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Abstrakt / Abstract

Atomic layer deposition (ALD) je
metoda depozice z plynné fáze, která
umožňuje nanášení tenkých nanomet-
rových vrstev materialu bez drobných
otvorů. Díky samoomezujícím reakcím
zahrnutým v procesu, ALD poskytuje
vynikající konformitu, nízké teploty
nanášení a přesnou kontrolu tloušťky
a složení. Díky miniaturizaci v elektro-
nickém průmyslu, zejména ve výrobě
fotovoltaických zařízení, ALD získalo
významný zájem. Úprava rozhraní,
která je klíčová pro získání efektivních
fotovoltaických článků, může být přesně
provedena pomocí metody ALD a byla
zkoumána pro různé typy fotovoltaic-
kých zařízení. Tato bakalárská práce
představuje hlavní principy ALD a uka-
zuje jej výhody. Dále je uveden přehled
aplikací ALD při výrobě fotovoltaických
članků. Experimentální část této práce
je zaměřena na depozici vrstev oxidu
hlinitého Al2O3 na Si wafer a násled-
nou analýzu zlepšených fotovoltaických
vlastností.

Klíčová slova: Depozice atomárních
vrstev; Fotovoltaický článek; Aplikace;
Pasivace; Křemíkový wafer; Oxid hli-
nitý;

Překlad titulu: Aplikace depozice
atomárních vrstev pro struktury foto-
voltaických článků

Atomic layer deposition (ALD) is a
gas/vapor phase technique that allows
depositing pinhole-free nanoscale thin
films. Due to the self-limiting reactions
involved in the process, ALD provides
excellent conformality, low deposition
temperatures, and precise thickness and
composition control. Due to minia-
turization in the electronics industry,
particularly photovoltaic device manu-
facturing, ALD has gained significant
traction. Interface modification, which
is crucial for obtaining effective solar
cells, can be accurately done using the
ALD method, and it has been explored
for various types of photovoltaic de-
vices. This thesis introduces the main
principles of ALD and showcases its
benefits. Then an overview of ALD
applications in photovoltaic device fab-
rication is given. The experimental part
of this thesis focuses on the deposition
of aluminum oxide Al2O3 layers onto
Si wafer and subsequent analysis of
improved photovoltaic characteristics.

Keywords: Atomic layer deposition;
Photovoltaic cell; Applications; Passiva-
tion; Silicon wafer; Aluminum oxide;
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Chapter 1
Introduction

Atomic Layer Deposition (ALD) is a sequential self-limiting gas/vapor deposition pro-
cess that allows the fabrication of conformal pinhole-free nanoscale films. ALD is a
unique method that has attracted much traction due to its advantageous properties,
such as high conformality and uniformity of deposited films, precise control over thick-
ness and composition, and low deposition temperatures. ALD has shown promise in
the semiconductor industry and energy harvesting technologies, such as solar cells.

The performance of photovoltaic devices is strongly dependent on interface properties
between various layers. Thus interface engineering methods are crucial to achieving high
power conversions [15]. ALD is a powerful deposition method that can precisely control
the growth and composition of the deposited films, tuning properties of the interfaces to
desired qualities. The implementation of ALD into solar cells has been proceeding since
the 1990s and includes the manufacturing of passivation layers, buffer layers, absorber
layers, selective contacts, protective coatings, etc [7]. Currently, ALD has been used
mainly in academic research and gradually introduced into the commercial fabrication
of photovoltaic devices.

This thesis aims to introduce the basic principles of ALD, outline parameters im-
portant to successful deposition, and highlight ALD’s natural advantages over other
deposition methods. A showcase of ALD applications in photovoltaic device manufac-
turing is then given. The later chapter focuses on making a case for the aluminum oxide
layer as the suitable passivation layer for Si-based solar cells. The experimental part of
the thesis focuses on the fabrication of Al2O3 layers and their subsequent characteriza-
tion with the Atomic Force Microscopy (AFM) and effective lifetime measurements.

1.1 Origination of ALD

It can be stated that ALD has been introduced twice independently of each other.
Initially, prof.Valentin Borisovich Aleskovsky of Leningrad Institute of Technology and
prof.Stanislav Ivanovich Koltsov experimentally developed the principles of ALD and,
in 1965, published the principles of ALD under the title of “Molecular Layering” [16].
Later in1974, professor Tuomo Suntola devised the first iteration of ALD as the Atomic
Layer Epitaxy (ALE) at Instrumentarium Oy, Finland [17]. Later in the 1980s, research
on ALE application focused on the deposition of II-VI and III-V semiconductors using
organometallic compounds, simultaneously further extending the library of available
chemical elements for deposition. As prof.Suntola continued to improve the deposition
method, introducing more metals and fabricating more metal oxides, which were de-
posited non-epitaxially, the method has distinguished itself as Atomic Layer Deposition
(ALD). In the late 1990s and early 2000s, the method found exciting applications for
the production of silicon-based electronics as a result of the ever-increasing miniatur-
ization of electronic device dimensions [18].
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1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.2 Comparison of ALD with CVD and other deposition
methods

Main film deposition methods can be divided into three groups: gas, liquid, and solid-
based deposition methods. The deposition method also can be either physical or chem-
ical. These methods include Physical Vapor Deposition (PVD) and its modification:
Molecular Beam Epitaxy (MBE), Pulsed Laser Deposition (PLD); as well as Chemical
Vapor Deposition (CVD) and its modifications Low-Pressure CVD (LPCVD), Metal-
Organic CVD (MOCVD) [16]. PVD is a top-down method that uses condensation
of gaseous source material on the substrate to form thin films. CVD is a bottom-
up method involving chemical reactions conducted by volatile precursor molecules [2].
These molecules are simultaneously introduced into the chamber, where they decom-
pose at the surface, which is usually heated to stimulate reactions and leave a thin film
of the desired material.

For many ALD methods, different CVD and MOCVD served as a template [1, 19].
However, the ALD process features alternating exposure of chemical precursors at lower
temperatures with a self-saturating reaction, leading to controlled growth, hence dif-
fering from CVD [2]. Unique qualities of ALD, such as excellent uniformity and con-
formality, precise thickness control, and low-temperature depositions, distinguish ALD
from other deposition methods and give it leverage. These advantages are given by sev-
eral reasons: unlike CVD and PVD, ALD has a lesser dependence on the flux control
of the precursor. Flux-controlled process growth rate, uniformity, and conformality are
directly related to the flux of source species and thus require precise flux regulation
to optimize the deposition [2]. The self-limiting nature of surface reactions is another
reason. As a comparison, Pulsed Chemical Vapor Deposition (PCVD) likewise uses al-
ternating exposure of chemical precursors, separated by purge periods, but unlike ALD,
the growth rate does not reach saturation with the increasing flow rate of co-reactants
during respective pulses [19]. Another improvement over other methods is that during
ALD reactor chamber is purged after every introduction of precursor, which improves
uniformity and restricts the incorporation of reaction by-products as impurities in the
deposited film, lowering defect density [19].

2



Chapter 2
Principles of ALD

2.1 Description of ALD
Due to self-limited reactions between precursors and substrate, ALD has been classified
as a self-assembly process in the International Technology Roadmap for Semiconductors
(ITRS) [5]. ALD is a gas/vapor deposition method, where in a sequence of alternating
self-limiting surface reactions a film of desired materials is created. Precursors are
introduced into reactor chamber sequentially and separately. Precursor species react
only with accessible surface active sites, which are consumed as reaction proceeds [19].
Once the surface has been depleted of all the accessible active sites, the reaction stops
regardless of the existence of excess precursor molecules, creating a sub-monolayer of the
deposited material. The reactor is then purged, and a subsequent reactant is introduced.
A number of sequences compose a single cycle, during which a single monolayer of the
film is deposited. Cycles are repeated a discrete number of times until desired thickness
has been achieved [2]. Sequential behavior of ALD provides an opportunity for precise
control and tunability.

2.1.1 Description of ALD process
ALD process consists of a discrete number of cycles, which are conducted under certain
deposition conditions specified by an ALD material recipe [19].

Figure 2.1. Schematics of ALD process (a) functionalized substrate prior to deposition,
(b) exposure to precursor A and its reaction with the surface, (c) first purge sequence, (d)
exposure to precursor B and its reaction with the newly created sub-monolayer, (e) second

purge sequence, (f) repeated cycles of ALD process [1].

3



2. Principles of ALD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Each cycle, in general, consists of 4 steps. It is essential, as it is depicted in Fig. 2.1

(a), to confirm that the substrate surface is functionalized or treated to functionalize in
chemical reactions with precursor before initiating the ALD process [1]. Proper treat-
ment, according to the deposition modifications, helps to achieve optimal deposition
conditions and satisfactory results.

The first step: depicted in Fig. 2.1 (b), after the substrate has been deposited into
the reactor chamber and deposition conditions, such as chamber pressure or substrate
temperature, have been set in accordance with deposition recipe precursor A (first) is
pumped into the chamber. The precursor exposure period is specified so that precursor
could react with the substrate in a self-limiting manner [1]. ALD process is designed so
that precursors are restricted to react with only available surface sites. As the reaction
goes, active surface sites are depleted. When all of the surface bonds are occupied
with the main precursor element, the reaction self-terminates, regardless of any excess
precursor species that are present in the reactor [19]. Saturation is achieved, leaving
reaction by-products, leftover precursor species and newly grown sub-monolayer, which
is ready to react with co-reactant.

The second step: depicted in Fig. 2.1 (c), after saturation is reached, the reactor
chamber is filled with residual precursor molecules and gaseous reaction by-products.
The reactor is then purged with the inert gas carrier (usually Ar or N2) and cleared
of unnecessary elements [1]. Purge periods are adjusted accordingly with the chemical
composition of the precursor. Sufficient purge periods are detrimental since they ensure
the composition quality of the final product and prevent potential reactions of ensuing
precursor with remaining precursor molecules or reaction by-products and subsequent
contamination of deposited film.

The third step: depicted in Fig. 2.1 (d), precursor B (second) is pulsed into the
chamber for a sufficient time to reach saturation and form the second sub-monolayer,
finishing a single monolayer (ML). Excess precursor molecules and reaction by-products
are left in the chamber. The third step mirrors the first one, accounting for the specifics
of precursor B.

The fourth step: depicted in Fig. 2.1 (e), a second purge is initiated. Reaction
by-products and precursor are purged from the reactor chamber, making it ready for
the next cycle. A combination of one pulse period with the consequent purge period
is called a half-cycle. Cycles are repeated until the desired thickness of the film is
achieved, as shown in Fig. 2.1 (f). The incremental change achieved by the end of the
cycle is used as a characteristic called growth-per-cycle or GPC [2]. Linear growth or
constant GPC is desired and can be demonstrated in a steady regime of ALD. GPC
depends on individual processes and can change throughout the whole deposition [19].

