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Abstract

Atomic layer deposition (ALD) has been widely used for the development of
buffer layers on copper-indium-gallium-sulfide and copper-indium-gallium-
selenide solar cells with appropriate electronic properties; however, still an
in-depth understanding of the growth properties of the ternary oxide and
their related properties is lacking. In this thesis, we investigate the interface
chemistry and mixing of binary ALD processes on the growth and resulting
optoelectronic properties by altering the supercycle process parameters (pulse
ratio and bilayer period) of the ternary ALD process for zinc magnesium
oxide(ZMO) and zinc tin oxide (ZTO). We show that the interplay between
ZnO and MgO interfaces in the synthesis of ZMO leads to enhanced growth
of the MgO layer by the ZnO surface. Similarly, we validate the inhibited
growth of ZnO by SnOx surface in ALD deposited ZTO films. We propose
probing the effect of the bilayer period in growth of ternary oxides by ALD
can serve as an effective alternative to QCM in understanding the growth
kinetics which can be extended to many other materials.

We show that the optical properties of the ternary films not only depend on
the composition but also depend on the bilayer period at a given composi-
tion. More specifically, the bandgap at a given composition for both ZMO
and ZTO films is high at the smallest bilayer period and starts decreasing
with increase in bilayer period, reaching the bandgap value of ZnO for bilayer
periods greater than 40. We explore the possible mechanisms for the change
in optical properties with bilayer period. We propose bilayer period as an
effective parameter alongside composition to tune the bandgap and demon-
strate the application of which by depositing ALD grown ZMO buffer layers
for chalcopyrite solar cells.
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Popular Science Summary

This thesis deals with transparent conducting materials. Typically, optical
transparency and electrical conductivity do not coexist and are contradict-
ing properties by nature. Glass is transparent but it is electrically insulating,
while metals are good electrical conductors, but are not transparent. Con-
ducting and semiconducting oxides are a type of metal oxide material that
combines both these properties successfully. Thus, allowing the tuning of
their electrical conductivity and optical transparency through material de-
sign. Transparent conducting materials are used in a wide-variety of appli-
cations such as touchscreens, solar cells, smart window coatings, flat panel
displays and other transparent electronics. Based on a report by Market Re-
search Future, the value of the transparent conducting film market in 2022
was estimated to be 5.9 billion and is projected to grow to 14 billion by
2032 [1]. Subsequently, the material design of transparent conducting films
is highly relevant.

Depending on the application, the transparency and conductivity of the metal
oxide materials can be modified by the addition of external impurities (doping
or alloying) or external electric field (gating). Most commonly used trans-
parent conducting or semiconducting oxides are indium oxide, zinc oxide, tin
oxide and titanium oxide. Usually, the properties of these materials are al-
tered by mixing them together or by addition of other metal impurities (such
as aluminium, gallium, fluorine etc.) resulting in various combinations. Tin
doped indium oxide (ITO), aluminium doped zinc oxide (AZO) and flouring
doped tin oxide (FTO) are popular examples. Although ITO dominates the
transparent conducting film market, the availability of indium on the earth’s
crust is relatively scarce. Inexpensive and abundant alternatives such as zinc
oxide are more commercially viable.

In this thesis, I investigate the material design of transparent semiconducting
oxides produced by atomic layer deposition. In particular, I focus on the
material design of zinc magnesium oxide (ZMO) and zinc tin oxide (ZTO)
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to understand how the addition of magnesium and tin alter the optical and
electrical properties and their possible applications in solar cells.

Thin film deposition involves creating or coating a thin layer of a material
over another material, also known as substrate, much like spray painting
a car. While there are several different thin-film deposition techniques, in
this thesis, the focus is on a specific technique called atomic layer deposi-
tion (ALD), which offers advantages such as composition control, uniform
ultrathin films and can be performed at low temperatures (less than 100◦C).

ALD as the name suggests involves creating thin films in a layer by layer
fashion on an atomic level, using chemical reaction of gases. An ALD process
of creating a metal oxide film involves the choice appropriate ingredients,
usually an organic or inorganic compound containing the desired metal and
water for oxygen are used. The gaseous ingredients are introduced into a
chamber sequentially, where each ingredient covers the entire surface of the
substrate and reacts to form a single layer of material, similar to the game of
Tetris. ALD is a sequential process. A two element ALD (usually comprising
of metal and oxygen) is called a binary ALD, whereas a multi-metal process
is termed as ternary ALD.

While the binary ALD process appears straightforward and easy to manipu-
late, once we start to mix more than two elements, the process becomes more
complex. Obtaining a transparent metal oxide material with desired prop-
erties by mixing two different binary ALD process becomes challenging as a
result of deviations from the binary processes, intermixing of elements, com-
petition among the ingredients used and so on. The manner in which two bi-
nary ALD process are combined together has a significant impact on the ma-
terial growth and the properties. Depending on the combination of processes,
a homogeneous mixture of the material, a nanolaminated(multilayer) mate-
rial or a doped material is produced. This is analogous to making/layering
cakes differently with the same set of ingredients as shown in Fig. 1. Just as
baking, mixing matters very much in an ALD process.

Combining materials using ALD is of great interest as it allows control over
the composition and tuning of material properties. This is desirable for
the production and application of transparent conducting films. Previous
research works focus solely on the well-mixed or doped material. I investigate
the factors that influence the mixing during an ALD process and how the
structure of the material can be changed during deposition. Thus, the goal
of the thesis is three-fold:

1. Understand the growth and mixing of atomic layer deposited zinc oxide
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based ternary materials.

2. Correlate the ALD processes with the observed material properties.

3. Improve the design of ALD based transparent semiconducting oxide
material to suit desired applications.

Figure 1: Combining two different binary ALD processes into a ternary ALD
process produces different kinds of thin films depending on the mixing, the
chocolate sponge cake represents a well-mixed material. The layered choco-
late cake represents a nanolaminated thin film and the chocolate chip cake
signifies a doped material.
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Chapter 1

Introduction

Transparent conducting materials are used in a variety of everyday appli-
cations such as touchscreens, displays, smart windows, solar cells, sensors
and in wide array of optoelectronic devices. As the name suggests, these
materials combine the contrasting properties of electrical conductivity and
optical transparency, and allow the tuning of the same. Typical transpar-
ent conducting materials are conductive and semiconductive oxides whose
conductivity and transparency can be altered through addition of external
impurities (doping) or electric field (gating) [2][31]. While there are many
deposition techniques, atomic layer deposition (ALD) has become very pop-
ular in developing doped and compound semiconducting metal oxides due its
distinct advantages such as accurate control of the composition which is a
given requirement for doping, low-temperature processing, ability to deposit
ultra-thin films, uniformity and conformality [31].

Specifically, the self-limiting and sequential characteristic of ALD is what
enables excellent control over composition, leading to an accurate control
of doping levels and profiles of the semiconducting metal oxides. Synthesis
of a multi-component/ternary material by ALD usually involves alternating
two binary ALD process in a sequence termed as supercycle, where simply
altering the relative number of binary processes within each supercycle can
alter the composition. Thus, ALD provides the key to design materials to
suit specific device applications. However, challenges arise in the synthesis
of ternary oxides by ALD due to non-ideal behaviour resulting in deviations
from the targeted properties [22]. Therefore, understanding and mitigating
nonidealities arising in ternary ALD processes will not only lead to the syn-
thesis of high-quality thin films but also pave new ways to target additional
functionalities. This thesis, thus, involves the investigation and improvement
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of the material properties and design of ternary oxides synthesized by ALD.

Zinc magnesium oxide (ZMO) and zinc tin oxide (ZTO) are the multicom-
ponent transparent metal oxides of choice for investigation in this thesis.
Both are wide bandgap semiconductors consisting of non-toxic, inexpensive
and earth-abundant elements and are employed in a variety of optoelectronic
applications. ZMO is commonly used in UV light emitting diodes, UV pho-
todetectors and in thin-film photovoltaics [28, 32, 33]; ZTO finds applica-
tion as gas sensors, channel layers in thin-film transistors and in thin-film
photovoltaics[34]. In particular the ALD deposited ZMO and ZTO thin
films have gained a lot of attention as buffer layers in copper indium gallium
selenide (CIGS) solar cells owing to their tuneable optical properties [11][35].

Most of the existing literature on the ALD growth of ZMO and ZTO are
centered either around their device application or on the thin film character-
ization, few studies focused on the growth kinetics and even fewer correlated
the growth kinetics with the material properties in detail [36][26][37]. The
interplay between the binary ALD processes, their surface chemistries on the
growth kinetics of the ternary ALD process remains unexplored. Further-
more, it becomes quintessential to consistently correlate the ALD mixing
kinetics in a ternary process with the material properties observed to achieve
accurate control over doping or alloying (doping when a small amount of
material is mixed, alloying when the mixture involves more than 10%). To
this effect, the thesis aims to address the following research challenges,

1. Understand growth and mixing kinetics: Involves understanding
the interplay between the binary ALD processes (ZnO and MgO, ZnO
and SnOx) and role of their interface chemistries over the ALD growth
of the ternary ZMO and ZTO thin films. Mixing kinetics focuses on the
influence of the total number of ALD reaction cycles within a supercycle
also known as the bilayer peirod over the growth kinetics. Investigating
the optimal mixing to achieve effective doping of one material into
another.

2. Correlate growth kinetics and the material properties Examin-
ing the material properties to understand the effect of doping or alloy-
ing of one metal oxide with other and establishing process-structure-
property relationships with the ALD grown ZMO and ZTO thin films.
Understanding the transitions of ternary material from well-mixed to
a nanolaminated material with the ALD process.

3. Application of ALD grown ternary transparent metal oxides
By developing reliable and reproducible ALD process, improve material
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design of ALD based transparent semiconducting oxide material to suit
desired applications. Tuning of optical properties of ALD grown ZMO
and ZTO to serve as buffer layers in thin-film solar cells.

The thesis is structured as follows, while the current chapter provides a gen-
eral introduction, Chapter 2 details the scientific background necessary to
comprehend the nature of transparent metal oxide semiconductors and the
concept of doping in semiconductors their unique electronic band structure
and optical properties. Chapter 2 includes discussion on the application of
transparent semiconducting oxides in solar cells and thin-film transistor with
focus on zinc oxide based ternary materials, zinc magnesium oxide and zinc
tin oxide owing to their popularity in these applications. The latter part of
the chapter includes an overview of atomic layer deposition, the synthesis
method on focus in this thesis, followed by a discussion over the existing
literature on atomic layer deposited zinc magnesium oxide and zinc tin oxide
films and the research questions that remain unaddressed which defines the
scope of this thesis. Chapter 3 details the experimental methods from syn-
thesis by atomic layer deposition to the various thin-film characterizations
performed during the course of this study.

Chapter 4 features the main outcome of the synthesis of zinc magnesium oxide
by atomic layer deposition and addresses all the major objectives. We gather
new insights into the growth kinetics of the ALD grown ternary zinc mag-
nesium oxide and the effect of ZnO and MgO interfaces. We conclude that
bilayer period can serve as an effective way to understand growth kinetics in
ternary material synthesis by ALD, providing an alternative to in-situ quartz
crystal microbalance analysis. Chapter 4 establishes a process-structure-
property relationship of ALD grown ZMO and also briefly summarizes the
results of ALD deposited ZMO buffer layers in chalcopyrite solar cells.

