
optimal periods across those two models. Minor divergences emerge in the case of
crossed structure, where again 3D model predicts slightly larger pitches for thinner
linewidths. That suggests that the predominant influence on charge transport in
such systems stems from the rapid decay and recombination of charges, rather than
the optical response of the cell that plays a minor role. This behavior again aligns
with the anticipated outcome, since such low diffusion length subordinates every
other parameter of the structure and fundamentally dictates the photogenerated
charges motion. Both models predict that the geometries made of thin lines reach
their maximum efficiency at higher gridline density compared to those made of

thicker lines. In this case, the models consistently point out structures with fewer
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gridlines traversing the structure, minimizing the efficiency penalty induced by the

loss in transmission. The summary of the results is presented in Figure 96.
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Figure 96. The period of the structure at which the system achieves the
maximum efficiency for varying linewidths. On the right, the shaded area
associated with the results. Triangles, squares, and stars mark the specific structure
shown in the subplots. There is a noticeable discrepancy between those two active
layers, stemming mostly from the difference in diffusion length.

As visible, the optimal period increases with thicker lines, implying the
influence of the shaded area efficiency lowering. Also, as expected the perovskite
layer with a longer diffusion length achieves bigger period values as they are less
complicated. The periods demonstrate monotonically growing behaviour with
increasing line thickness, regardless of used active layer. The optimal period of the
perovskite active layer does not fall below 1 pm even for the thinnest lines possible.
The organic active layer samples understandably are predicted to perform better
with the subwavelength geometries, comprising of the structures with just 200 -
400 nm in period.

The subplot on the far right in Figure 96 depicts the shading ratio associated
with these top-performing structures. Immediately, the striking difference between
pero-si and organic absorbers is visible, as the results are separated by around
4-5% in the optimal shaded area. This shaded region holds considerable
significance in the final efficiency assessment. Optimal geometries with thinner
lines at around 15 - 60 nm yield values below 5% and up to 8% for thicker lines in
the case of perovskite active layer. As said, the organic active layer with an
extremely low diffusion length needs a denser structure and therefore more
shading due to the metallic grid, starting at around 6% up to 11%. The results
emphasize the need to use thinner lines which allow smaller period possibilities

and therefore higher efficiency results with the same shaded area ratio.
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The findings presented here, although not experimentally verified in the real
devices, align with the literature results where similar concepts were employed. For
instance, Knight et al. [113] showed the increase of 2.1 mA/cm? in Jsc and a
significant sheet resistsnace drop (15 (1/sq) for a rectangular grid of 4 um period
with extremely thin (~22 nm) ITO layer. Also, they showed that the period tuning
and controlling shading losses is crucial, since rectangular grid with 1 um yielded
much worse results.

The model of carrier generation and collection can be further expanded to
take into account more transport phenomena to even better reflect the carrier
kinetics in the near future. However, this approach would require more input
parameters of the employed materials. Nevertheless, the trends depicted by the
proposed model are clear and correct: the high mobility absorpers would require
less dense structure, leaning toward more transparent grid, whereas materials with
low diffusion olengths should be significantly enhanced in terms of the grid. Besides
the transport dynamics of the charges, the optical properties after such

modification should be considered as well.

6.6.0ptical properties

Similar to the case of perovskite with honeycomb structure, the solar cell with
modified top layer, was investigated in terms of improved optical properties. To
simulate the periodic structures, again RCWA method was employed. In the case of
TCE, the transmission and antireflective properties are as important as the
electrical properties. Ensuring minimum optical losses is critical for the high-
performing systems. As the proposed electrode is meant to be applied to a
perovskite or a perovskite-silicon tandem cell, the simulations are performed for

the real optical stack of solar cells.

6.6.1. Convergence analysis and RCWA simulation
details

Since the main goal was to optimize the reflectivity, three different stacks
were compared, illustrated in Figure 97: the bare perovskite solar cell, the
perovskite cell with periodic nanomesh of the optimized structure and the

antireflective texture, known for strong diffractive properties to elongate the
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optical length in the sample and prohibit the outcoupling of the light. From the
variety of antireflective coatings, the honeycomb texture proposed in the previous
studies was employed, as it holds exceptional antireflective properties with proved
ease of manufacturing [117,118,156,252]. Also, these studies were conducted to
mitigate the unavoidable losses stemming from the metallic nanomesh. The
arrangements of the employed nanomesh were chosen based on the previous

results, selecting the most promising ones.