2.2 Characteristics and conditions of ALD process
Various characteristics such as GPC, temperature window, and time periods can be
used to characterize a specific ALD process. Unique and advantageous properties of
ALD are exhibited only when various depositions conditions are followed. Besides that,
the variables of a specific ALD reactor and the specific process should be considered to
optimize the deposition.

2.2.1 Growth rate
One of the main characteristics, which is used to describe the deposition process practi-
cally, is the incremental growth of deposited film per cycle or, as mentioned previously,

4



. . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 Characteristics and conditions of ALD process

growth-per-cycle. As the reaction between precursor and surface substrate reaches sat-
uration, the film growth stops increasing and starts to plateau at a steady number [20].
This self-limitation is what allows to calculate a typical growth per cycle.

GPC is usually calculated as the final thickness of deposited film against the total
number of cycles [19]. Calculations can be done both in-situ and ex-situ. Ex-situ cal-
culations are done using methods such as single wavelength ellipsometry measurement
that uses data from multiple depositions. In contrast, in-situ measurement, which pro-
vides more practicality, can be done in real-time during a single deposition via spectral
ellipsometry [19].

Ideally, constant GPC is desired. It is ensured through that an equal number of
surface sites are consumed and regenerated in a deposition cycle, but this condition
is challenging to achieve [19]. Various factors such as material densities, the relative
size of atoms, crystallinity and interatomic planes, substrate material, and deposition
temperature exert influence on the film growth [20]. Also, the calculation of GPC in
multilayer systems may not be as simple as a sum of several independent processes.

2.2.2 Temperature
Deposition temperature is another essential characteristic used to describe a particular
process. Temperature determines the availability of precursors and heavily affects the
crystallinity of all inorganic films deposited by ALD [21].

The temperature range within which the deposition exhibits self-limiting nature is
called temperature window [1] and it is specific for a particular process. An idealized
window scheme of the ALD process with undesired effects is shown in Fig. 2.2.

Figure 2.2. Idealized ALD window scheme [2]

GPC is not affected by the temperature variations inside this window, but if the
temperature values reach outside of the specified limits, several undesirable effects may
hinder the properties of the ALD process [2]. GPC may suffer from temperatures both
over and under the temperature window. At lower temperatures, molecules may show
lower reaction kinetics, preventing the occurrence of complete reactions and saturation,
hindering the resulting GPC [1]. GPC may also be decreased due to either desorption
or etching of grown film at higher temperatures [2]. Temperatures over the specified
window may also lead to the decomposition of precursor species, which results in the
incorporation of undesired CVD components into the deposited film and an increased
growth rate. Increased GPC may also occur at lower temperatures, which happens due
to the condensation of reactants on the surfaces. Condensation also decreases purge
effectiveness, causing excessive contamination of the deposited film [2].

5



2. Principles of ALD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The substrate temperature is another significant characteristic that is important for

deposition. It determines the thermodynamic feasibility and kinetics of the undergo-
ing ALD surface reactions [19]. The substrate temperature is usually restricted by the
upper limit, above which deposition loses its self-limiting nature. Reactor design and
thermal stability of the substrate are additional factors that must be counted when
determining optimal substrate temperature. Other temperature parameters for a spe-
cific ALD process may affect deposition results. For example, the growth of ZrN using
PEALD is affected by the valve temperatures [22].

2.2.3 Time periods
Durations of various deposition steps significantly affect the properties of the ALD fab-
ricated film. Sufficiently long reactant exposures and reactor purges may help GPC to
reach a constant value, which then will not be affected either by the extended exposure
time or by the increased purges period [19]. Short purge periods lead to the presence
of excess precursor and reaction byproducts in the reactor chamber during subsequent
precursor exposure step, thus possibly leading to contamination of grown film with
CVD components or unnecessary by-products [2].

Since ALD is less dependent on the molecular flux due to the self-limiting nature of
reactions, a difference in flux within different areas of complex 3D topologies may be
compensated by the increase in the exposure time to achieve conformality [2]. Limited
by gas phase diffusion, precursor and reactant transport in high aspect ratio features
of 3D topologies requires an increase in pulse periods of both reactants to attain con-
formality and uniformity within deep features [19]. Computational simulations, such
as Monte Carlo-based simulations, are used to predict proper pulse and purge periods
better for specific ALD processes [5].

The deposition rate is a temporal characteristic of an ALD process. It is described by
a number of layers that are deposited in a set period of time. Most ALD deposition rates
are of order 100-300nm/h [23]. Deposition rate strongly depends on the reactor design
and aspect ratio of a substrate. As mentioned previously, complicated non-planar high
aspect ratio structures require longer pulse and purge periods to achieve conformality,
increasing the overall deposition rate. Increasing the volume and surface area of the
reactor chamber also increases purge and pulse time periods.

2.3 Advantages and shortcomings of ALD
ALD provides undeniable advantages, which stem from sequential self-saturating re-
actions of precursors with the surface. These advantages are unique to ALD and are
achieved for the specified conditions dictated by the deposition recipe.

2.3.1 Thickness and composition control
Self-limiting nature of the ALD process, as well as the cyclic layer-by-layer deposition
manner, allows for precise thickness control of the deposited film and composition tuning
and simplifies the research into the mechanism of surface grafting and film growth [20].
In general, the thickness of a single layer of the film deposited during a cycle is less than
1 ̊𝐴 (Angstrom), with regard to a specific process [1].Consequently, the overall thickness
of the deposited film can be adjusted at the atomic scale by controlling the number of
repeated deposition cycles.

Composition tuning allows for the creation of complicated materials of more than
two chemical elements. Incorporation of additional chemical elements can be done
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Advantages and shortcomings of ALD

by a variety of methods, from simply increasing the number of deposition steps, as a
multistep process, to combining multiple ALD processes in a specific ratio. Additional
elements are represented as an additional layer or as nanoparticles doping of the film.
The combination of multiple ALD processes is known as supercycle, and it can be used
to grow alloys or doped materials [2]. Supercycle consists of m repeated cycles of the
first process and the subsequent n repeated cycles of the second process. Adjustment
of the m:n ratio can play a detrimental role in defining material properties such as
conductive behavior or optical properties in the case of zinc-tin-oxide deposition, which
uses ALD processes for SnO𝑥 and ZnO [1]. Fig. 2.3 depicts the scheme of various step
combinations in the above-mentioned processes [2].

Figure 2.3. Schematic representation of steps in a) a regular ALD process, (b) a multistep
process and (c) a supercycle [2].

It should be stated that for metal oxides, ALD processes thermal compatibility is
required for successful deposition and that often ratio of cycles and ratio of the deposited
layer does not have a linear relation [1]. This creates complications when designing
supercycles.

There is a concern that atomic-scale thickness control may not always be guaranteed.
Various kinetic and steric factors affect the actual thickness per growth cycle, making
it less than 1 ML/cycle [5]. Thickness control may also be affected by growth delay
or growth enhancement effects. Ideally, immediate linear GPC is desired for the ALD
process; however, substrate material or its treatment may affect the growth rate at
the beginning of the deposition, leading to an increased or decreased growth rate [2].
Another growth deviation that may decrease the GPC of the ALD for specific mate-
rial systems is the formation of ”islands”, zones of increased initial growth [5]. The
formation of ”islands” is usually observed for metal oxides but not restricted to them.

Considering the information mentioned above, the effects that cause growth deviation
can be potentially beneficial at the same time. For example, ”island” formation can be
used for controlled growth of islands or even nanoparticles [2]. Additionally, dependence
on the starting properties of the wafer surface can be used, by appropriately altering
deposition conditions and process, to create a modified ALD process, such as selective
growth ALD [2].

2.3.2 High conformality and uniformity

High conformality and uniformity are the qualities that are usually sought after when
choosing ALD as a primary deposition method. Conformality indicates an equal thick-
ness of deposited film throughout the structure’s surface, and uniformity illustrates that
film or coating is the same structurally and compositionally over the entire structure
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surface. These qualities are attributed to the self-limiting nature of the ALD pro-
cess. Conformality is a detrimental quality since emerging nano-scale devices are not
only limited to planar structures but exhibit complicated 3D topologies. Fig. 2.4 (a)
show an excellent conformality and step coverage of of PEALD grown TiO2, Al2O3
and SiO2 films in dense trenches. Each layer can be distinctively seen in the cross-
sectional HAADF-STEM image Fig. 2.4 (a) and Fig. 2.4 (b) shows Energy Dispersive
Spectroscopy (EDS) map, that shows each deposited elemnt.

Figure 2.4. Cross-sectional HAADF-STEM image (a) and EDS map (b) of of a stack of
alternating TiO2 and SiO2 layers and a single layer of Al2O3 [3].

To achieve high levels of conformality, deposition conditions should be fulfilled, and
saturated absorption of precursors should occur over the entire surface of the structure.
This condition may be easier to achieve on flat surfaces, whereas complex 3D high
aspect ratio structures require a more complex approach to achieve high degrees of
conformality. Complex structures, like trenches or holes, require saturated absorption
of precursors both outside and inside of them [5]. While a flat surface saturation may
be achieved at a certain amount of time, due to differences in conditions and deposition
regimes, the degree of saturation over the complex 3D topologies may differ. Incomplete
saturation reactions may occur deep inside holes or trenches, leading to a diminishing
layer of thickness going from top to bottom and thus a poor level of conformality.
The degree of saturation is determined by several factors, including molecular flux,
adsorption or desorption probability, and surface diffusion [5].

As mentioned previously, an increase in exposure time may be a solution to improving
conformality. Depending on the deposition regime, however, this condition may differ.
For diffusion-limited growth, which occurs in very high aspect ratio structures or for
high probability reactions, both exposure and purge periods should be largely extended
to achieve saturation at the bottom of the trench [2]. This might not be the case for
recombination-limited growth, which is typical for plasma or ozone co-reactants since
the increase in exposure time might be impractical due to extensive exposure time
necessary [2]. For reaction-limited growth, conformality may be achieved even without
saturation conditions. Sticking probability is another factor that can be affected by
modifying the surface in order to improve saturation [5]. It is necessary to use various
mathematical models of step coverage of ALD to gain more insight into how deposition
may be improved.

Various chemical side effects can diminish the conformality and uniformity of the
deposited film, including decomposition, surface poisoning, etching, and process inter-
actions [2]. Decomposition of precursor in the gas phase or on the substrate surface may
lead to a CVD component, which increases non-uniformity. In particular, decomposi-
tion becomes an issue when an ALD process, designed for single-wafer equipment, is
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applied without particular modification to batch production tools [2]. Surface poisoning
and etching are usually the results of reaction by-products.