Complementing Chapter 4, Chapter 5 focuses on the structural transitions
in the ALD grown zinc magnesium oxide detailing growth regimes that lead
to the formation of either a mixed, nanolaminated or intermediate confined
material structures. In particular, chapter 5 compares the structural analysis
through different techniques namely, XPS, SIMS and TEM. These interme-
diate structures might pave way towards the realization of polycrystalline-
amorphous superlattices using atomic layer deposition.

Chapter 6 is concerned with the synthesis of zinc tin oxide by ALD addressing
the major research challenges of the thesis similar to chapter 4. We conclude
that bilayer period provides an additional knob in the tuning of material
properties of ALD grown ternary materials. The application of ALD based
zinc tin oxide films as channel layers in TFT is ongoing.
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A concluding chapter 7 summarizes the outcomes and provides outlook for
future research.



Chapter 2

Transparent Conducting
Materials & Applications

Transparent conducting materials or TCMs, as the name suggests are highly
transparent and electrically conducting materials employed in a wide-range
of everyday applications from touchscreens, flat panel displays, solar cells
to smart windows etc. Out of those, oxides make the most popular trans-
parent conducting materials, hence the term transparent conducting oxides
or simply TCOs. Cadmium oxide (CdO) combining optical transparency
with good electrical conductivity first opened the doors to the discipline of
TCOs in 1907 [38], followed by tin dioxide (SnO2) 30 years later, then zinc
oxide (ZnO), indium oxide (In2O3) and so on. Recently ultra-wide band gap
TCO - gallium oxide (Ga2O3) has gained a lot of attention in the field of
power electronics [39]. Nonoxide transparent conducting materials include
the widely studied boron phosphide (BP) and copper iodide (CuI), chalcopy-
rite (CuAlS2), Cu-alloyed zinc sulfide (CuxZn1−xS) , oxy-chalcogenides etc.
[40].

2.1 Transparent Oxide Semiconductors

TCOs are a unique class of materials as they combine optical transparency
and electrical conductivity which are conflicting properties by nature. Glasses
are highly transparent insulators while metals are highly conducting reflec-
tors/mirrors; to achieve a highly transparent conducting material, one needs
to make either the former more conducting or the latter more optically trans-
parent. Transparent semiconductors are promising candidates as they offer
transparency akin to insulators and moderate conductivity which can be im-
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proved simply through doping. The electronic band structure becomes highly
relevant to understand and distinguish the nature of these various classes of
materials.

2.1.1 Electronic Band structure

Figure 2.1: Band structure

In the band theory of solids, atoms in a periodic structure(a lattice) are said
to form a continuum of energy states called energy bands rather than discrete
energy states or levels due to overlapping atomic orbitals. These energy
bands have finite widths depending on the overlapping parent orbitals hence
there appears gaps in the continuum, known as band gaps. Classification of
a material into a metal, semiconductor or insulator depends on how these
energy bands are filled with electrons, especially the last or upper bands.
The energy bands are filled with electrons from the bottom; the density of
states of an energy band gives the number of states available within the band
for electrons to occupy, the Fermi-Dirac distribution gives the probability of
a state being occupied and the Fermi level EF denotes the total chemical
potential of the electrons occupying the energy bands. When the last energy
band is partially filled, as is the case in metals, electrons can move freely
to conduct electricity. Semi-metals have partially filled overlapping energy
bands in place of a partially filled energy band. If the last band however,
is completely filled, the electrons are no longer free to conduct resulting
in an insulator or semiconductor and the band gap becomes very relevant
in these materials. The Fermi level (EF ) gives the highest energy that an
electron can occupy at absolute zero, thus in metals and semi-metals, EF
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falls within the partially filled band as shown in Fig. 2.1. Likewise bands
and band gaps around the Fermi level are of main concern in semiconductors
and insulators, interestingly EF in these materials falls above the completely
filled band inside the band gap. This band-gap becomes a defining feature
of these materials and the size of this band-gap or energy gap distinguishes
a semiconductor from an insulator (from here on terms bandgap, band-gap,
band gap refers to this defining parameter). The completely occupied band
in these systems is called the valence band (of energy EV below EF ) as
shown in Fig. 2.1, and the conduction band is the next available energy
band that an electron can occupy above the band-gap which is empty at
absolute zero. Not only are semiconductors and insulators differentiated by
the size of the energy gap but also by their tendency to generate free electrons
easily into the conduction band. As there are no available energy levels inside
the gap, an electron requires an energy equivalent to the gap to be excited
from the valence band into the conduction band. In an intrinsic or pure
semiconductor such as Si or Ge, at temperatures above absolute zero, few
electrons from the valence band are excited into the conduction band across
the band-gap, resulting in electrical conduction. The conductivity is small
owing to the small number of free electrons available as compared to metals
hence the term - semiconducting material. With increasing temperature,
more electrons are excited into the conduction band resulting in increased
conductivity. In insulators, the thermal energy available at room temperature
is not sufficient enough to excite a few electrons from the valence band across
their large sizeable band-gap, therefore they remain poor conductors even
with increasing temperatures. Wide-bandgap semidconductors (WBGs) have
band-gaps in-between the conventional semiconductors with narrow band-
gap and insulators with a large band-gap. This makes them suitable to
operate at high temperatures as the thermal energy required to excite the
electrons across the gap would be higher, making their normal operating
temperature to be higher than conventional semiconductors. Wide-bandgap
metal oxide semiconductors have an energy gap of ≥ 3 eV making them
suitable for various high voltage, high frequency applications.

Conductivity in n-type semiconductors is due electrons, the presence of shal-
low donor or impurity states close to the conduction band introduced either
by oxygen vacancies (in oxides) or metal interstitials or by extrinsic dopant
atoms. These impurities readily undergo thermal ionization, generating car-
riers and in turn conduction; Fig.2.1 depicts the electrons being excited into
the conduction band from the donor level of an n-type semiconductor. In
a p-type semiconductor, conductivity is due to empty states or holes in the
valence band and the impurities are acceptor states close to valence band.
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The doping concentration, electrons in n-type and holes in p-type, helps to
understand the behaviour of the semiconductors which can be further differ-
entiated into non-degenerate and degenerate semiconductors depending on
the level of doping. TCMs are formed by doping transparent semiconductors,
they exhibit high conductivity when degenerately doped. With transparent
wide-bandgap metal oxide semiconductors, a non-degenerate doping leads to
a transparent semiconducting oxide (TOS or Transparent oxide semiconduc-
tors) while degenerate doping results in transparent conducting oxide (TCO).

Intrinsic semiconductor

In an n-type semiconductor, the concentration of electrons present in a con-
duction band can be determined from the number of states of electrons and
the Fermi distribution function which gives the probability of occupied states
as,

n =

∫ ∞

EC

N(E)F (E) dE with F (E) =
1

1 + exp[(E − EF )/kT ]
. (2.1)

The density of states near the bottom of the conduction band, assuming a

parabolic energy dispersion, can be approximated to NC = 2
(

m∗
ekT

2πℏ2

)
, with

the electron effective mass m∗
e, boltzmann constant k and temperature T.

Then above equation can be written as

n = Nc
2√
π
F1/2

(
EF − EC

kT

)
(2.2)

where F1/2 is the Fermi-Dirac integral with EC - the energy at bottom of
the conduction band [41]. In a non-degenerate semiconductor, the doping
concentration is lower than NC and the Fermi level lies well below the con-
duction band minimum (EC −EF >> kT ), then Boltzmann statistics can be

applied and the Fermi-Dirac integral reduces as F1/2(η) =
√
π
2

exp η making
equation (2.2) to become

n = NC exp

(
EF − EC

kT

)
or EC − EF = kT ln

(
NC

n

)
. (2.3)

Similarly, the hole concentration for an intrinsic p-type semiconductor can
be written as

p = NV exp

(
EV − EF

kT

)
or EF − EV = kT ln

(
NV

p

)
, (2.4)
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with NV being the effective density of states of the valence band and EV is
the energy at valence band maximum. In an undoped semiconductor, the
intrinsic carrier concentration ni = n = p as a result of charge neutrality and
by equating the above equations for n and p, one can find that the Fermi
level lies close to the middle of the energy gap.

Doped semiconductor

In a doped semiconductor, when donor atoms are introduced into a semicon-
ductor material, donor energy levels are introduced inside the energy gap.
A donor level filled with an electron is neutral and the amount of energy
required to excite an electron from the donor level (ED) into the conduction
band i.e, the ionization energy of donor impurity can be calculated based on
a simple hydrogen atom model. The ionization energy of a hydrogen atom
in vacuum and the distance between the hydrogen nucleus and the electron
in ground state (Bohr radius) are given as,

EH =
m0q

4

32π2ϵ20ℏ2
and rH =

4πϵ0ℏ2

m0q2
(2.5)

As the donor impurity is embedded inside the semiconductor and not in
vacuum, taking into account of the effective mass of electrons (m∗

e) and the
permittivity of the semiconductor (ϵs), the energy required to overcome the
coulombic attraction between the donor electron and its nucleus can be com-
puted as,

EC − ED =
EH

ϵ2s

m∗
e

m0

and rH =
ϵsm0

m∗
e

rH (2.6)

where EH=13.6 eV and rH=0.053 nm. The calculation of ionization energy
of acceptors in case of p-type semiconductors follows the same as donors. For
most semiconductors the above energy is found to be ≲0.1 eV comparable
to thermal energy kT putting the donor levels close to conduction band edge
and also resulting in complete ionization at room temperature. Now the
concentration of donor electrons that have been ionized can be determined
similar to equation (2.1) as

N+
D = ND

1

1 + 2 exp[(EF − ED)/kT ]
(2.7)

where the factor 2 arises out of donor site ground-state degeneracy and ND

is the total donor concentration. In an n-type semiconductor, at moderate
temperatures, all the donor impurities are ionized; charge neutrality means
the electron concentration n ≃ N+

D , therefore equating the above equation
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with (2.3), the Fermi level can be found to lie in-between the conduction band
and donor level as portrayed in Fig 2.1. In a non-degenerate semiconductor,
temperature plays a huge role in electron concentration, at low temperatures
almost no thermalization from donor level takes place n << ND and at very
high temperatures, the semiconductor becomes intrinsic as there is enough
energy available for transition from valence band to conduction band n ≃
ni >> ND.

Degenerate semiconductor

A degenerate semiconductor is one with heavy doping with a doping concen-
tration more than the effective density of states (≥ NC). The Boltzmann
approximation no longer applies and the Fermi-Dirac integral in equation
(2.2) is evaluated numerically. With heavy doping, the large electron con-
centration thus generated lead to many-body effects such as screening effect
at the impurity sites which reduces the ionization energy almost to zero
[42]. The several shallow donor states introduced by heavy doping combine
to form an impurity band which overlaps into the conduction band and the
Fermi level moves outside the gap into the conduction band similar to metals.
Fig 2.1 shows the band structure of a degenerately doped n-type semicon-
ductor. With almost to nil ionization energy, the carrier concentration and
thus conductivity is independent of temperature in a degenerately doped
semiconductor but limited by ionized impurity scattering beyond a carrier
concentration of 1020cm−3 [43]. Ternary oxide materials are often used for
transparent electronics because their electronic band structure can be tuned
by controlling the composition.