PLANAR NANOMESH NANOMESH
+ ARC

Figure 97. Simulated optical stacks. a) Planar, perovskite solar cell without any
ARC coating. b) the same stack with nanomesh grid design embodied in the top ITO
layer c) the stack with applied antireflective texture for maximum reflection loss
reduction. On the right, there are exact dimensions utilized in the simulation in
nanometers. The position of the nanomesh within the ITO layer does not influence
the results obtained from the electrical model described earlier.

First, the convergence studies were conducted to assert the physical meaning
of the simulations, similar to the procedure presented in Section 5.6. Figure 98
presents the preliminary calculations result. The primary goal of this convergence
study is to assess whether varying parameters significantly affects the received

reflectivity.

141



a) b) c)
8
Additi | ord i
T mmem| o el g
=6l AR ® o - /1 18,
s, / \q o 2 / \Q @ 75nm '}’\\\‘ o Q ,
g ! \ @ ¢ / \ @ 60nm I,II Y X A ’
G4 \ ® L L o s | FANSE |
54 ® . f \h ] PP AR
U / H - o ) Y ]
ui_J | &] / N A4 /’ Q\‘ .4 I.; Period [um] \&g, \\ II :\-l
@2k N S I 5 o E: y o 12 S v @
o \“e' .\ "/ ‘\0/ @ “/' :\ 17 o 15 6. ‘3’ 5]
- R 1. G
9 @ \g o 22 "o
0 400 500 600 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900

Wavelength [nm] Wavelength [nm] Wavelength [nm]

Figure 98. Convergence analysis for RCWA simulation setup for the
honeycomb antireflective coating atop of perovskite cell. a) different number
of additional plane waves in the calculation b) different degrees of discretization of
the honeycomb antireflective texture c) different periods of the unit cell.

The fundamental setup for these computations involves a honeycomb texture
atop the perovskite solar cell, similar to the system presented in Section 5.3. Three
adjustable parameters were investigated to ensure stable and reproducible
outcomes: the number of additional orders incorporated in the simulation for each
x and y direction, the layer height to enhance texture discretization, and the period
of the simulated unit cell.

Results indicate that the first two parameters yield virtually identical and
negligible alterations, ensuring stability in the calculations. Therefore, the final
parameters were set at 4 additional orders in each direction and a layer height of
75 nm, respectively. However, modifying the period introduces some discrepancies,
particularly in the longer wavelength regime above 700 nm. This behaviour is
expected since the structure itself acts like a diffractive structure wherein the
period of such optical element is always the fundamental attribute of the system.
Since the simulation time - as explained in Section 3.4.2 - abruptly increases to
unfeasible values with increasing period dimensions, the period of the unit cell was
selected to facilitate finite simulation time while encompassing all necessary
attributes of the physical system. Therefore, the system dimensions used in the
simulations were set to 3 pum x1.8 pm. Additionally, the step was chosen to 10 nm
for a reliable reflection of the physical properties of the system with a reasonable
calculation time for various stacks.
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6.6.2. Reflectivity results

The reflection spectra were computed using the RCWA method with the
earlier established simulation parameters such as spatial dimensions and
additional orders employed, asserting simulations convergence. Various structures
were tested to assess their influence on optical losses caused by the introduced
gratings, previously identified in Section 6.5 as the most promising structures.
These structures are anticipated to induce not only simple shading losses but also
to scatter and diffract the incoming light, being the foremost reason for even more
light to be outcoupled.

First, simulations were performed to evaluate the reflectance of straight lines
grids with differing periods, ranging from 1 pm down to 500 nm. Figure 99
showcases the reflectance results with growing lines density, resulting in increasing
the shading losses. The simulations confirm this behaviour, where a 500 nm period
straight lines structure gives strong reflection around 550 nm wavelengths. As
seen, the application of nanomesh leads to detrimental effects on the reflectance,
however observed with different intensity, depending on the employed period of

the lines.
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Figure 99. Reflectance spectra of the planar perovskite solar cell along with
spectra of the straight lines meshes with varying periods obtained with RCWA
method. The smaller period means lower transmittance and thus higher shading
ratio. All the simulations with the grids were done with 10 nm step.
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The highest reflectance, reaching 35% is obtained for 500 nm period straight
lines. However, a slight improvement is noticeable around the 570 - 625 nm range
across all investigated structures. Nevertheless, this improvement is outweighed by
the increased reflection in other spectral regions, mostly below 550 nm. These
findings show the importance of minimizing the shading losses and thus favouring
less dense nanomesh arrangements. Despite the limitations of 10 nm step, resulting
in a few spikes in reflectance spectra, and some assumptions such as perfectly
planar layers, the simulation shows the expected trends of such modified systems.