2.3.3 Low temperature deposition

ALD is vastly used for another unique and robust advantage: the possibility of de-
position of high-quality films at relatively low temperatures, with rather low impurity
levels, compared to CVD [5]. This is attributed to the ALD-specific quality, that sur-
face reactions are complete. Substrate heating is needed to activate surface reactions
with precursors [5]. A typical range of temperatures for the ALD process to achieve
these properties is between 150∘C and 400∘C, which is lover compared to CVD. Several
ALD processes of specific chemistry combinations have been deposited at temperatures
under 100∘C, even at room temperatures [20, 5]. For example, a so-called ”golden stan-
dard” ALD process, deposition of Al2O3, which uses trimethylaluminum (TMA) and
water, is possible at temperatures as low as 33∘C [24]. Even though the film density was
lower and hydrogen levels were higher in comparison to films deposited at 177∘C, Al2O3
film had good electrical properties and a smooth surface. Other material compounds
deposited at low temperature depositions include TiO2, SiO2, B2O3, CdS and VO2 [20,
5].

ALD process for metal films requires reducers to clear the surface of the remaining
ligands. Compared to the reactivity of oxidizers used on the deposition of metal oxides,
the reactivity of reducers is lower [5]. Thus, in general, temperatures for deposition
of metal thin films are higher in comparison with metal oxides, and a relatively small
amount of depositions have been reported at temperatures under 100∘C. For example,
Cu has been deposited at 50∘C using reactive H2 plasma [25].

Whereas metal ALD requires higher deposition temperatures, deposition on polymer
substrates requires low temperatures of the ALD process, in general below 150∘C [5].
An exception can be a group of thermally robust polymer materials, which were stud-
ied for the deposition of diffusion barriers on low-𝜅 dielectrics. The application of
low-temperature ALD with heat-sensitive materials, such as most polymers and bioma-
terials, still requires further research.

Several modifications can be implemented to decrease ALD process temperatures
further. In order to decrease the temperature, usually, the reactivity of precursors (co-
reactant) should be increased. Less common approach is the utilization of catalysis.
However, this can generally be done using energy-enhanced ALD processes, such as
plasma-enhanced ALD [5]. PEALD has been successfully used to deposit a numerous
compounds, including such prominent oxides Al2O3, TiO2, and SiO2. PEALD at room
temperatures was used to deposit Al2O3 on heat-sensitive polymer and wool [5, 2].

2.3.4 Drawbacks

With all the benefits of ALD listed, it is also important to mention several drawbacks
of this deposition type. In order for ALD to stay one of the most progressive deposition
methods, which enables future generations of technologies, these shortcomings and
limitations should be appropriately analyzed and addressed.

The ALD process generally suffers from slow deposition rates [1]. As mentioned
previously, deposition rate depends on reactor dimensions and structure as well as
accumulative purge and pulse time periods. Deposition of the film is done in a layer-by-
layer manner. To achieve high conformality and uniformity in a single layer of complex
non-planar structures, single step time periods are usually increased, thus decreasing
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the cumulative deposition rate. Most ALD rates are on the order of 100-300 nm/h [1].
Spatial and other modifications of the ALD process are used to resolve this issue.

In order to minimize levels of contamination in fabricated film, ALD requires pre-
cursors and process gasses of ultra-high purity (usually in ppb trace levels) [19]. Main-
taining high purity levels is expensive, thus increasing the overall cost of the deposition
process. Since more fabricated devices approach the atomic scale of dimensions, the
influence of the minor contamination levels may be crucial to their performance. It
is necessary to study mechanisms of contamination in ALD films in order to reduce
operational costs and improve the quality of produced films.

Another issue that ALD has is that the wasted portion of gaseous precursors is
emitted into the environment [16]. For example, during reactions involving TMA, CH4
(methane)is emitted, which is hazardous for both the environment and professionals
operating the ALD equipment. Both inclusion of new chemistries with potentially
less harmful precursors and improved evacuation methods of emission reduction or
prevention should be investigated as an improvement to the ALD process.

2.4 Materials

The variety of materials deposited by the ALD process has been expanding over the last
three decades. It includes but is not limited to nitrides, carbides, sulfides, selenides,
tellurides, pure elements, and, being the most applied, oxides [21]. Fabrication of
materials is mainly focused on producing crystalline and amorphous films. ALD process
is most commonly applied for the deposition of binary materials, but pure elements and
materials consisting of 3 or more compounds can be fabricated. The choice of chemical
elements for the ALD is vast, but it is limited by the availability of reaction pathways
as well as the choice of reactants that can facilitate the proper reaction pathway [1].
Besides that, reactants should fulfill a list of requirements, including

- Reactants must be volatile enough to stay in a gas or vapor phase at the tempera-
tures lower than the ALD reaction [20];

- Reactants must react in a fast, irreversible, and saturating manner with sites on
the surface;

- Reactants should have relatively high decomposition temperatures to stay intact
during the storage and growth process; Thermal stability of reactant helps to reach
saturation, preventing unnecessary further reactions [21];

- Reactants should not damage the growing material;

The variety of available chemical compounds involved in and deposited by ALD is
illustrated as a table [4] in a Fig 2.5.
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Figure 2.5. Table of the available materials and processes for the ALD [4].

It is essential to state that for many years majority of precursors that have been used
for ALD were initially designed for CVD and metalorganic-CVD (MOCVD) [20]. Due
to the ever-increasing requirements of the microelectronic industries, the deposition of
older generations of reactants struggles to provide necessary lower temperatures and
higher quality and growth rates with thermal ALD. Thus, further research into specially
designed ALD precursors, which may take advantage of the unique qualities of the ALD
process, is needed.

2.4.1 Precursors

The most commonly used type of precursors used in ALD are metal-based compounds.
Metal reactants can be divided into two major categories according to their ligands:
inorganic complexes such as metal halides and elemental metals and metal-organic
complexes, with the most used being alkyls, amides, alkoxides, cyclopentadienyls, 𝛽-
diketonates, silyls, phosphines, imides and amidinates, and their modifications [21, 1].
Mostly, ligands affect the reactivity of the precursor.

The categorization of precursors can further be expanded and done according to their
elemental group. Many of the main group metals, transition metals, and lanthanides
have seen usage with the ALD processes [2]. Group 4 metals oxides such as Ti, Zr,
and Hf have been extensively used with the ALD process [20]. Transition metals and
their derivatives have many vital applications in electronic industries. Noble metals Pt,
Ru, and Os, are also used in the ALD process and are particularly interesting as films
resistant to corrosion and oxidation. Fig. 2.6 shows an excellent conformal layer of Ru
deposited by ALD [5].
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Figure 2.6. ALD layer of Ru in nano trenches [5].

Group 13 metals are one of the most established groups due to the deposition of Al
with Al2O3 deposition as a golden standard of ALD process [20].

2.4.2 Co-reactants

The second reactant plays a vital role in what type of material is being deposited.
Most commonly deposited materials are oxides, and this group has the most extensive
choice of co-reactants. The most used co-reactants within oxides and other groups of
materials are hydrates of non-metal elements: water H2O, ammonia NH3, hydrogen
sulfides H2S [21]. This group of reactants shows high stability and reactivity in vast
temperature ranges.

The most commonly used oxygen source for the deposition is water H2O, which
can sustain higher deposition temperatures and is gentler than most oxides sources.
However, H2O has relatively low reactivity and may not be used to deposit precursors
which are already less reactive at lower temperatures. It also may be problematic to
purge water from the reactor because it strongly adsorbs to surfaces [2]. Other oxygen
sources have been proposed to improve these shortcomings. H2O2 has been suggested
as well instead of H2O to improve reactivity in many depositions since it contains less
stable O-O bond. Likewise, ozone O3, which is one of the critical components of the
energy enhanced ALD, is used to deposit oxides from less reactive compounds with
bulkier ligands, which usually do not react with water [21].

2.5 Modifications of ALD

The relatively slow deposition rate and geometry of the default reactor may be a barrier
between ALD and its implementation in the industrial fabrication process. Thus, spe-
cific modifications to the reactor and ALD process are required to accommodate various
production methods and be natively integrated into the production line. Fig. 2.7 shows
ALD reactor and process modifications which will be described below.
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Figure 2.7. Modifications of ALD process [2].

2.5.1 Showerhead reactor
Unlike the flow-type reactor, shown in the upper-left part of Fig. 2.7, where usually
precursor gases are carried by the inert gas and pass through the reactor, showerhead
type reactor, depicted in the upper-right part of Fig. 2.7, uses a special nozzle that helps
to evenly distribute precursors across the whole deposition surface [2]. Both flow-type
and showerhead-type reactors use wall heating and substrate heating options.

2.5.2 Spatial ALD
As shown in the lower-right part of Fig. 2.7, modification of spatial ALD uses a very
different approach to increase throughput. It could be stated that the spatial ALD pro-
cess is based upon sequential thermal ALD. In spatial ALD concepts, steps of an ALD
cycle are not separated in a time domain but conversely are separated in the spatial
domain [2]. Exposure of precursors is not done in separate steps divided by purging
periods, but rather their exposure occurs at different positions using different reaction
zones separated by purging areas, which require high pressure and sufficient supply of
the purge gasses [15]. Then, to periodically introduce substrate to different precursors,
either the substrate itself or the deposition head is moved. As a result, throughput be-
comes dependent solely on the specifications of the reactor, such as volume or substrate
load and reaction kinetics [15].

2.5.3 Batch ALD
Batch ALD, which can be seen in the lower-left part of Fig. 2.7, uses an extended and
modified reactor that allows simultaneous deposition on multiple devices. Typically
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a single processing load varies between 50 and 500 [2]. Increased reactor volume and
a large number of wafers require alteration of the deposition process to achieve opti-
mal results [15]. Due to the increased volume of the reactor, uniformity might slightly
decrease, and, as previously mentioned, exposure and purge periods should be suffi-
ciently increased. Conversely, overall high throughput is still achieved due to multiple
simultaneous depositions.