Electrical conductivity

Conductivity for n-doped semiconductor σ not only depends on the electron
concentration but also on the carrier mobility. And the mobility µ depends
on the effective mass of carriers, in the case of n-type material

σ = neµ and µe = eτ/m∗
e, (2.8)

where τ is the relaxation time. From this relation, a map of classification
of different materials can be obtained with the nc-µ diagram (see Fig. 2.2)
by plotting the carrier concentration vs mobility. Metals are located at the
top-center with very high carrier concentration and in turn very high con-
ductivity (note that bismuth on the top-left is a semimetal). Semiconductors
on the bottom-right with a low carrier concentration but high mobility show
good conductivity. The conductivity of the semiconductors could always
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be increased by doping, however heavy doping becomes counteractive as it
causes more ionized-impurity scattering decreasing the mobility. Wide band-
gap metal oxide semiconductors (≥ 3 eV) show conductivity up to an order
of 104S/cm due to intrinsic (oxygen vacancies or interstitials) or extrinsic
doping. While the non-degenerately doped TOS is used for its semiconduct-
ing properties, degenerately doped TCOs are used as transparent electrodes.
Carrier concentration in the former case (TOS) is in the intermediate range
and does not exceed beyond 1018cm−3 while for TCOs it is limited to sev-
eral 1021cm−3. Popular TCOs are obtained by doping the binary transpar-
ent semiconductors such as doping indium oxide with tin (ITO), doping tin
dioxide with fluorine (FTO) and zinc oxide with aluminium (AZO) etc. Most
importantly doping governs whether a transparent oxide remains electrically
semiconducting or electrically metallic.

Figure 2.2: Carrier mobility vs density [2], Metals at the tpo-center, semi-
conductors at the bottom-right and TCOs in between.

2.1.2 Band Structure of TOS

While carrier concentration can be controlled via doping, mobility is a material-
dependent parameter, a smaller effective mass corresponds to larger mobility
and the effective mass is deduced from the curvature of the energy bands in
the energy diagram as a function of crystal momentum k, 1

m∗ ∝ d2E
dk2

. The
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larger the curvature of the conduction band, the smaller is the electron ef-
fective mass and higher is the mobility. In a metal oxide semiconductor,
the conduction band consists of empty ns0 orbitals of the metal cation M2+

and the valence band is made of occupied O2− oxygen 2p6 orbitals. The
metal Ms orbitals with their spherical symmetry make a large overlap with
neighbouring Ms orbitals and Op orbitals resulting in a large conduction
band dispersion leading to small electron effective masses. Atomic orbitals
in metal oxides overlap as largely as in metals because the intercationic dis-
tances in metal oxides are very similar to the interatomic distances in met-
als. Fig. 2.3 depicts the large curvature of the conduction band of a wurzite

(a) ZnO (b) SnO2

Figure 2.3: Band structure of pure ZnO [3] and pure SnO2 [4]

structure ZnO and pure rutile SnO2 which arises due to large overlap of the
orbitals causing large energy dispersion. The valence band maximum and
EF is set to zero energy which lies below the conduction band minimum
denoting an n-type material; also SnO2 shows much flatter valence band
than ZnO. Additionally, the symmetry makes this Ms-Op-Ms network insen-
sitive to structural variations rendering similar mobilities to polycrystalline
and amorphous counterparts of the crystalline material. Thus metals with
d10s2 electronic configuration make up most of the conventional TOS ans
TCOs. Smaller effective mass ensures higher mobility, but carrier scatter-
ing limits mobility. Carrier scattering occurs as electrons collide with lattice
ion, defects, impurities and other electrons. The average time between two
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consecutive scattering events during which an electron can move freely is
the relaxation time τ . When carrier scattering increases, τ reduces and de-
creases the mobility (see 2.8). Scattering mechanisms thus play a crucial role
in shaping the electrical properties of a material. The scattering mechanisms
of main concern in transparent oxide semiconductors are phonon scattering,
impurity scattering and grain-boundary scattering. Phonons are the elemen-
tary excitation of lattice vibrations in a crystal; interaction of electrons with
phonons results in electron-phonon scattering. In monocrystalline ZnO for
example, mobility is limited by optical phonon scattering yielding a maxi-
mum of 220cm2/Vs [44]. In polycrystalline materials, the existence of grain
boundaries act as scattering centers causes grain boundary scattering and
decreasing the mobility, hence grain size becomes relevant. In TCOs, mobil-
ity is limited by ionized-impurity scattering as doping increases impurities
i.e, dopant atoms.

2.1.3 Optical transparency

The wide band-gap oxide semiconductors are transparent in the visible range
up to 10 µm, as shown in Fig.2.4, where the transparency window of con-
ventional semiconductors are limited to the infrared region. The absorption
edge in the far infrared region is governed by the lattice vibrations between
10 to 200 µm and the absorption edge in the ultraviolet region is due to the
fundamental absoprtion or inter-band absorption.

Figure 2.4: Transparent materials vs wavelength[2].
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Inter-band absorption

This fundamental absorption is due to the electronic transition across the
bandgap Eg when light is incident on the material imparting enough en-
ergy for an electron from the valence band to be excited into the conduction
band. A transition involving photon only is a direct band-to-band transition
whereas a if it involves both a photon and a phonon, the absorption is known
as an indirect transition. Direct bandgap transitions occur when the valence
band maximum and conduction band minimum appear at the same point
in the momentum space (k-space) as depicted in Fig. 2.5. Indirect tran-
sitions dominate optical absorption when the extrema of valence band and
conduction band occur at different point in the momentum space requiring
a phonon-mediated transition to satisfy conservation of momentum. Only

Figure 2.5: Schematic of direct and indirect transitions. CB and VB stand for
conduction band and valence band respectively. In direct transition extrema
of CB and VB occur at k=0 while in the indirect transition, the minimum of
CB and maximum of VB are at different values of k requiring phonon assisted
transition across the forbidden energy gap. Pink lines indicate photon and
purple line phonon.

the photons of energy equivalent or higher than the bandgap are absorbed.
Photons of lower energies are not absorbed and simply transmitted through
the material. Hence the transparency window or the apparent colour of the
semiconductor is due to the fundamental absorption edge of the material.
For the wide-bandgap metal oxides as the absorption edge moves towards



Chapter 2. Transparent Conducting Materials & Applications 20

the ultraviolet region, the transmission becomes colourless as all the visible
spectrum are transmitted. The transmission window of a TCO/TOS should
span UV-VIS-NIR region, however, doping influences these absorption mech-
anisms. For a detailed summary of absorption processes refer to [25].

In a degenerately doped n-type wide bandgap semiconductor, the Fermi level
EF shifts above the conduction band minimum as can be seen in 2.1, this not
only increases the carrier concentration but also widens the optical bandgap
Eg. This blue shift of UV absorption edge caused by conduction band filling
is called Burstein–Moss shift and the amount of shift in energy gap is given
by the relation, ∆Eg = n

(2/3)
c [45][46][47].

Figure 2.6: Electronic band structure of a) transparent semiconductor
b)degenerately doped transparent semiconductor with BM shift c) density
of states [5]

The valency of the dopant atom/ion plays a crucial role in determining an
effective doping be it replacing the native metal ion M2+ or the oxygen O2−.
In doping zinc oxide by aluminum, Al3+ ion replaces Zn2+ ion increasing the
free carrier concentration in Al doped ZnO resulting in high conductivity.
Similarly in fluorine doped SnO2 the fluorine ion F− is expected to generate
free carriers by replacing O2−. For an effective donor doping in an n-type
material, aliovalent ions are opted to ensure the generation of charge carriers,
resulting in a BM shift. However, depending on the applications, specific
properties can be optimized by choosing other type of dopant ions. A shift in
optical bandgap can also occur due to the broadening of bands above or below
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conduction band minimum due to interactions between the dopant states and
the host atoms, where the bandgap becomes dependent on composition. For
example, the optical properties of ZnO can be tuned by Mg doping. With
the valency of dopant Mg2+ ion being similar to Zn2+, the Mg 3 s orbitals
hybridize with the Zn 4 s orbitals shifting the conduction band minimum
and increasing the optical bandgap [48]. The blue shift of the fundamental
absorption edge due to Burstein-Moss effect with doping in a Ga:ZnO system
is shown in Fig. 2.7 [6].

Figure 2.7: Optical Transmission (solid lines) and Reflectance (dashed lines)
spectra of Gallium doped ZnO with increasing Ga at % from samples S1 to
S5. [6].

Plasmon Resonance

Additionally, the reflection spectra also governs the optical nature of the
material. The free electron gas model can quite well describe the optical
properties here similar to the electrical conductivity. Combining the fre-
quency dependent AC conductivity and the Maxwell’s equations, one arrives

at complex dielectric constant ϵ(ω) = 1− ω2
p

ω2 , where ωp = nce
2/ϵ0m

∗ [49]. The
negatively charged conduction electrons balanced by the background positive
charge of ions behave as a collective plasma oscillating at a characteristic fre-
quency ωp called the plasma frequency. If the incident light has a frequency
ω < ωp, the conduction electrons screen the electric field of the light. On
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the other hand, when ω > ωp higher frequency photons pass through as the
carriers cannot respond fast enough to screen. From above equation, the
condition for non-reflectance in terms of carrier concentration can be given
as,

nc <
4π2ϵ0m

∗

µ0e2λ2
(2.9)

provided 2π
λ

> ωp. From this relation we can determine that for an effec-
tive transmission in the visible range up to 800nm, the carrier concentration
cannot exceed 1021cm−3. Moreover, the highly reflective nature of metals
becomes evident as the high carrier density puts the plasma frequency in the
UV range. Free carrier absorption occurs as the excess of free carriers in a
semiconductor act collectively as electron gas or plasma causing an optical
absorption at infrared region. The absorption of photon by free carriers re-
sults in intraband transition mediated by phonon, electrons moving from a
lower energy state to higher energy state within the same conduction band or
to higher conduction bands (valence band free-carrier absorption for holes).
This free carrier absorption edge can be seen appearing with increasing Ga
doping in the IR region in Fig. 2.7 [6]. Not just the conductivity but also
the optical window is limited by carrier concentration; consequently doping
plays a critical role in tuning the optical and electrical properties of these
transparent oxide materials.

Thickness dependent Optical Properties

The optical coefficients refractive index (n) and extinction coefficient (k)
govern the optical properties of a material discussed so far - the transmis-
sion, absorption and reflection. These intrinsic optical properties depend
on the chemical composition and chemical structure of the material. Re-
fractive index describes the propagation of light through the material, while
the extinction coefficient describes the attenuation of the light propagation,
combined to give the expression for the complex refractive index written as
n= n + ik, where n is the real part of refractive index. When it comes to op-
tical properties of thin-films, extrinsic factors such as film thickness, texture
and optical properties of the substrate cannot be ignored. When a transpar-
ent conducting or semiconducting film is deposited on a substrate, multiple
reflections and transmission occurs at the interface between air and the film,
the film and substrate interface because of interference, which changes the
overall effective refractive index and extinction coefficient. Moreover, the
larger the thickness of the films, larger is the interference. Thus refrac-
tive indices of each medium, the extinction coefficients and film thickness
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strongly influence the optical properties of thin-films. When it comes to tex-
ture, roughness introduces thickness variation across the film which affects
the optical properties as well.