In the subsequent simulations, the period of the selected structures was set to
1 um for a more accurate comparison, ensuring similar, but not the same shading
losses among the structures. Figure 100 shows perovskite stack reflectance
spectra with two different antireflective coatings applied: a planar thin film of MgF>
or honeycomb texture applied on top of the ITO layer. As seen in Figure 100a, the
planar MgF? thin film layer application notably reduces the reflectance below 10%
across the entire spectral range. However, the introduction of the gratings still
results in a significant loss with the exact value of this increase depending on the
structure type employed. For instance, rectangular gratings yield up to 20%
reflection within the 475 - 500 nm range. A notably low reflectance regardless of
the used structure is achieved within the 550 - 750 nm range, highlighting the
versatility of this approach when the antireflective coating is properly index-
matched. Similar to bare perovskite stack, the lowest weighted reflectance is
presented by the structure with the least shading structure, which is straight lines
geometry. A highly promising approach involves utilizing not just a planar
antireflective coating, but rather a multiscattering texture, akin to that presented in
Section 2.2.2. Such a structure effectively deals with the reflections coming from
different angles. As a result, a wideband antireflective behaviour is exhibited with a
noticeable attenuation of the signal up to 750 nm wavelengths. Figure 100b
presents the results of the honeycomb antireflective structure. After its application,
the reflectance is substantially reduced for all of the employed structures. The
achieved weighted reflectance spans from 7.7% to 4.9%, raising a very promising

outcome, similar to that obtained in Section 5.4.2 for the real device.
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Figure 100. Reflectance spectra for perovskite solar cells of different
nanomesh structures with and without antireflective coating application. a)
Before and after MgF2 planar layer application. As seen, the MgF2 100 nm thin film
very effectively lowers the reflectance losses. b) The same structures with
honeycomb texture on top along with the bare perovskite layer with the same
applied structure.

Similarly, the straight lines geometry applied with a honeycomb texture
exerts a subtle modification of the optical properties of the unmodified stack (4.9%
vs. 5.2% Rw value). Interestingly, rectangular and cross-grid structures exhibit a
slightly worse value, especially visible within the 475 - 550 nm range, resulting in
7.7% and 7.0% Rw, respectively. These findings suggest that the utilization of a
multiscattering texture holds promise as a strategy to mitigate reflection losses.
Table 9 summarizes the weighted reflectance results for different investigated
structures. It is apparent that while the incorporation of a straight lines conductive
grid has a significant and beneficial effect on electrical performance, its optical
impact can be effectively mitigated by applying an appropriate antireflective

texture.

Table 9. Weighted reflectance results for different grids and antireflective
coatings applied on perovskite cell.

Sample As such +Planar MgF2 +HC
Planar perovskite 14.4% 5.1% 4.9%
Straight lines 1 pm 15.3% 6.4% 5.2%
Rectangular 1 um 17.5% 8.9% 7.7%
Cross structure 1 pm 16.1% 6.7% 7.0%
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The findings suggest a significant potential in the structured grid for solar cells
when paired with nanoimprinted ARC for additional antireflection properties
enhancement. While the grids seem to have a rather detrimental effect in terms of
incoupling the incoming light, these concerns can be addressed by choosing the

right light management strategy, proposed and evaluated here.

6.7.Summary

A new model of assessing the applicability of nanorgids for TCO applications
was proposed. It relies not only on the geometry of the grid, but also on the optical
response of the solar cell - in particular the refractive index, thickness and diffusion
length of the photogenerated carriers. Constructing such models is of great
importance, since they are much more close-tailored approach to the specific
application, in this case, the transparent grids for solar cells. By the assessment used
by the model, some of the promising structures with well-defined periods were

proposed.