2.5.4 PEALD reactor (Energy enhanced reactor)
Energy-enhanced ALD is a modification in which film growth is enhanced by adding
extra energy to a co-reactant and converting them into highly reactive species [26]. The
principle scheme is shown in the lower-middle part of Fig. 2.7. PEALD is a subcate-
gory of energy-enhanced process, which provides such benefits as increased precursor
availability, lower deposition temperatures, and increased GPC [26]. PEALD, as said
in the name, uses plasma of the gas as a highly reactive species. Plasma consists of a
mix of free-charged particles and other reactive atomic and molecular gas species [26].
Due to the short-term stability of highly reactive species, the generation of plasma
should be done in situ or so that the whole deposition process could be done relatively
close to the substrate [2]. O2 plasma has been used to deposit oxide of rare earth
materials such as RE, Pm, EU, and H2 plasma in reactions with carbon-containing
precursors [20]. Pure metals can also be deposited using H2 or O2 plasma, which leave
a pure ligand-free metal surface [2]. It should be noted that for some chemistry, highly
reactive co-reactants may damage the surface and thus decrease uniformity.
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Chapter 3
Application in photovoltaic devices

Due to a continuous trend of miniaturization in various electronic applications, ALD
film production has found itself in the applications spawning over numerous industries,
starting from semiconductors and electronics up to medical devices [16, 1]. Thin films
may be applied in various environmental applications, and they can be used to improve
the efficiency of water filtration units or enhance the wastewater treatment process. The
application of ALD in semiconductors industries has enabled further miniaturization
of the newly developed devices. ALD may enable the future development of flexible
electronics due to its ability to deposit on heat-sensitive substrates like plastics. ALD
has already played an essential role in the successful integration of high-𝜅 dielectrics in
semiconductor devices

In particular, ALD has been irreplaceable in the production and evolution of energy
storage and harvesting devices, such as photovoltaic devices or solar panels. A typical
solar cell can be described as a semiconductor device made of single crystals, crystalline
(c-), and amorphous (a-) semiconductors. The solar cell has various layers which play
a particular role in converting light into electrical energy. In general, conversion is
done by absorbing light of various wavelengths and creating of electron-hole pair in the
crystal. Oppositely charged carriers should be separated and accumulated on opposite
sides of solar cells, essentially making solar cells a battery, a source of electrical energy.
If electrodes are connected on respective sides, current can flow between them [27].
The creation of regions within the solar cell with increased concentration of particular
carrier, by adding dopants with appropriate bandgap work function and conductivity,
separates opposite charges and prevents their recombination [11]. A vital role in that
play junctions between various regions or layers, a so-called p-n junction is one of
them and various layers themselves [27]. Higher power conversion efficiencies and low
losses of PV devices are facilitated by precisely tuned interfaces since their composition,
geometry, and qualities affect the junction and behavior of charge carriers within the
cell. Various interface engineering techniques are used to modify interfaces, and ALD
can be considered one of them.

3.1 Surface passivation layer for c-Si and a protective
layer for quantum dot solar cell

The surface passivation layer may be seen as the outer layer of the main bulk of the
solar cell. Its purpose is to trap photogenerated electrons and holes and stop them
from unwanted recombination at the surface [11]. A layer of dielectric material may be
used to passivate surface defects. An effective charge carrier confinement is achieved
via a combination of chemical passivation, doping, and stimulation of work-function
difference at the surface.

Currently, the c-Si solar cell industry’s goal is to reduce the cost per watt peak, which
can be done by reducing the cell thickness and improving efficiency [15]. Effective sur-
face passivation layers can reduce recombination losses at the interface of a solar cell,
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making that goal more feasible. Besides improving passivation properties, dielectric
surface passivation can contribute to the reduction of optical losses by increasing in-
ternal reflection [15]. Metal oxides, including aluminum oxide Al2O3, hafnium oxide
HfO2, titanium oxide TiO2 as well as various silicone compounds, have been tested to
passivate c-Si surfaces [28]. ALD grown dielectric layer can provide the required thin-
ness and improved uniformity. Out of the previously mentioned compounds, using the
ALD method, Al2O3 and HfO2 have been widely grown and studied. Al2O3, the most
successfully used ALD passivation material for Si solar cells, has consistently intrinsic
negative fixed charge density [7]. At the same time, HfO2 may possess either positive or
negative fixed charge depending on the precursors or deposition conditions of ALD. For
example, a negative fixed charge was exhibited for the ALD process with hafnium (IV)
chloride (HfCl4) and H2O as the precursors, and positive charge density was observed
for tetrakis(diethylamido)hafnium (TDEAH) and water [29]. As for ALD Al2O3 film,
high-quality passivation for both p-type and lightly doped n-type c-Si was achieved
with surface recombination velocities (SRVs) below 10cm.s−1 for both types of Si [28].
These results were attributed to a combination of chemical passivation and ”field-effect
passivation.” Other metal oxides, such as Ga2O3, Ta2O5 and PO𝑥 have been used to
synthesize passivation layers for c-Si solar cells [7].

Inorganic quantum dots (QDs) are nanostructured materials, used in the third gener-
ation of PV technology, that primarily influence the main advantages of third-generation
solar cells, such as low component cost, high optical absorption, and improved charge
carrier collection [30]. QDs solar cells are attractive as well because of their fascinat-
ing semiconductor characteristics: bandgap tunability, size-dependent band energetics,
high absorption coefficients, the possibility of multiple exciton generation (MEG) and
multiple exciton collection (MEC) [7], which can be adjusted with their sizes. QDs
are inherently metastable and undergo chemical and physical changes because of their
high surface-to-volume ratio.A layer of high bandgap transition metal oxide (TMO)
coating deposited by a low-temperature ALD can protect QDs from various physico-
chemical changes (oxidation, Ostwald ripening, surface diffusion, agglomeration, and
coalescence) [7]. This protective layer also acts as an infiltration layer enhancing con-
ductivity by filling the gaps in the nanocrystalline fim. As a result, conductivity and
charge carrier mobility are advantageously modified, which can be demonstrated by in-
filling the ZnO layer, done by ALD, into CdSE QDs-based films [31]. Due to the ability
of ALD to deposit conformal films deep into trenches of complicated 3D structures, it
has emerged as an effective method to tune the properties of close-packed nanocrystal
assemblies. ALD is an optimal deposition method to uniformly coat QDs to improve
their stability and performance.

3.2 Carrier selective contacts for c-Si solar cells and
transport layer for OPV

Charge carriers, electrons and holes should be separately transported to the two metallic
terminals of a solar cell to deliver their energy to the external load [11]. However, this
becomes problematic due to various undesired effects in the regions of solar cells, such as
nonradiative recombination, decreased carrier mobility, and parasitic light absorption
that increases minority carrier conductivity and decreases contact selectivity [32]. Thus
asymmetric conductivity for electrons and holes in different regions of a solar cell and
heterojunction carrier selective contacts should be employed [7]. Production of an
effective carrier selective contact is an optimization process since a thicker layer helps
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to improve contact selectivity and reduce contact recombination while a thinner layer
minimizes extraction losses and parasitic absorption [32]. ALD can play a crucial role
in producing an optimized selective contact layer due to its precise control capabilities
and other intrinsic benefits.

High-quality selective contacts can improve the efficiency of c-Si solar cells. TMOs
can be utilized for that purpose due to their superior properties: significantly higher
optical transparency than a-Si, lower deposition temperatures than poly-Si, and do not
suffer from Auger recombination like highly doped Si contacts [7]. Typically, TMO
carrier selective contacts require a thickness of less than 5nm, and thus ALD process
for TMOs can be naturally employed to produce high conformality thin films.

Molybdenum oxide MoO𝑥 might be a rather promising film grown by ALD that can
be used as a hole selective contact. Currently, the method used to grow that film is
thermal evaporation. It was shown that MoO𝑥 film grown by thermal evaporation
has slightly higher band-bending values of 0.8eV in n-type Si than the MoO𝑥 film
grown by PEALD (approx. 0.7eV) [7]. Optimization of deposition conditions, post-
deposition treatment of the film as well as various enhancement methods of the growth
process, such as Density Functional Theory (DFT) calculations, can help to overcome
this difference and improve the qualities o Mo𝑂𝑥 ALD contacts, leaving the significant
potential for ALD in future devices. Other ALD-grown films can also benefit from DFT
calculations. For example, DFT calculations have helped to determine how to alter ALD
grown NiO𝑥 film intrinsic diode properties on p-type Si [7, 33]. Using ALD supercycle
process, Zn dopants were incorporated into NiO𝑥 and the grown 3.4nm Zn𝑥Ni1−𝑥O film
has demonstrated hole selectivity on p-type Si, and minimum contact resistivity of 21.5
mΩ·cm2 was shown for a 0.62 concentration of Zn and annealing at 200∘C ratio [33],
thus increasing the number of ALD applications for hole selective contacts.

As for electron selective contacts, ALD films are represented by TiO𝑥. Ultrathin
TiO𝑥 film was grown using thermal ALD procedure and was used as an electron selective
contact on n-type c-Si. The TiO2 film of 4.5nm thickness had both good passivation
qualities and relatively low contact resistivity at the TiO𝑥/Si heterojunction of 0.25
Ω cm2, which allowed to fabricate a solar cell with an efficiency of 20.50% [6]. The
structural scheme of such an n-type Si heterojunction solar cell is shown in Fig. 3.1.

Figure 3.1. The schematic structure of n-type silicon heterojunction solar cell with TiO𝑥-
based electron-selective contact at the rear side [6].

Other ALD films of TaO𝑥 and Nb2O5 were also successfully implemented as an
electron selective contact improving overall PV device qualities [7].

In comparison with inorganic counterparts, organic photovoltaic (OPV) devices pos-
sess the advantages of low fabrication costs and light-weight, semitransparency, a myr-
iad of organic materials, and flexible active layers that allow to integrate them into
various flexible devices [34]. The layered structure of OPVs includes an electrode and
transparent electrode, which is usually indium tin oxide (ITO), that confine the ab-
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sorber layer and carrier selective transport layer. Normal and inverse structures of
OPV solar cells can be seen in Fig. 3.2.

Figure 3.2. (a) A normal structure of OPV solar cell, (b) an inverse structure of OPV solar
cell [7].

Various plastic polymer bulk heterojunctions (BHJ) are used in current OPV devices.
Traditionally poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS)
has been used as a hole transport layer, but the interface with ITO has caused issues
because of PEDOT:PSS acidity [7]. Thus, a replacement in the face of metal oxides
has attracted attention as an alternative carrier transport layer. NiO film, with good
stability and electrical/optical properties, was deposited using thermal ALD and acted
as a hole transporting layer [35]. A layer of 4nm of NiO was found to be optimal, re-
placing PEDOT:PSS and resulting in comparable energy conversion efficiency of 3.4%.
At the same time, both ZnO and TiO2 are deposited by ALD and can be used as an
electron transporting layer in OPV [7]. ZnO layer of 2nm thickness deposited via ALD
onto a ZnO ripple structure in an OPV resulted in the enhancement of the initial perfor-
mance of the solar cell and the stability of cell performance. ALD process decreased the
number of defects of ZnO and increased resistance toward surface defect formation [7].