2.2 Applications of Transparent Oxides

Transparent oxides are used in a wide array of optoelectronic applications
such as light emitting diodes - LEDs, OLEDs touchscreens, displays (LCDs),
smart windows, solar cells, photocatalysis and optical coatings etc., forming
the backbone of transparent electronics. They are an essential component in
thin film photovoltaics - chalcopyrite, organic, pervoskite and multi-junction
solar cells. Depending on the application a transparent oxide semiconductor
can be doped to form a TCO or remain a TOS. In the aforementioned ap-
plications, as TCOs they serve as transparent electrodes and as TOS their
semiconducting properties can be used in complex device structures. A fun-
damental understanding of the role a transparent oxide material plays in
these optoelectronic devices becomes essential to achieve effective material
design. Of the various applications, we focus on thin film photovoltaics
(TPV) and thin film transistors (TFT) which form the building block of
renewable energy and display technologies respectively. Understanding the
role of transparent oxides in these devices is key in material design, synthesis
and engineering energy-efficient devices.

2.2.1 Thin film Photovoltaics

Thin film solar cells based on copper indium gallium selenide (CIGS) play
a major role towards addressing the current climate and energy crisis. The
main advantages are high efficiency, long term stability, low cost in manufac-
turing, environmentally friendly materials, flexibility in design and lightweight
[50, 51, 52]. CIGS based solar cells have achieved a conversion efficiency up
to 23.6 [53], to compare the most efficient silicon cells are around 26.7%.
Chalcoyprite semiconductors CuInS2, CuInSe2 and CuGaSe2 or an alloy of
them are used as absorbers in these thin film solar cells. Another advantage
of chalcopyrite solar cells is that they can be incorporated in to a multijunc-
tion solar cell. A multijunction solar cell consists of two or more absorbers,
each forming an individual solar cell and absorbing different parts of a solar
spectrum. This requires bandgap engineering to ensure the bandgap of the
multiple semiconductors capture different energies of the solar spectrum and
achieve high efficiencies. While the bandgap of Cu(In,Ga)Se2 (CIGSe) varies
from 1.0 eV (for CuInSe2) to about 1.7 eV (for CuGaSe2) making it suitable
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for a bottom cell, its selenium free sulfide counterpart Cu(In,Ga)S2 (CIGSu)
can be used as a top cell with its tunable direct bandgap between 1.54 eV
(for CuInS2) and 2.53 eV (for CuGaS2) [54][55].

CIGS solar cells

A typical chalcopyrite based solar cell is a heterojunction solar cell consisting
of a p-n heterojunction developed between the p-type CIGS absorber and n-
type region formed by buffer, window and TCO layers [9].

Figure 2.8: A simplified energy band diagram of p-n heterojunction under
equilibrium. The p-type material on the right with energy gap Eg2 and n-
type material on the left Eg1 when brought together form the depletion region
causing a built-in voltage Vbi to develop across the junction and band-bending
occurs. [7].

In a p-n heterojunction model of a solar cell, a junction is created by bringing
together two different materials with different bandgaps. The holes from the
p-side and electrons from the n-side diffuse into the other and recombine at
the junction. As the junction is depleted of majority carries, it leaves the n-
side positively charged and p-side negatively charged creating an electric field
(known as built-in potential Vbi) at the junction. This electric field causes
drift of minority carriers while acting as a barrier to diffusion of majority
carrier thus achieving a thermal equilibrium. At this juncture, the Fermi
levels on the p-side and n-side are equal and band-bending occurs as shown
in Fig.2.8[56].

When the semiconductors absorb light, electron-hole pairs are generated,
there exists excess of minority carriers, electrons now on the p-side and vice
versa. The electric field across depletion region is enough to separate the
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photogenerated carriers from recombining [7]. The light induced excess car-
rier generation drives the p-n junction out of equilibrium and the Fermi level
readjusts splitting into minority and majority quasi Fermi levels on either
side to take the charge imbalance into account. This quasi-Fermi level(QFL)

Figure 2.9: A schematic of p-n heterojunction solar cell under illumination.
The quasi-Fermi levels splitting on the n-side involves majority electrons and
minority holes (F1n and F1p) and on the p-side, majority holes and minority
electrons (F2p and F2n). The difference in quasi-Fermi levels F2n − F1n and
F1p − F2p contribute to the open-circuit voltage [8].

splitting depicted in Fig.2.9 [8], creates a potential difference among the elec-
tron QFL on the n-side and between hole QFL on the p-side contributing
together to the open circuit voltage of the solar cell. Open circuit voltage
(VOC) is the difference of potential across the p-n junction when there is no
load and can be used to generate useful electrical power when connected to
a load. The open circuit voltage is the maximum voltage a solar cell can
generate/provide.

The layout of a chalcopyrite based solar cell consists of soda lime glass sub-
strate followed by molybdenum back contact and the p-type absorber such
that the structure follows SLG/Mo/CIGS/Buffer layer/Window layer/TCO
layer [9] as shown in Fig. 2.10.

For light to reach the absorber layer, the buffer layer and window layer need
to be transparent. Optically a transparent oxide can be used as a transparent
top contact, window layer and buffer layer. Moreover, it is pertinent for a
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Figure 2.10: Typical stack of a chalcopyrite solar cell [9].

buffer layer to provide good band alignment with the absorber and window
layer. Electrically, while a TCO can serve as top electrode, a TOS is better
suited to be a buffer layer, since a good semiconducting buffer layer ensures
efficient charge separation and transport between the absorber layer and win-
dow layer whilst reducing recombination. Recombination of electron-holes is
common at interfaces due to the presence of defect states and a favourable
band alignment between the different layers assures reduction in interface re-
combination. In short, in a heterojunction chalcopyrite solar cell, buffer and
window layers are quintessential for p-n junction formation and charge sep-
aration. Furthermore, a proper formation of conduction band offset (CBO)
at the absorber and buffer layer interface is necessary for attaining a high-
performance device. Traditionally cadmium sulfide (CdS) is used as a buffer
layer in high-efficiency CIGS devices with intrinsic ZnO and AZO serving as
window layers ([57][58]need to list few more references).

In theory the quantities QFL and VOC can be used interchangeably, however,
in poorly performing devices the open-circuit voltage is less than the internal
quasi-Fermi level splitting(QFLS) termed as QFLS loss. One of the most
critical factors in accomplishing a high-performance device and avoiding this
QFLS loss is to reduce interface recombination at the buffer/absorber inter-
face. A positive conduction band offset (CBO) occurs when the conduction
band minimum of the buffer layer is higher than that of the absorber layer
resulting in a formation of spike like interface. And a negative conduction
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band offset results in a cliff like interface as the CBM of buffer layer is lower
than that of the absorber. The cliff-like structure acts as a barrier to in-
jected electrons from the n-side in forward bias and increases the interface
recombination, thus reducing the VOC . Fig. 2.11 shows the schematic of the

Figure 2.11: Schematic of CBO (a) Cliff formation when CBM of absorber is
higher than the buffer layer (negative CBO) (b) Spike like formation when
CBM of absorber is lower than the CBM of the buffer layer (positive CBO)
[10].

spike and cliff formation and the recombination centers. The cliff formation
acts as a recombination center making the activation energy of the dominant
recombination less than the bulk bandgap leading to loss of QFL [59]. The
spike forms a small electrical barrier but does not impede the transport of
the injected electrons nor reduce VOC , provided the offset is less than 0.4
eV [10][60]. In general, the absorber/buffer interface shows excellent perfor-
mance when there is a spike formation with positive CBO in the range of 0 to
0.4 eV. Between a CdS buffer and CIGSe absorber, there is low conduction
band offset resulting in no barriers at the interfaces aiding in high-efficiency
CIGSe devices. However, in the case of high bandgap chalcopyrite CIGSu
devices, CdS fails at providing good CBO i.e., results in negative CBO lead-
ing to interface recombination (Fig. 2.11 (a)). Therefore, alternatives to CdS
for the wide bandgap chalcopyrite absorbers to form positive CBO (Fig. 2.11
(b)) are needed to obtain better performing devices

Transparent Oxides as Buffer Layers

Several Cd-free buffer layers have been investigated over the past decades
such as In2S3, ZnS, Zn(O,S), Zn1−xMgxO, ZnSe, ZTO etc. [11][35][61]. Trans-
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parent oxides with their wide bandgap (≥3.3 eV) make a great choice of
buffers for chalcopyrite absorbers, in particular, ternary-zinc-containing ox-
ides are appealing transparent oxide materials for buffer layers with their tun-
able optical and electrical properties: Zn1−xMgxO [62][36], ZTO[15], ZnTiO[12].
The various Cd-free buffer layers grown over CIGSe solar cells and the maxi-
mum power conversion efficiencies observed are shown in Fig. 2.12; it should
be noted that the absorber quality across the various reports are very differ-
ent [11][12][13][14][15][16][17].

Figure 2.12: Various Cd-free alternative buffer layers grown on CIGSe
based thin film solar cells with highest PCEs achieved with them
[11][12][13][14][15][16][17].

Various deposition techniques were explored in the use of above materials as
buffers for CIGS solar cells such as chemical bath deposition (CBD), atomic
layer deposition (ALD), sputtering and evaporation (PVD) etc. [35]. Achiev-
ing a buffer layer with small positive conduction band offset requires the abil-
ity to fine tune the composition and in turn the position of the conduction
band. Among the various techniques, ALD offers an exceptional composi-
tional control of the deposited thin films which is a great advantage to achieve
optimal band alignment. In addition, it offers conformal, low-temperature
growth which reduces formation of defects at the interface and degradation
of the absorber layer during buffer growth. With its layer-by-layer growth
kinetics, ALD allows precise control of thickness suitable for deposition of
thin buffer layers. Therefore it becomes essential to understand band gap
engineering of transparent semiconducting oxides by ALD. Off the above
transparent oxides, in this thesis we investigate zinc magnesium oxide and
zinc tin oxide.
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Zinc Magnesium Oxide