Besides, the optical properties of such modification was analyzed. As
expected, these grids introduce some shading losses that yield worse results in
terms of transparency, leading to worse performance. This study addressed this
issue that needs to be solved by using the two approaches known from Section 2.2
and Section 5.4. which involve planar and texturized anti-reflective coating. The
such proposed modification led to a very optimistic change in the simulated
reflectivity, indicating that the overall performance of the sample can benefit from
it.

146



CHAPTER 7.

Conclusions and Perspectives

This dissertation was devoted to the investigation and optimization of the
operation of the top layer of solar cells. Here, a short summarization of the most
important and noteworthy results and concepts presented in the thesis is provided.

CHAPTER 1. CHAPTER 2. and CHAPTER 3. presented a comprehensive
introduction of the phenomena observed in the solar cell, industry evolution and
relevant literature overview. These chapters meticulously described all the needed
information to guide the reader through the next sections and prepare them for the
topics presented in the results-filled chapters.

In CHAPTER 4. the properties of ALD-grown samples of ZnO thin films with
different dopings are presented. Extensive studies were conducted to deeply
investigate the optoelectronic properties of these films. Regardless of the cation
type, doping induced significant changes in the electrical and optical properties of
the samples, notably enhancing conductivity and shifting the optical bandgap
towards the shorter wavelengths. Due to its exceptional conductivity and wide
range of tunability, the proposed material can be employed in future electronic
devices exploiting TCO films, solar cells in particular. Additionally, this chapter
introdueces another promising concept of transparent electrode, which is a
composite oxide-metal-oxide material. Conducted TMM simulations show
promising results, surpassing planar, single-layer electrode. However,
experimental verification proves to be more challenging. The main reason behind
this discrepancy may stem from silver diffusion and agglomeration into larger
islands that breaks the continuous metal layer.

In CHAPTER 5. one of the earliest successful applications of direct
nanoimprinted anti-reflective texture for perovskite solar cells is presented. What
is more important, this application did not cause any significant damage to the cell,
indicating the potential for future researches utilizing this technique on the
perovskite absorber in various research domains beyond photovoltaics. The
modified cell yielded highly promising efficiency, surpassing the commonly used
planar MgF2 anti-reflective coating. These results reveal the potential for further

exploration, with the possibility of identifying better index-matched photoresists,
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promising even lower reflectance losses. The significance of these researches is also
indicated by the potential present in perovskite-silicon tandem solar cells. The
nanoimprint technique presented here holds the promise to be seamlessly
employed into perovskite-silicon solar cells production chain. Such tandem devices
would exhibit exceptional antireflective and light-trapping properties combined
with the ability of covering the wide range of solar spectrum, paving the way for the
development of new record-breaking photovoltaic devices.

CHAPTER 6. combines the concepts described in the two preceding chapters,
introducing a new model for transparent conductive electrode assessment as well
as proposing the antireflection texture for even better optical performance of such
electrode. The findings presented in this chapter are currently at the stage of
numerical results, and achieving experimental validation would be a significant
step forward in constructing functional, texturized, transparent electrode with
embedded nanomeshes. Constructing such models that includes the electrical
transport and the optical response of the cell is of great importance, since they are
much more close-tailored approach to the specific solar cell active layers. The
evaluation yielded by the model offers a roadmap for designing appropriate
arrangements of the metallic grid for active layers, such as organic absorbers,
perovskite, and tandem configurations. Additionally, the optical properties were
examined, focusing on transmission losses due to shading arising from the grids.
Application of suitable antireflective coatings can significantly mitigate these losses.

Presenting an abundance of important results that introduce innovative
concepts for TCO and antireflective coatings, and combining them in the last
chapter, numerically showing the importance of this analysis, this thesis can
contribute in the ongoing development of third-generation photovoltaics,
particularly perovskite and tandem perovskite-silicon cells. As this technology is
currently in its infancy state, these findings paves the way for the new
advancements in photovoltaic technology. The aforementioned architecture is
expected to secure more industry market share, promising prominent efficiency
growth compared to silicon cells and seamless implementation into existing
process chains.

This thesis was meant to both explains the physical phenomena present in the
solar cells, firmly rooted in the field of solid state physics, while maintain a
contemporary perspective with application-oriented approach. It is devoted to
exploring the newly discovered topics in the science, specifically to that one that

pushes further the boundaries of renewable energy sources.
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