3.3 Buffer layer and absorber layer for thin film solar
cells

The buffer layer serves the function of optimizing device performance by maximizing
light transmission into the solar cell and increasing the collection and extraction of
charge carriers [7]. Buffer layers are commonly employed to improve various proper-
ties of thin-film solar cells. Thin-film solar cells are considered a promising alternative
for c-Si solar cells due to several benefits: reduced energy requirement and material
consumption and theoretical higher efficiency numbers, and new applications [7]. For
chalcopyrite thin-film solar cells (CIGS) based on Cu(In,Ga)Se2 and for Cu2ZnSnS4
(CZTS) solar cells, CdS buffer layer is commonly used [15]. The buffer layer, a het-
erojunction, ensures good interfacial properties between the absorber layer and a layer
of transparent conductive oxide (TCO). Proper bandgap alignment with both layers is
needed to increase the depletion layer [7]. The absence of the layer causes poor efficiency
and low open-circuit voltage. In addition to affecting the cell’s open-circuit voltage, it
is commonly reported that layers affect stress-induced degradation and transient phe-
nomena in CdTe and CuInSe2 based solar cells [36]. However, the use of the CdS in
the thin-film solar cells raises a number of concerns: Cd is a toxic and carcinogenic
element [37] with a relatively low bandgap, and deposition of the CdS layer is usually
done using the standard technique, the chemical bath deposition (CBD), which is the
sole liquid phase in the fabrication process of CIGS [15]. CBD as a process provides
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poor conformity that leads to cracks and pin-holes, which compromise stability and
the performance of the deice [7]. ALD can serve as an effective alternative. ALD is a
dry vacuum process, which can be incorporated easily into the production process, and
works with numerous alternatives of Cd for CIGS and CZTS solar cells, and provides
excellent control over the layer composition.

Some ALD films have been studied as an alternative buffer layer for thin-film solar
cells, including In2S3, ZnO and its modifications, which have shown relatively favorable
results [7]. The power conversion efficiency of 12.1% was achieved for CIGS Cd-free
solar cells, with ALD ZnO film and without antireflective coating [38]. Further efficiency
improvement was achieved after introduction of dopants. For example, Zinc-tin-Oxide
(Zn1−𝑥Sn𝑥O𝑦) was deposited via ALD in a CIGS solar cell with an intrinsic ZnO to
achieve an efficiency of 18.0%, which is comparable to Cd buffer layer [8]. One such
layer produced in 2000 cycles can be seen in Fig. 3.3.

Figure 3.3. TEM image for the 2000-cycle thick Zn1−𝑥Sn𝑥O𝑦 buffer layer on Cu(In,Ga)Se2 [8].

Utilization of ALD Zn1−𝑥Sn𝑥O as a buffer layer provided flexibility to tune com-
position, by adjusting pulses of ALD, in order to identify the most optimal bandgap
alignment with the absorber layer as well as sufficiently high bandgap to minimize op-
tical losses [7]. Other buffer layers deposited via ALD, such as zinc-magnesium-oxide
Zn1−𝑥OMg𝑥O or zinc oxysulfide Zn(O,S), have been studied as the alternatives. An
efficiency of 18.1% was achieved for CIGS solar cell with a 100nm ALD Zn0.8Mg0.2O
buffer layer deposited at 120∘.

A combination of ZnO and Mg can also be utilized as an alternative window (second
buffer layer) in thin-film solar cells. Sputtered intrinsic ZnO layer is commonly used as
a window layer in CIGS and CZTS solar cells to increase shunt resistance by blocking
pinholes, cracks, and voids [7]. However, a (Zn, Mg)O was proposed due to the wider
bandgap and the possibility of adjusting the bandgap alignment by controlling the
Zn:Mg ratio [39]. Since sputtering can possibly cause damage to the interface, it is
also desired to replace sputtering with soft deposition techniques such as ALD, which
can contribute to a higher film quality [7]. ALD film of (Zn,Mg)O was deposited as
a window layer in a CIGS solar cell, with Zn(O,S,OH) acting as a first buffer layer.
This combination resulted in the efficiency of 22% for the Cd-free buffer layer [39].
Zn𝑥Ti𝑦O film produced by ALD has also been used as a window layer for CIGS solar
cells, reducing the thickness of the CdS layer[40]. The composition control ability of
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ALD was used to optimize the ratio of Zn and Ti in the window layer, thus achieving
20.8% efficiency.

The function of the absorber layer is, by absorbing light, to generate electron-hole
pairs using donors and acceptors [41]. These photogenerated free charge carriers diffuse
and drift under the influence of an electric field toward the respective transporting layer.
For thin-film solar cells, including CIGS and CZTS CdTe, a search for an alternative
absorber layer and an efficient fabrication process has also become a significant call.
Utilization of toxic Cd and scarce materials such as Te, In Ga becomes an obstacle to
fully implementing a large-scale production process [7]. A number of alternative ab-
sorbers that have been deposited via ALD require modifications to have characteristics
on par with conventional materials used as thin-film absorber layer [7]. Precise layer
modification at the nanoscale, which can be done using ALD, can improve the effi-
ciency of the alternative absorber layers by modifying structural, optical, and electrical
properties.

Absorber layers of Cu𝑥S, Sb2S3, CuSb2S, and Cu2ZnSnS4 have been deposited via
ALD process [7]. The ALD film of p-type Cu𝑥S was deposited on n-type TiO2 and
formed a high-quality p-n junction [7]. Precise control of deposition conditions of ALD,
such as composition ratio, allows for tuning crystalline phase and stoichiometry. In the
case of Sb2S3, the ALD process provided benefits of uniformity and decreased levels of
oxygen impurities in comparison with the conventional CBD process, which resulted in
the enhanced power conversion efficiencies from 2.17% for CBD to 5.77% for ALD [9].
The difference in precision of ALD grown layer and CBD grown layer can be seen in
Fig. 3.4

Figure 3.4. Cross-section of TEM image of (a) Sb2S3 CBD grwon layer of (90nm ± 30nm)
thickness and (b) Sb2S3 ALD grwon layer of (90nm ± 6nm) thickness [9].

3.4 Encapsulation of CIGS and OPVs and growth of 2D
materials

CIGS and OPVs require protection against moisture, various gases, and oxygen from
the ambient [15]. Robust, transparent, and flexible materials are required for that task.
ALD is a cable of low-temperature deposition of inorganic films with high uniformity,
virtually pin-hole free. Encapsulation layer of 55nm Al2O3 deposited by ALD on top
of CIGS solar cells provided excellent moisture permeation protection [42]. In the ag-
ing studies (>1000h) at 85∘C/85% humidity, protection provided by the Al2O3 ALD
layer was comparable with the glass. As for OPVs, ALD supercycle was used to de-
posit combined Al2O3/HfO2, which has prevented O2/H2O-induced degradation and
increased stability of the solar cell [10]. Encapsulation also provided an annealing step
that helped achieve a power conversion efficiency of 3.66%. SEM images (c) and (d)
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in Fig. 3.5 demonstrate how deposited Al2O3/HfO2 laminate was virtually unchanged
after storage for 200h in an environment with 28∘C and 60% humidity, whereas two
other films in (a) and (b), and (e) and (f) undergone some form of degradation [10].

Figure 3.5. SEM images and water contact angles (inset) of ALD films deposited on the
solar cells, before and after storage in air at 28∘C with 60% relative humidity: (a) after de-
position Al2O3, (b) Al2O3 after storage, (c) after deposition Al2O3/HfO2, (d) Al2O3/HfO2
after storage, (e) after deposition two-layer Al2O3/HfO2 and (f) two-layer Al2O3/HfO2

after storage. The scale bars in the SEM images are 1 𝜇m [10].

ALD can be used to grow graphene and other 2D materials. 2D materials are con-
sidered coatings or films that have two dimensions outside of the nanoscale, a single
atomic sheet of material restricted to one plane [43]. Graphene can be used as both
charge injection and collection electrodes to alleviate problematic carrier recombination
process in polymer solar cells(PSCs) [7]. CVD is the mechanism of graphene growth,
which involves diffusion of the precursor into the Cu/Ni substrate to its saturation lim-
its at high temperatures, around 1000∘C, which is then followed by process of controlled
cooling [44]. A monolayer of graphene is produced as a result of precipitation, which re-
quires precise control of the cooling process. ALD can potentially substitute this highly
meticulous process since it was reported that using remote PEALD at temperatures as
low as 400∘C, a high-quality crystalline graphene monolayer was produced [45]. Even
though graphene hinders the growth of materials on top of it, ALD has successfully been
used to deposit Al2O3 and TiO2 [7]. It is also possible to grow graphene on various
semiconductors, extending several potential applications in photovoltaic devices. Be-
sides graphene, metal oxides and chalcogenides such as MoS2, WSe2, BN, MnO2, NbSe2
and Bi2S3 can also be grown as 2D materials [46]. Considering low growth rate and
monolayer control, ALD can be used to grow various 2D materials and deposit layers
onto 2D materials without degradation of the original properties of 2D materials [47].
2D materials, due to their physical dimensions, and increased surface-to-volume ratio,
exhibit unique properties which their bulk counterparts do not possess [48]. As ALD
is established in the fabrication process of solar cells, 2D materials can be easily in-
tegrated into various photovoltaic devices. Unique properties of 2D materials can be
taken advantage of to make more efficient, lightweight, and flexible solar cells.
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Chapter 4
Choice of the dielectric material to enhance
photovoltaic devices

It was decided to deposit a layer of Al2O3 using thermal ALD process onto textured Si
wafer, for the purpose of enhancing properties of the Si based solar cell.

4.1 Silicon wafer
Silicon wafer-based solar cells have demonstrated significant technical and economic
growth in the past decade [28]. To further advance the growth and deployment of this
technology, possibilities to increase power conversion efficiencies and reduce production
costs are researched.

Energy harvesting in the silicon solar cell is done by absorbing photons with ener-
gies above the silicon bandgap and generating electron-hole pairs and their consequent
storage as a source of energy [49]. Formed charge carriers should reach respective se-
lective contacts however, this may be prevented by recombination. In silicone, which
features an indirect bandgap, recombination occurs due to defects in silicon bulk or at
the silicone interface [49]. Recombination losses in various areas should be decreased
to improve efficiencies. In PV fabrication, high power conversion rates are usually
achieved by thinning Si solar cell wafers [49]. The production of silicon has signifi-
cantly improved in the past decade, both the quality and cost efficiency [28]. High
quality meant fewer impurities and defects in the grown bulk of the Si. As a result,
recombination caused by the high defect density at the silicone surface started to play
a significant role in decreasing the performance of PV devices. Passivation of silicon
surfaces is paramount to achieving high power energy conversion rates. Deposition
of dielectric surface passivation layer onto the silicon surface can significantly help to
reduce unwanted recombination losses. Effective surface passivation prevents recombi-
nation at the surface, confining photogenerated charge carriers in the bulk of the Si cell
and increases their number and electrochemical energy [11].