Tinc magnesium oxide (ZMO), Zn1−xMgxO is a wide bandgap n-type semi-
conducting material that shows a tuneable bandgap from 3.3 eV up to ∼4
eV with addition of Mg (up to x = 0.4) making it well-suited as buffer
layer for wide bandgap chalopyrite absorbers (CIGSu) [28]. The blue shift of
the conduction band with addition of Mg provides appropriate band align-
ment and CBO with CIGSu absorbers accomplishing high efficiencies. X-
ray photoelectron spectroscopy study on the small valence band offsets of
non-polar ZnO/Zn1−xMgxO heterojunctions shows in Fig.2.13 the conduc-
tion band minimum shifting linearly upward with increase in Mg content
[18]. Initially, Cd-free Zn1−xMgxO buffer layers were deposited by sputtering
on CIGSe absorbers resulting in efficiencies upto 16%[63]. Zn1−xMgxO was
commonly used as an intermediate buffer along with Zn(O,S) or CdS or de-
posited post Cd treatment[64][65]. Even the record high efficiencies of over
23.35% obtained with CIGSSe solar cells employed a double buffer layer in-
volving Zn(O,S) and Zn1−xMgxO [16]. To avoid sputter damage and perform
a direct deposition of Zn1−xMgxO based buffer layers Torndahl et al. adopted
atomic layer deposition, achieving efficiency of 14% [36]. The lower efficiency
was attributed to lower VOC and poor fill factor due to positive conduction
band offset(≥0.3 eV) resulting in an electrical barrier [66]. Optimized ALD
processes improved the efficiencies to ∼16% and it was noted that higher
temperature of atomic layer deposition resulted in degradation of the device
performance and a ratio of 1:6 Zn:Mg resulted in the best efficiency [36][67].
Thus, numerous studies investigated the use of Zn1−xMgxO buffer layers for
CIGSe solar cells [68][69]. A key advantage of Zn1−xMgxO buffer layer is

Figure 2.13: Schematic band alignment in non-polarZnO/Zn1−xMgxO het-
erojunctions [18].

that, with its widely tuneable bandgap it is not only suited for CIGSe solar
cells but also the high bandgap CIGSu absorbers. However, detailed study
of Zn1−xMgxO buffers and their band alignment with CIGSu is lacking.
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2.2.2 Thin-film Transistors

Figure 2.14: (a) Staggered, top-gate TFT; (b) Coplanar, top-gate TFT; (c)
Staggered, bottom-gate TFT; and, (d) Coplanar, bottom-gate. [19]

Thin-film transistors or TFTs are a type of field-effect transistor (FET) that
form the backbone of display technology and used in modern televisions,
computers, mobile and various consumer electronics. The structure of a
basic TFT consists of a semiconducting channel layer and a gate electrode
separated by an insulating dielectric layer. In addition, two metallic elec-
trodes, the source and drain provide electrical contact with the semiconduct-
ing layer. The basic working principle involves controlling the conductivity
of the semiconductor layer through the application of an external electric
field on the gate electrode. One of the key differences between a TFT and
a traditional FET is the thickness of the channel or active layer. In the for-
mer, the semiconducting layer is thin, fabricated using thin-film deposition
techniques whereas latter FET employs a bulk semiconductor. Another key
working difference is that an FET works by creating a channel inside the bulk
semiconductor between the source and drain metal contacts when a field is
applied through the gate. But in a TFT, the thin semiconducting layer acts
as the channel. The various TFT device architectures are shown in figure
below.
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Zinc Tin Oxide

Transparent semiconductors, especially transparent amorphous semiconduc-
tors are becoming popular materials for TFT applications due to their high
transparency and amorphous nature. Zinc tin oxide has become a popular
alternative to the most extensively investigated amorphous oxide semicon-
ductor for TFT applications is indium gallium zinc oxide or IGZO. There
exists numerous studies on zinc tin oxide based TFTs using various deposi-
tion methods, however investigations on atomic layer deposited zinc tin oxide
as channel layer for TFT is still lacking given the advantages of ALD in con-
trolling the composition of the materials. Only very few papers investigated
the use of ALD based ZTO as TFTs so far [70][71][72][73][74][75].

2.3 Atomic layer deposition

Atomic layer deposition (ALD) is type of chemical vapour deposition tech-
nique developed in the 60s and 70s to fabricate thin-films. It involves the
use of gas-phase chemicals called precursors(reactants) which react with each
other or with co-reactants such as water, O2 or N2 plasma at the surface of
the substrate to produce a film. ALD is a sequential deposition technique,
that relies on the precursors reacting with the surface in a self-limiting way
and cyclic exposure of the surface to the precursors, through which a layer-
by-layer linear growth of thin-films is attained. Since the growth depends on
the number of cyclic steps rather than the precursor dosage/flux, high degree
of conformality and thickness control can be realized with ALD. CMOS tech-
nology saw the prevalent use of ALD in the deposition of high-k dielectric
metal oxides. Metal oxide binary ALD process have been commonly used in
the industry for optical and protective coatings.

A binary ALD process consists of a precursor dose wherein the precursor is
pulsed first followed by co-reactant dose. The pulse time of the precursor
dose should be sufficient enough for the precursor to be absorbed at the
entirety of the substrate surface, see Fig.2.15, and the co-reactant pulse time
should be enough for a complete reaction with the precursor. A purge step
follows each dose steps to remove excess precursor/reactants. The common
co-reactants for metal oxides are H2O, O2 plasma and ozone, N2 plasma
and ammonia for metal nitrides and H2S is employed for metal sulfides.
Precursors are the key element in ALD as they govern the self-limitation
principle and are required to be volatile and not decomposable thermally
during processing. While the precursors can be inorganic or metalorganic,
the latter is typically opted. Organometallic compounds including alklys,
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alkoxides, cyclopentadienyls etc., containing the desired metal or semimetal
that need to be deposited are used as precursors; typical inorganic precursors
involve metal halides.

As an example of a binary metal oxide ALD process, we present the case of
ZnO ALD process. A typical binary ALD process involved in the growth of
zinc oxide films is illustrated in Fig.2.15. Diethyl zinc (DEZ) and H2O are
the precursor and co-reactant used respectively.

Figure 2.15: A schematic diagram of an atomic layer deposition process
reaction cycle to grow ZnO films [20].

The single reaction cycle of ZnO ALD process is described in the following
steps

Step 1: Pulse DEZ - Adsorption
When the precursor is pulsed, it reacts with the hydroxyls at the
substrate surface (−OH), diethyl zinc forms monoethyl zinc, releas-
ing ethane. If | indicates the substrate, then
Zn(C2H5)2 + |−OH → |−O − Zn(C2H5) + C2H6

Step 2: Purge
Purge step involves passing nitrogen or argon gas to remove unre-
acted excess DEZ and byproducts.

Step 3: Pulse Water - Oxidation
The water pulsed reacts with precursor molecules that have been
adsorbed at the substrate surface leaving a (−OH) tail which serves
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as a adsorption reaction site for the next cycle of reaction.
|−O − Zn(C2H5) + H2O → |−O − Zn − OH + C2H6

Step 4: Purge
A purge step again with inert gas removes excess water and reaction
byproducts.

Note that the monoethyl zinc may also react with remaining hydroxyl groups
to form elemental Zn, these other reactions are minor and negligible. Com-
bining the half-reactions at Steps 1 and 3, the net reaction involved in a
single ZnO ALD cycle is thus,

Zn(C2H5)2 + H2O → ZnO + 2.C2H6 (2.10)

From the above steps, it is evident that the presence of surface hydroxyls at
the substrate surface is crucial for starting this ALD process as they serve as
reaction sites for chemisorption. Irreversible chemisorption is the preferred
method of adsorption in ALD otherwise the adsorbed precursor molecules
might be desorbed and taken away during purge step. Lack of adequate
reaction sites might impact the ALD growth, therefore hydroxylation of the
substrate surface should be carried out prior to initiating an ALD process
by pre-treating the substrate or by simply exposing the substrate to a water
pulse before. The above 4 steps which form a single ALD reaction cycle
deposits a small amount of thin-film of the order of few ångstroms on the
surface of the substrate which is defined as growth per cycle or GPC. The
above reaction cycle (steps 1 til 4) is repeated over and over until growth
of the film reaches the thickness desired. GPC usually given in nm/cycle or
Å/cycle can be determined as,

Growth per cycle, GPC =
Thickness of film

No. of cycles
. (2.11)

The self-limiting characteristic of ALD arises from the availability of finite
reaction sites at a given surface for the precursor. While initially, the pre-
cursor reacts with the surface of the substrate, in subsequent reaction cycles,
the precursor reacts with the surface of the material deposited. Saturation
occurs when the surface is saturated with precursor molecules, i.e, the pulse
time is sufficient enough for the precursor to be adsorbed at all the available
reactive surface sites. This leads to a self-limited reaction as there are no
more unreactive sites for further reaction and the GPC reaches steady-state
at this juncture. Once saturation is achieved, growth remains unaffected
with further increase of the dosage or pulse time. Ideally, in a saturated,
self-limited ALD process, one reaction cycle (steps 1 til 4) is expected to
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deposit one monolayer of the material onto the substrate. However, it is not
often the case and the GPC is restricted to sub-monolayer growth. Knowl-
edge of the growth kinetics of an ALD process becomes highly relevant to
understand the factors that limit the growth to less than one monolayer per
cycle.

2.3.1 Growth Kinetics of Binary ALD Processes

Self-limited saturated growth, a distinctive temperature window and linearity
are three essential characteristics that are hallmarks of a true ALD process.
The forthright parameter that influences characteristics of an ALD process
is the deposition temperature.

ALD Temperature Window: The deposition temperature has a stark

Figure 2.16: Schematic of thermal ALD window: The Growth per cycle
(GPC) versus deposition temperature depicts various possible behaviours
and regimes.

effect on the growth through the number of reaction sites available at the
surface, the way the precursor reacts before and after chemisorption. The de-
position temperature range in which self-controlled reaction remains feasible
and a consistent growth takes place resulting in uniform thin-film deposition
is defined as the ALD temperature window. Outside of the temperature win-
dow, non-ideal growth behaviour is observed. If the temperature is less than
the thermal activation energy of the precursors, then not enough precursors
are chemisorbed at the reaction site resulting in poor growth, on the other
hand growth might also increase due to condensation of precursors as ph-
ysisoprtion dominates at lower temperatures. The two regimes are depicted
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in Fig. 2.16. Outside of the ALD window, higher temperatures can cause
the absorbed precursor species to desorb diminishing the growth. Higher
temperatures can also result in a CVD type behaviour, where the adsorbed
precursor decomposes and additional precursor species get adsorbed causing
a non-linear growth GPC spurt. Moreover, GPC can change through the
ALD window, it may increase, decrease or remain constant with tempera-
ture correspondingly brought by an increase, decrease or unaffected number
of reaction sites at the surface respectively. The number of reaction sites
can also become limited due to steric hindrances arising from the ligands
of the metalorganic precursors adsorbed at the surface which hide the other
available unreacted sites to chemisorption. The larger the precursor ligand,
the higher is the steric hindrance effect.

Linearity: Ideally, the GPC should remain constant throughout the ALD
process with the thickness of deposited material scaling linearly with respect
to the number of sequential cycles. However, while the first ALD reaction
cycle occurs at the surface of the substrate, the subsequent reaction cycles
occur at the surface of the material deposited onto the substrate and so
on. As the nature of the surface vary, the chemical composition, number
of reaction sites etc., GPC also varies. Depending on how GPC varies with
number of reaction cycles, ALD processes can be categorized into following
types as represented in Fig. 2.17,

Figure 2.17: Various types of ALD processes (a) Linear growth (b) Substrate-
enhanced growth (c) Substrate-inhibited growth Type 1 (d) Substrate-
inhibited growth Type 2 [21].
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(a) Linear growth: GPC remains constant with number of cycles

(b) Substrate-enhanced growth: GPC is higher initially and settles down
to a constant steady-state value which can be attributed to the higher
number of reaction sites available at the substrate than the deposited
material.

(c) Substrate-inhibited growth: When the opposite to the above happens,
here the substrate provides less number of reaction sites and therefore
inhibits the growth of material. After subsequent cycles, the deposited
material improves the number of reaction sites available bringing the
GPC up to a steady-state resulting in a substrate-inhibited growth of
Type 1. Another type of this growth involves island growths which causes
the GPC to attain a maximum and then arrive at a lower stead-state
value (d).

In addition, the manner in which the material grows on the surface can
also influence the GPC. For a growth of one monolayer per cycle, a two-
dimenstional growth mode is preferred where each half-cycle fills the lowest
unreacted or unfilled gap and the material covers the surface of the substrate
completely. Conversely island growths or randomized growths can also occur.

Understanding the growth kinetics gets even more interesting and challenging
when two or more binary ALD process are involved in material synthesis.

2.3.2 Synthesis of ternary transparent oxides

Atomic layer deposition is a versatile process which facilitates the doping,
synthesis of ternary and quaternary materials. Doping and synthesis of trans-
parent metal oxides becomes easier with the compositional tuning offered by
ALD. Several different approaches are offered by ALD to grow ternary films
such as supercycle approach, co-dosing approach, multicomponent precursor
approach and multicomponent co-reactant approach shown in Fig. 2.18. The
supercycle approach involves the use of two or more binary ALD processes
alternated to achieve the desired material, meanwhile a co-dosing approach
involves alternate dosing of precursors simultaneously (b). Multiconstituent
or multicomponent precursor approach involves the synthesis of material with
fixed composition using precursor molecules that contain multiple metal or
non-metal components. Multiconstituent co-reactant approach employs a co-
reactant that becomes acts as both a oxygen and metal source for a metal
oxide deposition.

Out of the various approaches, the popular and commonly used one is the
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Figure 2.18: Overview of approaches that have been explored for the synthe-
sis of ternary films by ALD. (a) The supercycle approach, (b) Co-dosing, (c)
Multiconstituent precursor approach, and (d) a multiconstituent co-reactant
approach [22]

supercycle approach, where compositional tuning becomes straightforward.
One reaction cycle of a binary process is shown in Fig. 2.15, combining
and alternating it with another binary reaction cycle is called supercycle.
Growing a binary material or metal oxide involves repetition of the reaction
cycle, similarly growing a ternary material of desired thickness involves repe-
tition of the supercycle. The two or more binary ALD process combined into
a supercycle are expected to use the same co-reactants. The composition
and doping can be simply varied by varying the relative number of binary
processes within a supercycle. Thus using this approach a homogeneous,
multilayer or doped ternary material can be synthesized as illustrated in Fig.
2.19. The relative number or ratio of binary processes is called the cycle ratio
or pulse ratio and is key parameter of concern in compositional tuning. If
there are Z number of binary metal oxide processes of AOx and W number
of BOy processes within a supercylce, then a ternary film ABqOv is grown
with a pulse ratio (PR) written as

PR =
W

Z + W
and BP = Z + W (2.12)

In addition to the pulse ratio, bilayer period (BP) is another relevant su-
percycle parameter involved in compositional tuning. It is the total number
of reaction cycles within a supercycle. More clearly, the bilayer period is
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Figure 2.19: The supercycle approach, combining binary process I with pre-
cursor α and II with precursor β into a ternary process. H2O is used as a
co-reactant example. (a) Homogeneous material is obtained if bilayer period
is small, here BP=2 for 50% mixture. (b) For the same 50% mixture a mul-
tilayer is formed for a large bilayer period BP≥2, here the bilayer period is
6. (c) A doped material is deposited if the pulse ratio is ≤ 0.1 i.e less than
10% [22].

defined as the average number of individual cycles contained in a supercy-
cle that is repeated to deposit desired thickness of the mixed material, i.e.
average number of Z+W.

Depending on the combination of the binary processes AOx and BOy, a ho-
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mogeneous ternary film or a doped ternary film or a multilayered material
can be obtained as illustrated in the figure 2.19. If the pulse ratio is much
smaller than 0.1, it results in a doped material, for example introducing a
little amount of say 1 cycle of BOy into the host metal oxide AOx of 9 cycles
one would expect a doped A0.9B0.1Ox film with a pulse ratio of 0.1. Now,
whether a homogeneous or multilayer ternary material is obtained depends
on the bilayer period, a bilayer period of less than 2 results in the former.
Ideally, following the rule of mixtures, the growth rate (GPC) and compo-
sition of the ternary material should be a linear combination of the growth
rate and composition of the binary processes involved in the supercycle. On
the contrary, the composition often deviates from the targeted composition
and the growth deviates from that of the binary processes. Nucleation ef-
fects, interaction between precursor ligands and interplay between the binary
material interfaces are some of the causes of such non-ideal behavior. There-
fore, it becomes a very necessity to investigate the growth kinetics of ternary
processes in detail to achieve good control of the composition and properties
of the material.

For two binary material to be mixed together to form a ternary material, the
ALD temperature window of the binary processes must overlap.

Growth Kinetics of Ternary ALD Processes

If ga and gb are the growth rates of binary processes a and b that are al-
ternated in a supercycle to grow a ternary metal oxide, then the growth per
supercycle would be gs = PRa.ga + PRb.gb. If Z and W are the number
of cycles of processes 1 and 2 respectively within the supercycle, then the
growth per cycle of the ternary film is defined as,

GPCab =
ga.Z + gb.W

Z + W
= (1 − PRb).ga + PRb.gb (2.13)

Similarly if ρa and ρb are the densities of the binary films, then the atomic
composition of material B is given as,

[B]

[A] + [B]
=

ρbgb.W

ρaga.Z + ρbgb.W
(2.14)

Challenges arise from intermixing of two binary materials such as precursor
mismatch, etching effect of precursors, nucleation effects etc., therefore care
needs to be taken to understand and address the nature of growth of ternary
materials to achieve desirable properties through a reproduceable ternary
ALD process.



Chapter 2. Transparent Conducting Materials & Applications 40

Case of Ternary ALD: Zinc Magnesium Oxide

Törndhal et al. were the first to establish an atomic layer deposition pro-
cess for zinc magnesium oxide(ZMO) films in the context of buffer layers for
CIGS solar cells, and followed up with a study on the effect of deposition
temperature of the ALD grown ZMO buffers [36][76]. They found a linear
increase in composition and bandgap (from 3.3 to 3.8 eV) with respect to
pulse ratio and formation of two-phase regions beyond a concentration of
20% [36]. Studies focused either on film characterization or improved solar
cell performance. Luka et al. investigated the doping of ZMO films with
aluminium to increase the carrier concentration and conductivity; the ratio
of Al to Zn was kept constant while Zn to Mg was varied making it Mg
doping of AZO [77]. Epitaxial growth of MgO and ZnMgO by ALD was also
investigated by using suitable substrates [78]. Only two studies focused on
the growth kinetics of the atomic layer deposition of ZMO process, the low
energy ion scattering investigation assessed that the incorporation of Mg dra-
matically reduces the growth rate of ZnO [79]. The study by Peng et al. for
the first time established a structure-property-synthesis relationship in the
atomic layer deposition of zinc magnesium oxide by performing in-situ quartz
crystal microbalance [26]. They found that depending on the deposition tem-
perature, ZnO growth is enhanced or inhibited by MgO at 200 ◦ and 120 ◦

respectively. In addition, the lower temperature lead to a two-phase region
and the bandgap varied linearly with composition [26]. Still a clear model to
tune the bandgap and conductivity of the transparent semiconducting oxide
is lacking.

In this thesis, we aim to present clear model to achieve a reprodoceable
thermal ALD process, address the optimal way of mixing binary materials to
arrive at the ternary material, ZMO - tune its optical and electrical properties
at lower temperatures which is essential for photovoltaic applications.

Case of Ternary ALD: Zinc Tin Oxide

Several studies investigated the growth and mixing of ZnO and SnOx by
atomic layer deposition owing to their successful application as buffer layers
in CIGS based solar cells. The first atomic layer deposited zinc tin oxide films
were successfully grown by Choi et.al at 150 ◦C [80]. A detailed investigation
of their electronic structure was carried out using soft x-ray spectroscopy fol-
lowed by the evaluation of ALD grown ZTO in metal-oxide solar cells and as
buffer layers for CIGS solar cells [81][82][83][84]. Right after, the amorphous
oxide thin film transistors saw the use of ALD-grown ZTO as channel layers
[70]. The first elaborate investigation of atomic layer deposited ZTO films
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were carried out by Mullings et al. [85], which shed light on the relation-
ship between the supercycle parameters and the growth characteristics, and
optical properties. Although the study was the first in probing the effect of
bilayer period on the growth of ZTO films, it lacked detailed investigation
on the effect of bilayer period over the electrical and optical properties of the
materials. Mullings et al. reported ZnO growth rates reduced after SnOx

ALD cycle and at higher Sn ratios, mixing small number of ZnO into SnOx

reduced Sn incorporation[85]. Soon, a follow-up study with in-situ QCM by
Tanskanen et al., confirmed that indeed a single SnOx ALD cycle on ZnO was
enough to reduce the reaction site density [86]. Lindahl et al. established the
effect of deposition temperature on the Sn content to be small and correlated
the growth, structure and optical properties of ZTO thin films to the deposi-
tion temperature [87]. They attributed the effect of temperature on bandgap
to the presence of small ZnO and ZnO(Sn) crystallites during growth [87].
Investigation of growth and intermixing of zinc tin oxide at smaller bilayer
periods revealed that ZnO follows a substrate-inhibited growth behaviour on
SnOx [37], additionally, FTIR spectrocopy studies revealed that TDMASn
ligands are not eliminated completely after SnOx ALD cycle causing reduced
growth [88]. The most recent study attempted to predict and model the
non-linear growth of ZTO by ALD by considering island-type growth be-
haviour [89]. Although the study predicted growth rates in good agreement
with experimental values, it did not treat compositional variations clearly.
In addition, several studies explored ALD growth of ZTO with different tin
precursors(TET - tetraethyltin), different co-reactants (ozone and hydrogen
peroxide) and plasma enhanced ALD [90][91][92][75].While there are quite a
few studies focused on the growth kinetics of zinc tin oxide, a comprehen-
sive study on the effect of the process parameters such as supercycle ratio,
bilayer period, deposition temperature on the growth, composition and the
material properties is still lacking. Most studies paid particular attention
to either the growth characteristics or the material properties, the former is
very relevant to applications that are process temperature sensitive. Thus, a
detailed investigation of the growth kinetics becomes a necessity to establish
a reliable and reproduce-able ALD based ZTO process.