4.2 Surface Texturing
Texturing is essential for the optimization of power conversion of Si solar cells. Textured
surfaces reduce the reflection of incoming photons and increase the mean path length
of a ray of light within the solar cell [49]. It should be noted that recombination at
the textured surfaces is generally higher than at surfaces of their flat counterparts [28].
This increase can be attributed to the increase in the overall surface area. In the case
of monocrystalline silicon, which uses random pyramidal morphology, the increase is
approximately 73% in comparison with the flat Si 100 surface [28]. Another reason
for recombination increase is that, generally, the face of pyramids is a 111 surface
and a larger number of dangling bonds concentrates at a 111 surface. Also, a higher
concentration of surface defects in a textured surface is caused by mechanical stress in
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the dielectric/Si interface [28]. These considerations should be taken into account while
calculating relevant characterization parameters.

4.3 Passivation
The surfaces in a solar cell form an abrupt discontinuity in the semiconductor crystal
lattice [28]. This discontinuity results in the disruption of the band structure and
the formation of a semi-continuum of energy states at the bandgap. These states
correspond to unterminated or strained bonds, known as dangling surface bonds [28].
Recombination arbitrated by bandgap states can be described using the Shockley-Read-
Hall theory, that applied to a continuum of surface states however, for semiconductor
surfaces, a relatively good estimation can be done by approximating the recombination
activity of interface states of all energies into a concentration D𝑖𝑡 of states at single
energy in the middle of the bandgap, or know as the density of interface defects [28,
11]. The states at this energy have both electron recombination velocity and hole
capture velocities, and taking into account these velocities a total recombination at the
surface can be characterized by the effective surface recombination velocity S𝑒𝑓𝑓 (SRV).
However S𝑒𝑓𝑓 can also be effectively calculated using formula

𝑆𝑒𝑓𝑓 = √𝐷(1/𝜏𝑠) tan(𝑊/2√1/𝐷(1/𝜏𝑠)),

where 𝜏𝑠 is surface life time, W is width of the specimen and D is the ambipolar
carrier diffusion coefficient [28]. Lower SRVs indicate higher quality of passivation and
increased PV device performance. Other characteristics used to describe the quality
of passivation of the deposited films are surface saturation current J0𝑒 and implied
open-circuit voltage i V𝑜𝑐 [28].

Reduction of the recombination rate can be achieved through multiple means. First,
completion of dangling surface bonds [11], by using dielectric coating or atomic species,
can result in fewer available states or lower capture probability [28]. These effects
result in the interface states hole and electron capture rate reduction. This reduction is
commonly known as chemical passivation. Usually, atomic species of hydrogen are used
to decrease the number of D𝑖𝑡 and, as a result, recombination rate, however, a particular
amount of D𝑖𝑡 still remains after the treatment [11]. The presence of hydrogen has been
detected in all high-quality passivation films.Overall, coating of the Si surface with a
layer of dielectric helps to cover surface defects states, negating recombination caused by
the latter. The second approach is based upon that the recombination rate is dependent
on a ratio of the concentration of electrons and holes [28]. Recombination rate is fixed for
constant p𝑠/n𝑠 carrier concentration ratio in a steady-state conditions. Thus, reducing
the recombination rate can be achieved by reducing the relative concentration of the
particular charge carrier available at the surface and thus changing the ratio at the
surface. Normally, the bulk majority carriers are responsible for the current flow in the
semiconductor, whereas the minority carriers at the surface determine the rate of the
recombination.The creation of imbalance where the majority carrier’s concentration is
higher than the minority carrier concentration helps to reduce surface recombination.
Two strategies can achieve this imbalance. Firstly, in-diffusion of a high concentration of
required dopants near-surface can be done [11]. Secondly, modification of concentration
via an electric field, which is commonly known as ”field-effect passivation,” can be
implemented [28]. The electric field is created by a fixed charge density of Q𝑓 in the
dielectric layer, which creates a mirror charge in the surface region of the silicon. In
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the absence of external stimulants, the established electric field and the associated
charge distribution near the surface are at the equilibrium [28]. Rather than repelling
and decreasing the number of minority charge carriers at the surface, the electric field
modifies the surface carrier concentration and attracts a large number of carriers, which
in regimes of heavy accumulation and inversion, leads to the desired imbalance between
the majority and minority carriers and a decrease in recombination rates upon carrier
excitation [28, 11]. The recombination rate reduction is achieved via a spatial change in
the carrier concentration near the surface, which is induced by the electric field. Some
materials exhibit close to contact or in contact with the silicon a particular charge
distribution, which can be seen in a Fig. 4.1. Understanding the difference between
chemical passivation and field-effect passivation can provide further insight into the
passivation mechanism and help to improve the passivation quality of deposited films.

4.4 Passivation layers for Si wafers
As a surface passivation layer for Si solar cells, several silicon-containing compounds
have been used, including amorphous silicon (Si:H), silicon oxide (SiO2), and silicon
nitride (SiN𝑥) [28]. Thermally grown silicon dioxide, which effectively covers surface
defects, requires an expensive and time-consuming process, which is conducted at tem-
peratures above 1000∘ and is not easily integrable in various solar cell fabrication pro-
cess [49]. PECVD fabricated silicon nitride does not face previously mentioned issues
since deposition is usually done at temperatures around 400∘C, and it has become the
most widespread passivation layer for silicon solar cells [28, 11]. However, SiN𝑥 con-
tains positive charge carriers and deems to be inapplicable for the passivation of p-type
doped silicon. Due to the availability of positive charge carriers and the near surface
damage caused by the plasma deposition process, a reduced surface passivation quality
is provoked, thus reducing the power conversion efficiencies of the PV device [49]. The
presence of positive charge density also increases the concentration of electrons at the
surface of the p-type silicon and reduces the passivation quality of p+-type emitters
of the n-type silicon-based solar cells. Many efficient architectures require high-quality
passivation on the p-type silicon [28].

4.5 Al2O3

Figure 4.1. Summary of various passivation layers on Si in terms of D𝑖𝑡 and Q𝑓 [11].
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The most successful dielectric material, which avoids mentioned issues, is aluminum
oxide Al2O3. Al2O3 has a high negative charge density (Q𝑓) upon deposition on Si,
provides an excellent passivation on p-type silicon surface [49]. The excellent passivation
quality of the Al2O3 layer was attributed to a combination of negative charge density
and low interface defect density, which stems from the usage of ALD [49].

Overall Al2O3 passivation of Si surface stems from a combination of both chemical
and field-effect passivation [28]. Chemical passivation can be attributed due to a low
interface defect (state) density D𝑖𝑡 left after deposition [11]. Q𝑓 and D𝑖𝑡 of Al2O3 can
be seen in mid left part of the graph depicted in Fig. 4.1.

At the same time, field-effect passivation can be attributed to the negative fixed
charge density Q𝑓 located within the c-Si/Al2O3 interface. The formation of fixed
negative charge can be attributed to the thin interfacial layer of SiO𝑥 that normally
forms during the deposition between c-Si and Al2O3 [49]. This negative fixed charge
density causes the desired imbalance in the carrier densities and the electrostatic poten-
tial within the region of Si towards the interface. The resulting depletion of electrons
near the interface of c-Si/Al2O3 contributes to the excellent passivation quality of the
Al2O3 [49]. Besides that, the previously mentioned ultrathin layer of SiO𝑥, generated
by the oxidation step in the ALD and the residual hydrogen from the ALD process to
achieve a low interface defect density of D𝑖𝑡 of approx. 1011 cm−2 [7]. This SiO𝑥 layer
can be explicitly seen in Fig.4.2 done by tunneling electron microscope (TEM) [12].

Figure 4.2. TEM image of a 15 nm Al2O3 film on c-Si after firing at peak temperature of
800∘C [12].

Annealing is a rather important step that improves the passivation of Al2O3 film,
both produced via thermal ALD and PEALD. For thermal ALD, annealing significantly
improves the field-effect passivation while marginally improving the chemical passiva-
tion, whereas, for PEALD-produced films, annealing helps to increase the quality of
chemical passivation [28]. It can be shown that post-deposition annealing can help to
further reduce SRVs down to 2.4cm.s−1 [50].

Overall low deposition temperatures of the ALD process are advantageous for the
industrial fabrication of PV devices, which are, in general, are between 150∘C and
250∘C [28]. In general, both plasma-enhanced and thermal ALD led to surface recom-
bination velocities below 10cm.s−1 [49], however, an argument can be made that, even
though higher throughput is achieved for PEALD, it is better to use thermal ALD
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even at the loss of deposition rate and a slight increase of deposition temperature. C-
Si/Al2O3 interface may be damaged during the PEALD process [49], thus reducing
levels of the deposited film before the annealing process. Thermal ALD becomes a
method of choice to deposit the passivation layer.

Best performing AlO𝑥 passivation characteristics were demonstrated using PEALD,
demonstrating S𝑒𝑓𝑓 as low as 0.26 and 0.95 cm.s−1 respectively for n- and p-type Si
1Ωcm [28]. This results are exceptional, however SRVs in the range of between 10cm.s−1

and 1cm.s−1 are regularly demonstrated for both thermal and PEALD [28, 49]. For
example it was demonstrated that for p-type and lightly doped n-type Si wafers S𝑒𝑓𝑓
of 2cm.s−1 and 13cm.s−1 were achieved using PEALD with trimethylaluminum (TMA)
and O2 plasma as precursors [7]

Al2O3 ALD layer has been successfully used passivete B-doped (boron) emitters in
n-type Si solar cells [51]. High power conversion rates of 23.2% have been achieved with
this passivation layer. Another prominent application has been made in the industrial
Passivated Emitter and Rear Cell (PERC) cell [52]. A combination of rear surface
passivation via Al2O3 and a screen-printed aluminum local back surface field (BSF)
have demonstrated a champion efficiency of 20.8% with further possible advancements
up to 24%. ALD grown Al2O3 films have been successfully implemented in various
commercial silicon solar cells.

Besides applications in silicon-based solar cells, the Al2O3 layer finds use in other
applications, including other types of solar cells. Encapsulation and passivation of
OPVs can be done by ALD Al2O3 layer. A conformal and uniform layer improves
OPVs’ stability and acts as a physical barrier protecting against atmospheric oxygen
and water [7]. The stability of solar cells has improved significantly from 24h to 2000-
7000h [7]. Low-temperature ALD process of Al2O3 can reduce the thermal impact on
active organic layers, thus preventing efficiency losses when depositing as a separation
layer between different stack layers Inspired by the application on c-Si solar cells, ALD
Al2O3 has been successfully implemented in thin-film solar cells, such as CIGS and
CZTS [7].