In terms of the material properties, previous literature specifically targeted
either optical properties relevant for solar cell applications or electrical prop-
erties required for TFT devices and none altogether. The first report to
look into the optical properties involved soft x-ray absorption and emission
spectroscopy studies which found the bandgap to vary from 3.3 eV of ZnO
to 2.2 eV of SnOx [82]. The variation of bandgap was attributed to shift
in valence band to higher energies, additionally the non-linear trend ob-
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served in the bandgap was ascribed to a moderate shift in conduction band
edge which decreases with increase in Sn content [82]. Observation of a
non-trivial dependence of bandgap with Sn content and arguments over the
bandgap whether to fit using a direct or indirect model were the focus of
earlier studies [85][87]. Lindhal et. al extended their study to deposition
temperature induced conduction band changes in CIGS solar cells and found
at low deposition temperatures the conduction band minimum is so high
it leads to a barrier but with increase in temperature the conduction band
minimum lowers resulting in favourable conduction band offset and desirable
efficiencies[15]. We infer from the previous study that conduction band edge
decreases in energy with increase in deposition temperature. A lot of the
reports argued that the non-trivial dependence of bandgap with composi-
tion arises out of the microstructural changes in the material and also the
issue of the bandgap type as the ALD deposited ZTO thin films were amor-
phous [87][93]. Also, XANES studies addressed the amorphous nature of the
films and found that both annealing and composition can be used to tune
conduction band minimum[94].

Research on ALD deposited ZTO channel layers for TFT focused on the elec-
trical properties, Ahn et al., found that annealing decreases the carrier con-
centration resulting in a conductor to semiconductor transition. mobilities
and were probed aommunity tried to anneal the ZTO films and understand
the semiconductor to conductor transition. Lower Sn content and annealing
have been established to result in semiconducting properties leading to good
field-effect mobility[72].

Therefore, in this thesis we make an effort to address structure-process-
property relationship of ZTO by varying deposition temperature, bilayer pe-
riod, supercycle ratio and understanding their effects on both electrical and
optical properties. Bilayer period in particular is an interesting process pa-
rameter which is not expected to alter the composition, still can be used to
tune the material properties.
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Experimental Methods

3.1 Thin-film Deposition by ALD

Atomic layer deposition of the ternary films Zn1−xMgxO and ZTO (ZMO
and ZTO, respectively) are carried out in Beneq TFS 500 reactor. 95% Di-
ethylzinc [Zn(C5H5)2 or DEZ] is the precursor used for growing ZnO with
deionized water acting as a co-reactant. All the ALD processes, ZnO, MgO
and SnOx use H2O as co-reactant/oxidant. The precursor employed for MgO
is bis-cyclopentadienyl magnesium [Mg(C2H5)2] or (99.99+%-Mg) PURA-
TREM MgCp2 from STREM chemicals. The precursor used for and SnOx:
Tetrakis(dimethylamino)tin(IV) or (99.99%-Sn) PURATREM from STREM
chemicals TDMASn respectively. All the process utilized Argon as carrier
gas.

3.1.1 Substrates

For both ZTO and ZMO thin films, the substrates used are: 525 ± 25 µm
thick 4-inch ⟨100⟩ oriented P/B doped Si wafers and 25x25 cm2 thick UV-
quality optical quartz glass with transmission T≥80%. In addition, for TFT
device fabrication, several different substrates are tested: SiO2 coated doped
(ρ≤0.05Ω-cm) Si wafers 3-inch, FTO coated glass substrates and heavily
doped (ρ≤0.001Ω-cm) 4-inch Si wafers.

3.1.2 Atomic layer deposition of ZMO thin films

For the deposition of ZMO, the solid precursor MgCp2 is heated to 80◦C in a
hot source. With an Argon flow of 250 sccm, the pulse and purge times are

43
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Recipe Precursor Pulse Purge Co-reactant Pulse Purge
ZnO 200ms DEZ 5s Ar 200ms H2O 5s Ar
MgO 4s MgCp2 5s Ar 200ms H2O 5s Ar

Table 3.1: Pulse-purge sequence and optimized times of ZnO and MgO

optimized to achieve a self-limited ALD process and the sequence is detailed
in table 3.1. The vapour pressure of the precursor MgCp2 is 0.042 hPa,
hence the vapour pressure inside the canister will be insufficient to reach the
chamber swiftly. We employ a push gas maneuver to draw the precursor into
the reaction chamber by first opening the carrier gas for 0.5s and waiting
for 50ms such that the vapour pressure inside the canister increases. After,
we simultaneously open precursor valve and carrier gas valve for 4s to let
the precursor into the reaction chamber. Care should be taken to avoid cold
spots between the hot source precursor valves and the reaction chamber,
otherwise condensation occurs resulting in blockage of the precursor lines.

We mix the ZnO and MgO binary processes into a supercycle to grow Zn1−xMgxO.
We vary the pulse ratio from 0 till 0.4 as the ZMO films with lower compo-
sition are of more interest for application as buffer layers in solar cells. We
synthesize ZMO films at three different deposition temperatures, 130 ◦C, 150
◦C and 180 ◦C. ZnO ALD window varies from 70 to 250◦C [95]. Although
the ALD temperature window of MgO has been reported to span from 80 ◦C
to 400 ◦C [96][97], we attained saturation and uniform coverage over 12-inch
silicon substrate only above 120 ◦C. Additionally, the composition of ZMO
films are also varied using bilayer period (BP) as illustrated in Fig. 3.1 for a
pulse ratio of 0.3.

Figure 3.1: Supercycles of Zn1−xMgxO for ratio of 0.3 at various bilayer
periods from the smallest (≤10) to 20, the arrows point direction of growth.
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Table 3.2: Ratio of ZnO and MgO mixed into a supercycle for different bilayer
periods

The smallest bilayer period (≤10) for the pulse ratio of 0.3 involves the
following: 3 ZnO cycles, 1 MgO cycle, 3 ZnO cycles, 1 MgO cycles, 1 ZnO
cycle and 1 MgO cycle. This way the MgO cycles are well dispersed into the
ZnO cycles and the supercycle is repeated number of times to get desired
thickness. The bilayer period of 10 for pulse ratio 0.3 involves 7 consecutive
ZnO cycles and 3 MgO cycles into a supercycle. The various combinations
of bilayer period for pulse ratios 0.2 and 0.3 are tabulated in 3.2. Note,
for the pulse ratio of 0.1, the smallest bilayer period would be 10 as only
one MgO cycle is added for every 9 ZnO cycles. The growth per supercycle
of ZMO is calculated from (2.13) and the supercycles are repeated enough
times to ∼100 nm thick ZMO films. All the depositions are carried under
high vacuum.

For the deposition of ZMO thin films as buffer layers forCu(In,Ga)S2 solar
cells, the choice of pulse ratio, temperature and bilayer period are made based
on the optical properties observed in the ZMO films.

3.1.3 Atomic layer deposition of ZTO thin films

The deposition of ZTO carried out with TDMASn, 1s pulse time. For the
recipes at high flow rate of 250 sccm, a push gas recipe similar to the case
of Mg precursor is followed with the pulse time of TDMASn being 1s. The
vapour pressure of TDMASn is 15 hPa at room temperature. Direct pulsing
is opposite to a push gas maneuver and involves just opening of the hot-source
precursor valves. The low flow recipe at 50 sccm, push gas and direct pulsing
resulted in the same growth rate and is ascribed to the fact that at a lower
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Table 3.3: Ratio of ZnO and SnOx mixed into a supercycle for different pulse
ratios at bilayer period 10 and 40 at 150◦C

flow rate, the vapour pressure inside the hot source precursor is sufficient
enough to saturate the substrate surface; the optimized pulse time for the
Sn precursor remains at 1s. The hot source temperature varied from 55◦C
to 80◦C. ZTO films were grown at deposition temperatures as low as 80◦C.
ZTO films were grown at four different deposition temperatures ranging from
80◦C to 150◦C. In the latter ZTO run, we primarily focus on the ZTO films
grown at 150◦C.

ZTO films are grown at different pulse ratios for two different bilayer periods
as described in table 3.3. ZTO films of different bilayer period are grown at
PR 0.25 and 0.3. While the bilayer period variation at PR = 0.3 resembles
Fig. 3.1, the change in bilayer period for PR = 0.25 is depicted in Fig. 3.2.
The ZTO films grown at different deposition temperatures have a PR of 0.25
at BP 40. The same deposition process is followed for their device application
in the fabrication of TFTs, only the thickness of the films vary to achieve
devices of varying channel layer thicknesses.

3.2 Thin-film Characterization

The first step in the characterization of ALD grown films involves the deter-
mination of thickness to assess the growth rate of the films and is estimated
using Ellipsometry. The composition is estimated by performing energy dis-
persive x-ray spectroscopy. The optical properties are determined using UV-
Vis spectroscopy. Structural characterisations involve X-ray diffraction and
X-ray reflectometry. We perform X-ray photo-electron spectroscopy (XPS),
secondary ion mass spectrometry (SIMS), Transmission electron microscopy
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Figure 3.2: Supercycles of ZTO for ratio of 0.25 at various bilayer periods
from the smallest 4 to 40, the arrows point toward direction of growth. Pro-
cess temperature: 150◦C

(TEM) for an in-depth analysis of the structure and morphology.

3.2.1 Ellipsometry

Spectroscopic ellipsometry is an optical technique that relies on the polariza-
tion of light. This non-invasive, non-contact, model-based approach uses the
change in polarization of light as it is transmitted and reflected by thin film
or material interface to determine the material properties such as thickness,
roughness and optical properties. Light is an electromagnetic wave electric
and magnetic fields oscillating perpendicularly to each other. Polarization
deals with direction and amplitude of the wave’s electric field. If the direc-
tion of the electric field is random, then it is called unpolarized light. Linear
polarization refers to the oscillation of electric field in a single direction and is
obtained by combining orthogonal waves which are in-phase. A linearly po-
larized light is said to be p-polarized if the electric field is parallel to the plane
of incidence (plane normal to the direction of propagation) and s-polarized if
the electric field is perpendicular to the direction of propagation. Meanwhile,
circular or elliptical polarization involves the rotation of electric field over a
plane at a constant rate.

Ellipsometry as the name suggests employs elliptically polarized light which
are formed by combining orthogonal waves of arbitrary phase and amplitude.
When a linearly polarized light is incident on a thin-film sample, it undergoes
reflection resulting in amplitude and phase changes. By breaking the input
linear polarized light into its s and p components, the change in phase and
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Figure 3.3: Ellipsometry measurement involving incident linearly polarized
light with both s and p components. The incident light interacts with the
sample and gets reflected leading to a change in amplitude and phase of s-
and p-polarizations, producing elliptically polarized light [23].

amplitude between the s and p components upon reflection is determined.
The detectors in the ellipsometer thus measure the change in phase, ∆ and
amplitude, Ψ between the input linearly polarized light and the output el-
liptically polarization illustrated in Fig. 3.3 [23]. The change in polarization
is given by the fundamental equation of ellipsometry as [98],

ρ = tan(Ψ).∆ =
rp
rs

(3.1)

where rp and rs are the complex Fresnel reflection coefficients of p and s
components respectively [23].

We use J.A Woollam VASE M2000 Ellipsometer to characterize our ALD
grown thin films deposited on Si substrates, the measurements are carried
out at three different incident angles (55◦, 60◦ and 65◦ ) at wavelengths
ranging from 300 nm to 1000 nm. Ellipsometer data analysis involves the
following steps,

(1) Measurement of the sample deposited on Si (a reflecting substrate is
preferable)

(2) Modeling of the sample: A model is constructed to represent the sample
that has been measured. The polarization changes are calculated using
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Fresnel equation of the model describing the sample thickness and optical
properties.