The aluminum oxide layer has been investigated as a promising high-k dielectric for
the semiconductor industry [1]. Overall, the study of ALD Al2O3 growth is an excellent
practice. Al2O3 is used in various applications for multiple types of solar cells and other
dielectric-related applications in electronics.
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Chapter 5
Growth and characterization

It is necessary to describe the equipment used in the deposition,pre-growth preparation,
and growth procedure for the clearance and repeatability of the process. Characteri-
zation is then done to study conformality quality as well as effective lifetime 𝜏𝑒𝑓𝑓 to
assess passivation quality.

5.1 Overview of the equipment
Multiple complex apparatuses are involved in the deposition and characterization pro-
cess of the metal oxide layer. Each of them requires a brief introduction and description.

5.1.1 Atomic layer deposition equipment
The ALD system installed in the Laboratory of Microelectronics of FEL, produced by
SENTECH Instruments, is a SENTECH SI ALD system with Latch Lock (LL) and
plasma source modification. This system is designed for small-scale production, which
is ideal for research and development purposes in universities and other research facil-
ities [53]. SI ALD system’s key characteristics are reliability and the control software,
and hardware flexibility, allowing for a wide range of deposition modes and processes.
The SI ALD system allows for both thermal and plasma-enhanced deposition of metals,
oxides, nitrides, and other chemical compounds.

The machine rack is the main component of the ALD system that contains the
operational part of the system [54]. Machine rack of SI ALD system, installed in the
laboratory comprises the reactor unit, the vacuum system, the gas and precursor cabinet
(gas box), the control system, Load Lock with gate valve and load lock pump (LL),
in-situ Real-Time Monitoring system (RTM) and true remote plasma source [53]. The
reactor unit is equipped with a heating system that allows controlling the temperature
of its walls.

Figure 5.1. Princial scheme of the ALD [13]
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Load Lock in the laboratory is expanded with the glove box compartment, MB200B

produced by MBRAUN, which allows operating the wafer in a controlled, oxygen-free
environment. A computer is required with the installed SENTECH software program
and interface to operate the SI ALD system. Software is used to remotely control,
using a pre-determined recipe, and monitor the whole deposition process, including
loading of the substrate into the reactor unit. Various detectors are used to update the
user with the current parameters of the deposition. The RF-powered plasma source is
installed on top of the reactor unit. Under the reactor chamber, the vacuum system
is located. It consists of a system of valves and a foreline pump. The whole system is
responsible for creating and maintaining a vacuum at a particular pressure required for
the deposition process. The process pressure is measured independent of process gas
through an absolute pressure gauge (Baratron, MBA) [54].

In the SNECTECH SI ALD system process, gases and liquid precursors are supplied
via a closed and exhausted gas and precursor cabinet, known as gas box [54]. Precursor
dosing system components, including precursor lines and containers, are located in the
lower part of the gas box. Usually, precursor dosing lines can be heated up to 200∘C
via heater jackets, and their temperature should be higher than the temperature of
precursor containers. ALD system depending on the precursor properties, can utilize
two different precursor dosing methods Direct Draw (DD) and Bubbling (B) [54]. As
nitrogen may be used extensively for various purposes in the ALD system, a standard
system has to be connected to a nitrogen supply. In the microelectronics, FEL, CTU
nitrogen is guaranteed by the nitrogen generator Isocell PSA Nimos S2. The SENTECH
SI ALD system is equipped with a CLEANSORB scrubber for the adsorption of waste
gases made by CS Clean Solution. The figure 5.2 shows the complete system, with the
glovebox installed in the laboratory.

Figure 5.2. SENTECH SI ALD system installed in the laboratory

ALD can be extended with RTM, an ellipsometer that can be used to in-situ moni-
tor the growth of each layer, with a precision down to each step of a single cycle [13].
However, due to the shape of the wafer used in the deposition, RTM could not work
correctly. Pyramidal-shaped surface prevented proper laser reflection and further anal-
ysis.

5.1.2 Atomic force microscope principles and equipment

An atomic force microscope (AFM) has been chosen to characterize the deposited Al2O3
layer in terms of uniformity and smoothness.
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An atomic force microscope is one of the most prominent tools to study topography
and various surface properties of materials with sub-nanometer precision. AFM belongs
to a family of scanning probe microscope (SPM) [55] and can operate on a wide va-
riety of conductive and non-conductive materials, including semiconductors, minerals,
polymers, ceramics, composite glass, and biological materials [56]. AFM can also oper-
ate in various environments from ultrahigh vacuum to various fluids, thus making it a
versatile tool used in science fields including solid-state physics, semiconductor studies,
molecular biology, surface chemistry, etc [55].

Atomic force microscope works on principles of the surface and probe interactions
that can be described based on continuum mechanics, the long-range van der Waals
force, the capillary force, the short-range forces, the electrical double layer force in a liq-
uid, and contamination effects [57]. Understanding principles behind tip-surface forces
is substantial to achieving high-resolution scans. An AFM system generally consists of
a probe, laser and position-sensitive photon-detector (PSPD), position controller, and
a feedback system.

Figure 5.3. Princial scheme of the AFM [14]

The probe of AFM is an assembly of a highly sharp tip that is attached to the end of
a narrow cantilever. A cantilever is generally made of silicon Si or silicon nitride Si3N4,
making a softer cantilever with a lower spring constant [14]. The probe is usually moved
using piezo elements or electrostatic micromanipulators that change its position in all
three axes. As the probe scans across the investigated surface, its vertical and side-
to-side motion is monitored by means of the laser beam reflected from the cantilever
and the PSPD [14]. PSPD detects the motion and converts it to a signal that is then
used in the feedback system and to analyze the studied material. Depending on the set
parameter of the operational mode, the feedback system uses the signal from the PSPD
and adjusts the probe’s position via the vertical piezo element, so the set parameter
is constant. Both the PSPD and the feedback system signals can be used to create a
height profile and to analyze the studied qualities.

AFM can operate in a multitude of distinct modes with three main modes, depend-
ing on the type of the investigated material and desired parameters: contact mode,
intermittent mode, and no-contact mode [57]. Contact mode is a relatively simple
mode characterized by the probe being in contact with the surface during the scanning
process. As set parameters, either height or interaction force can be chosen. Con-
stant height mode uses laser reflection to plot the topography of the surface, while
constant force mode uses a piezo element signal that adjusts the vertical position of the
probe [57]. Intermittent (semi-contact) and no-contact modes are dynamic methods
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that use a vibrating probe that is either amplitude or phase-modulated. Actuation of
the cantilever is most commonly done by piezo-acoustic excitation or by photothermal
excitation [14]. Amplitude modulated intermittent mode (AM-AFM) is a commonly
used AFM imagining mode [58]. The cantilever is set to vibrate at the resonance
frequency or near resonance frequency at a set amplitude, acting as a feedback param-
eter. As the tip comes closer to the surface, the oscillation amplitude is reduced due
to tip-surface interaction forces. PSPD detects this reduction and sends a signal to
the feedback system, adjusting the vertical probe position via piezo elements to return
the amplitude to the set value. Signals sent by the feedback system can be used to
create a 3D surface topology. Other dynamic modes may use phase or frequency as a
set parameter. No-contact mode investigates the surface without touching it [57]. As
the probe encounters the material, near-surface forces modify the oscillation, allowing
the ability to investigate material properties and construct a surface profile. Dynamic
modes provide additional benefits such as lessening the tip sharpness loss and decreas-
ing potential surface damage [58]. Additional precision is added to the measurement in
the intermittent mode since the usage of the oscillation amplitude as a set parameter
allows to precisely tune probe-surface interactions.

Given a particular modification of a tip or of the interaction between the probe and
a surface, AFM has a variety of methods to identify the compositional structure of
the surface and to characterize mechanical (adhesion and stiffness), electrical (work
function, capacitance), magnetic and optical properties of the materials [55]. Besides
characterization, AFM can be used to manipulate, write or pull on substrates in lithog-
raphy and molecular pulling experiments.

The atomic force microscope installed in the Laboratory of Microelectronics of FEL,
produced by NT-MDT Spectrum Instruments, is NTEGRA ProbeNanoLaboratory
(PNL). It is a versatile system that is able to perform contact AFM, semi-contact
AFM, scanning tunneling microscopy (STM), and spectroscopy [59]. Both scannings
by probe and scanning by the sample are available.

Figure 5.4. (a) NTEGRA AFM, (b) NT-MDT AFM base unit

It can be seen in Figure 5.4 (a) AFM is installed on the granite table and is covered
with an insulation cap. This is done to phase out a noisy environment because AFM
is extremely sensitive to vibration.
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5.1.3 Effective lifetime measurements and equipment

Effective lifetime 𝜏𝑒𝑓𝑓 is a practical parameter that can be used as a stand-alone char-
acteristic of the PV device and also to calculate surface life time 𝜏𝑠 and subsequently
𝑆𝑒𝑓𝑓. Effective lifetime is representative of the recombination rate of the solar cell.
Measurements of this parameter can be done via a contactless and non-destructive
method such as Photoconductance (PC) and Photoluminescence (PL) [60]. Equipment
that has been used to conduct said measurements, produced by Sinton instruments, is
Sinton WCT-120. The principal scheme can be observed in Fig. 5.5.

Derived from the continuity equation, effective lifetime, regardless of the illumination
period can be calculated using general formula

𝜏𝑒𝑓𝑓 = Δ𝑛𝑎𝑣𝑔(𝑡)/(𝐺𝑎𝑣𝑔 − 𝑑Δ𝑛𝑎𝑣𝑔(𝑡)/𝑑𝑡),

where 𝑛𝑎𝑣𝑔 is the average excess carrier density and 𝐺𝑎𝑣𝑔 is the average generation
rate [60]. Both parameters are can be determined on the laboratory equipment.

Figure 5.5. Principal scheme of Sinton WCT-120

Measurement is performed by illumination using a flash lamp onto the studied wafer,
positioned over the conductive coil. Illumination stimulates photogeneration of charge
carriers and, therefore, increases the wafer’s conductance. The conductance change can
be detected using a conductive coil and associated electronics [60]. Measured voltage
levels associated with the conductance and the illumination parameters allow determin-
ing 𝑛𝑎𝑣𝑔 and 𝐺𝑎𝑣𝑔 that are then used to calculate 𝜏𝑒𝑓𝑓.

Lifetime measurement can be conducted in three distinct modes: quasi-steady-state
(QSSPC), transient, and generalized lifetime analysis [60]. Transient PC mode uses
short illumination period (in the range of microsecond) and it is assumed that the
generation rate is zero. Effective lifetime is determined from the decay of signal using
formula

𝜏𝑒𝑓𝑓 = Δ𝑛𝑎𝑣𝑔(𝑡)/(−𝑑Δ𝑛𝑎𝑣𝑔(𝑡)/𝑑𝑡)

31



5. Growth and characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
On the other hand, QSSPC uses longer illumination periods so that the carrier density
is constant 𝑑Δ𝑛𝑎𝑣𝑔(𝑡)/𝑑𝑡 = 0 [60]. The formula transforms into

𝜏𝑒𝑓𝑓 = Δ𝑛𝑎𝑣𝑔(𝑡)/(𝐺𝑎𝑣𝑔),

Generalized lifetime analysis uses a general formula to determine the needed parameter.
Sinton WCT-120 has a wide lifetime measurement range from 100ns to 10ms [61].

Sinton WCT-120 is a versatile tool, besides primary QSSPC and photo-conductance
decay (PCD) measurements, it is available to conduct an examination of material qual-
ity and detection of heavy metals contamination during wafer processing evaluation of
shunting, surface passivation, and substrate doping. Sinton WCT-120 system consists
of a WCT-120 instrument, signal processing unit, and required Sinton software. A
particular system, that was used in the experiment is shown in the Fig. 5.6.

Figure 5.6. Sinton WCT-120 in the laboratory with a Si wafer on it.

5.2 Deposition process
For the deposition process, Si n-type textured wafers were used, with a diameter of
50mm, a thickness of 140 𝜇meters, and base resistivity of more than 3 mΩ·cm (mea-
sured resistivity was approximately 3.6 Ω·cm depending on the wafer). Before depo-
sition, wafers were subjected to a wet etching process to clean them and remove the
intrinsic layer of SiO2 formed on the surface. A chemical line for etching Si wafers, pro-
duced by STROZA, was used. The wet etching process consisted of sequential submer-
sion of the wafers into the baths filled with NH4OH+H2O2 mixture, HCl/H2SO4+H2O2
mixture and HF, divided by de-ionized (Di) water rinsing process. HF made Si surface
hydrophobic.

To deposit Al2O3 on both sides of the wafer layer trimethylaluminium (Al2(CH3)6)
and water H2O were used as precursors in the thermal ALD process with N2 as the
purge and carrier gas. Substrate heating was set to 200∘C, whereas all the purge and
precursor lines heating was set to 125∘C. It was necessary to wait between depositions
to stabilize wafer carrier temperature. The numbers of cycles, with respect to GPC
of 0.08 ̊𝐴, were 125 and 188, which lead to 10nm and 15 nm of thickness, respectively.
Pressure in the chamber was set to be 9.7Pa, and as it can be seen in Fig. 5.7, the
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set pressure varied between 9.5Pa and 12Pa, which was indicative of each step of each
cycle.

Figure 5.7. Graph of the reactor pressure and a number of cycles with relation to the time
of the procedure; (a) enlarged part, (b) full graph.

Precursor exposure times were set to 120 ms, and the purge time period, with the
59 slm, was set to 2s. A summary of the main ALD deposition parameters is provided
in a table 5.1 below. Fig. 5.8 shows Si wafer handling between deposition processes.

Parameters/Thickness 10nm 15nm

Temperature of the substrate 200∘C 200∘C
Temperature of purge and precursor lines 125∘C 125∘C
Number of ALD cycles 125 188
Chamber pressure 9.7Pa 9.7Pa
Precursor exposure period 120ms 120ms
Purge period 2s 2s

Table 5.1. Summary of ALD deposition

After the deposition samples were cooled and secured in the transportation box to
be subjected for further studies.

Figure 5.8. Si wafer with 15nm Al2O3 layer deposited on one side.
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5.3 Characterization and results

5.3.1 Lifetime minority carrier measurements
Effective lifetime measurements were conducted on the Sinton WCT-120. 𝜏𝑒𝑓𝑓 was
measured on both wafers with 10nm and 15nm aluminum oxide layer approximately 10
minutes after the deposition and subsequently after more than 1 hour. For comparative
purposes, effective lifetime was also measured on the Si wafer immediately after the wet
etching process. Between measurements, wafers were kept in a deoxidized environment.
Default Si wafer, according to technical documentation, has an effective lifetime of
approximately 1𝜇s. Application of 10nm and 15nm layers of Al2O3 have increased 𝜏𝑒𝑓𝑓
up to 3.49𝜇s and 1.95𝜇s respectively, which indicates a slight improvement over default
wafer lifetime. Table 5.2 shows that the effective lifetime of Al2O3 passivated wafers
had further increased when they were later again tested, however, these results were still
under the effective lifetime of Si wafer, which has undergone only wet etching process
(6.01𝜇s). Further study is required in order to propose an explanation of how storage in
the deoxidized environment affects the effective lifetime of this particular combination
of Al2O3 passivated Si wafers.

Wafer type/Time after deposition approx. 10min. approx. > 60min.

Si/Al2O3 layer of 10nm 3.49𝜇s 4.02𝜇s
Si/Al2O3 layer of 15nm 1.95𝜇s 2.45𝜇s
Default Si wafer 1𝜇s –
Si wafer after wet etching 6.01𝜇s –

Table 5.2. 𝜏𝑒𝑓𝑓 effective lifetime measurements

These results could be seen as dim in comparison to results in other studies [12, 50],
however, in those studies, different types of n-type Si wafers have been utilized. A
further investigation is needed into the causes of the obtained 𝜏𝑒𝑓𝑓 for this combination
of the wafer and Al2O3 layer since many effects can change the surface recombination
rate. In particular, in n-type Si, a negative charge of the passivation layer can create a
near surface recombination channel that can, depending on the properties of the defects,
reduce the effective lifetime at low injection levels [62]. 𝜏𝑒𝑓𝑓 can also be dependent on
the injection levels, and this dependence is affected by the size of the wafer [63]. The
firing or annealing process could also be studied as it is suggested that these processes
increase the effective carrier lifetime for a combination of Al2O3 and n-type Si wafers [49,
28, 12, 50].

Overall, passivation of textured n-type Si wafers with Al2O3 has increased effective
carrier lifetime, but further studies are needed in order to understand how to improve
obtained results for this wafer/layer case.

5.3.2 Atomic force microscopy measurements
AFM scans were conducted in semi-contact mode for both Si wafer and Si wafer pas-
sivated with Al2O3. A dense set of pyramid-shaped protuberances can be observed in
AFM images from (b) Fig. 5.10 and Fig. 5.12. Fig. 5.9 (a) depicts a planar heatmap
of a 700nm by 700nm area, whereas Fig. 5.9 (b) captures the slope of a particular
pyramid in that area with a height of 0.45𝜇m. The variability of heights and shapes of
pyramid-like structures can be seen in images (b) and (c) of Fig. 5.10 and Fig. 5.12.
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Figure 5.9. AFM scans of Si surface 0.7𝜇m X 0.7𝜇m, (a) planar surface heatmap, (b) 3D
scan of the surface

Figure 5.10. AFM scans of Al2O3 surface 5𝜇m X 5𝜇m, (a) planar surface heatmap, (b)
3D scan of the surface
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Figure 5.11. AFM scans of Al2O3 surface 3𝜇m X 3𝜇m, (a) planar surface heatmap, (b)
3D scan of the surface

Figure 5.12. AFM scans of Al2O3 surface 10𝜇m X 10𝜇m, (a) planar surface heatmap, (b)
3D scan of the surface
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The most prominent peak is approximately 2.85 𝜇m . Planar images of Fig. 5.10 (a)
and Fig. 5.12 (a) provide an excellent depiction of the surface and understanding of its
topology. It can be seen in 3D scans of Fig. 5.9 (b) and Fig. 5.10 (b) that the surface of
the Si exhibits a wavy roughness pattern. A conformal 10nm layer of Al2O3 smooths the
surface by filling in the shallow troughs while maintaining the original surface texturing.
Smoothing can be observed in Fig. 5.11 (b) and Fig. 5.12 (b). The same AFM images
show how the ALD layer uniformly fills the areas between the pyramids and covers the
surface, having the same color gradient across the slopes. In this case layer of Al2O3
provides chemical passivation covering the surface defects of the Si.

AFM images provide an excellent depiction of the wafer surface however it is difficult
to indicate an increase of thickness of 10nm, because of the chosen scale of the scanning
and of the fact that AFM scans have not been conducted in the same area of the wafer,
which is technically problematic.

It is evident from the AFM pictures that the Al2O3 ALD layer has increased the
uniformity of the surface, making it smoother, covering all the 3D topology elements.
Textured surface is an example of relatively complex 3D topology and ALD, as expected,
shows excellent conformality covering all surface trenches, slopes, and peaks.
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Chapter 6
Conclusion

This thesis has introduced the Atomic Layer Deposition method, describing its char-
acteristics, distinctive advantages, and specifications. A review of applications in pho-
tovoltaic device manufacturing was given, with applications spawning from relatively
experimental ones that are studied by research groups around the world to already
commercially established. Prior to the experimental part, a case was made for Al2O3
to be chosen to create a passivation layer for silicon-based solar cells, improving ef-
fective lifetime. In the experimental part of the thesis, deposition onto both sides of
two Al2O3 layers of 10nm and 15 nm thickness onto silicon wafer was conducted. After
characterization via AFM and effective lifetime measurements, it can be concluded that
deposition was successful and that the passivation effect has been achieved, even consid-
ering the slight increase in the effective lifetime. Further studies are required to make
the passivation effect better for the particular combination of wafer and passivation
layer used in the experiment.

ALD is a precise and inherently self-limiting technique that produces highly confor-
mal, reproducible pinhole-free thin films that can be uniformly deposited in complex
3D structures. ALD step-by-step procedure allows for precise thickness control and
composition tunability. The utilization of ALD has further enabled miniaturization in
electronics, including photovoltaic devices. ALD has helped to enable new solar cell
architectures with thinner layers and more complex structures, thus allowing for the
elimination of toxic and rare elements and increasing of power conversion. ALD is a
vacuum process that can be integrated more easily into the standard manufacturing
process, unlike CBD or wet etching. ALD provides better conformality, uniformity,
and thickness control than other commonly used methods like CVD or PVD.

In order to progress further, ALD still needs to be improved. The older generation
of chemistries struggle to provide a high quality of deposited films, lower temperatures,
and good growth rates, or they hinder large-scale implementation, thus requiring the
development of new generations of precursors made explicitly for the ALD process.
As shown with photovoltaic devices, ALD has proven to be a successful technique in
smaller-scale research tasks, but besides the commercially successful implementation of
Al2O3 in the Si solar cell fabrication, ALD is still lacking in the commercial applications.
The relatively slow deposition rate and cost-effectiveness should be addressed with
new, higher-throughput ALD process modifications and improving already established
modifications, such as spatial ALD that tries to solve the low deposition rate issue.
Environmental sustainability should be in mind when developing new chemistries for
ALD and modifying the process itself.

With all that said, ALD has a bright perspective ahead of it as a deposition tech-
nique since future technologies will capitalize on further miniaturization. With its
myriad applications in numerous industries, ALD is on track to becoming a commonly
implemented process in commercial production.
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