(3) Fitting of the experimentally measured data and the model-generated
data through regression analysis.

(4) Results: The unknown material properties are found when the experi-
mental curves match the theoretically predicted response where the mean
square error(MSE) is minimal.

In this manner, one can estimate the thicknesses of thin films ranging from
few nanometers up to tens of micrometers. We use a general oscillator
(GENOSC) model for ZnO, a Sellmeier model for MgO, and a material model
for SnOx. For our ternary films, we use an effective medium approxima-
tion (EMA). The EMA model assumes that when two materials are mixed
together, the resulting effective medium or the mixed material retains the
optical properties of its constituents. We use the Bruggemann EMA model
for ZMO and ZTO.

3.2.2 Scanning Electron Microscopy

Scanning electron microscopy(SEM) focuses an electron beam over the sam-
ple scanning the surface of the material. The focused electron beam is created
by using an electron gun and a combination of electron lenses and apertures
to accelerate the electron beam over a column that is kept under high vacuum
around 10−4 Pa. A control console is used to control the energy of the beam,
accelerating voltages vary from few hundred volts up to 20keV. The princi-
ple of SEM involves the interaction of electron beam with the material which
produces secondary electrons, backscattered electrons, characteristic x-rays,
various photons of different energies collected by a detector within the SEM.
The surface characteristics, composition etc. of the films can be estimated
based on the interaction volume i.e how much volume within the sample
the electron beam interacts and the signals generated. The electron-matter
interaction is depicted in Fig. 3.4 [24]. Inelastic interaction between the
incoming electron beam and the sample produces secondary electrons(SE)
which originate at or near the surface(top few nanometers) of the material.
Meanwhile elastic collisions between the incoming electrons and the atoms
of the material result in backscattered electrons(BSE) arising from the top
few hundred nanometers of the material. The energy of SE is less than BSE
and it merely provides the topographical information of the material surface,
on the other hand, the number of BSE reaching the detector depends on
the atomic number and can provide valuable information on the morphology
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of the sample. Characteristics X-rays are of great importance here as they
are related to the atomic composition and are hence used for the elemental
analysis of our films through energy dispersive spectroscopy.

Figure 3.4: Electron-matter interaction volume and the various signals pro-
duced [24].

We utilize an Xmax 50mm2 EdX detector (Oxford Instruments) attached
to Helios NanoLab 650 (FEI, USA) scanning electron microscope (SEM)
to perform energy dispersive x-ray spectroscopy to determine the atomistic
composition of the ALD grown ternary materials. We use an e-beam of 3keV
at 40µm magnification for our ZMO films, the energy is sufficient enough to
detect the Kα of Mg at 1.253 keV. For our ZTO films, the characterization
required an e-beam energy of 6keV. All our samples are measured at an
acquisition angle of 35◦. Data analysis is performed using INCA software.

3.2.3 Optical characterisation

The optical properties of the deposited thin films are determined by mea-
suring the transmission and reflection spectra using a Perkin Elmer Lambda
1050 spectrophotometer with a 150mm integrating sphere in the wavelength
range 250-2500nm. The thin films deposited on glass are used for the op-
tical characterisation and the absorption cofficient is determined from the
transmittance(T) and reflectance(R) using the following relation [99],

T = (1 −R)e−αt (3.2)
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where t is the thickness of the film. We consider multiple reflections from
the back and front surfaces of the films to be negligible. The bandgap of the
deposited ternary films is calculated based on the relation :

(αhν)1/r ∼ (hν − Eg) (3.3)

where r=1/2 for direct transitions and 2 for indirect band transitions see inset
of Fig. 3.5 for reference which includes the corresponding phonon dispersion
curves. We use the direct fit for both ZTO and ZMO films. Both ZnO and
MgO are direct bandgap materials while SnOx shows both direct and indirect
transitions. Although it is common for studies on ZTO thin films to report
both direct and indirect bandgaps, we find that in our calculations, the direct
bandgap fit works best.

Figure 3.5: (a) Direct transition and (b) In-direct transition. The variation of
absorption coefficient α with respect to the phonon energy for each transitions
is shown in the inserts. [25].

3.2.4 Electrical characterization

We perform electrical characterization of our films deposited on glass using
an in-line four-point-probe system with a probe spacing of 1mm and diameter
of 100 µm (Jandel) and determine the sheet resistance as follows,

RS = 4.532
V

I
Ω./□ (3.4)

through which the bulk resistivity can be determined.
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3.2.5 X-ray Diffraction

X-ray diffraction(XRD) is a very powerful tool in extracting structural infor-
mation of a material such as material phases, crystalline structure, crystallite
size, degree of crystallinity, strain, orientation, texture etc. A characteris-
tic X-ray diffraction pattern is obtained due to constructive interference of
x-rays which are scattered by atoms in a periodic structure (lattice planes
of a crystal). The working principle of XRD involves directing a beam of
monochromatic x-rays towards the sample and measuring the direction and
intensity of the scattered x-rays. The angle between the incident and scat-
tered beam is called 2θ. If planes of atoms are separated by a distance d,
then constructive interference occurs on satisfying Bragg’s law [100],

nλ = 2d sin θ (3.5)

where λ is the wavelength of the incident x-ray, θ is the scattering angle and
n is an integer (n=1,2,3..). Thus interatomic distances govern the diffraction
peak and the atoms themselves and their position influence the intensity of
the diffraction peaks obtained. By comparing the obtained x-ray diffrac-
tion peaks occurring at specific angles against existing online databases, we
identify the material and its crystalline phase.

We use grazing incidence technique where the angle between the incident
beam and the sample surface is kept small in order to probe the surface of the
thin film and reduce the influence of the substrate. Using Cu-Kα radiation in
Bruker D8 diffractometer (Bruker, USA), the X-ray diffraction (XRD) data
are collected in the 2θ range from 20 to 60◦ which covers the characteristics
peaks of ZnO. The ICDD Pdfcards used to determine the crystalline phases
for the various ALD grown materials in this study are as follows: Si(04-007-
2062) ZnO (00-036-1451)[101], MgO (00-004-0829), SnO2(00-041-1445) [102],
SnO(04-005-4540) [90], Zn2SnO4 (00-024-1470), ZnSnO3 (04-015-9628).

3.2.6 X-ray Reflectometry

X-ray reflectivity combines the techniques of x-ray diffraction and ellipsom-
etry. XRR replaces the linearly polarized light in ellipsometry with x-rays.
The x-rays reflected by the sample is compared with the reflections predicted
by Fresnel equations and the deviations in reflections are used to determine
the thickness and density profile of the material. XRR of our samples is
performed using PANalytical X’Pert Pro diffractometer (PANalytical) with
Cu-Kα radiation and fitting of the XRR data is done using GenX [103].

The densities obtained are: 3.127 g/cm3(0.0467 AU/Å3) for MgO films, 5.33
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g/cm3 (0.0395 AU/Å3) ZnO and 6.456 g/cm3 for SnOx. The values are in
close agreement with densities reported in literature 3.07 g/cm3 for MgO and
5.61g/cm3 for ZnO [104].

3.2.7 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an ultrahigh vacuum technique
used to determine the chemical and elemental states present at the surface
of a material. In XPS, a beam of x-rays is irradiated on the surface of the
material causing light-matter interaction between the incident x-ray photons
and atoms and molecules present at the surface of the material. Electrons
emitted out of the x-ray-matter interaction have characteristic kinetic en-
ergy. This characteristic energy of emitted electrons is used to identify the
elements, the chemical states of the atoms and their respective binding en-
ergies. The binding energy carries the elemental and orbital information of
the emitted electrons By etching the material with ion beam, through depth
profiling, XPS can analyse the bulk of a material.

X-ray photoelectron spectra are acquired using a Kratos Axis Ultra-DLD
photoelectron spectrometer with a monochromatic Al Kα source at an energy
of 1486.6 eV and power of 150W with a 700 Ö 300 µm spot size. Survey
spectra are acquired using a pass energy of 160 eV, whereas high resolution
spectra of the Au 4f, Zn 2p, Mg 1s, C 1s and O 1s regions were collected
with a pass energy of 40 eV. The binding energies are referenced to the
adventitious carbon at 285.0 eV. The shape of a reference spectrum acquired
on a sputter-clean gold foil was used to fit the metallic Au 4f component. All
other components were reconstructed using Gaussian–Lorentzian peaks after
removing a Shirley type background. For the depth profile, Ar+ ions at an
energy of 2kV are used to etch an area around 3mm x 3mm.

3.2.8 Secondary Ion Mass Spectrometry

Secondary-ion mass spectrometry (SIMS) technique involves using focused
ion beam to sputter the surface of the material to be analysed. The ejected
secondary ions are collected and analysed to obtain the composition at the
surface of the material. A mass spectrometer is used to analyse the mass
and charge ratios of the secondary ions collected hence leading to the name,
secondary-ion mass spectrometry. This gives the elemental composition at
the surface up to a depth of 1 to 2nm, sputtering further helps with depth
profiling of the sample.

The SIMS method is used in depth profiling mode performed in CAMECA
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SC-Ultra instrument using a Cs+ beam with an impact energy of 1 keV and
a beam intensity of 1.5 nA. The secondary positive ions are collected from
an area 63 µm in diameter scanned from the center of 250X250 µm2 region
in MCs+x mode (where M: element of interest and x =1 or 2) at low mass
resolution of 400.

3.2.9 Transmission Electron Microscopy

Transmission electron microscopy (TEM)”is similar to SEM in the use of
focused electron beam, however the difference lies in the fact that SEM uses
back-scattered and reflected electrons while TEM uses electrons transmitted
through the sample to form images giving in-depth information about the
morphology and crystalline structure of the material. TEM akin to SEM uses
combination of lenses and apertures to focus and generate images. In order to
focus the beam transmitted out of the samples, an objective lens is used and
an objective aperture is places in the back focal plane of the objective lens.
The objective aperture is used to select the transmitted beam of electrons, a
small objective aperture is used to select only the direct transmitted beam
of electrons forming bright field images. Dark field images are formed when
the objective aperture is used to select scattered electrons passing through
the sample [105].

The TEM investigations are carried out using JEOL-F200 Cold FEG TEM/STEM
operating at 200 kV. The samples are prepared using focused ion beam (FIB).
TEM bright field - dark field imaging and energy dispersive spectroscopy
(EDS) mapping in STEM mode are performed
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Zinc Magnesium Oxide by ALD

4.1 Introduction

Zinc Magnesium Oxide or ZMO is a solid solution of ZnO and MgO. ZnO is a
II-VI compound wide bandgap semiconductor with a wurzite type structure.
ZnO has a direct bandgap of 3.37eV at room temperature with an exciton
binding energy of 60meV and density of 5.6 g/cm3; MgO has an indirect
bandgap of 7.8 eV with a cubic structure and density of 3.07 g/cm3 [104].
The growth of Zn1−xMgxO by atomic layer deposition follows a supercycle
approach involving the binary oxides ZnO and MgO.

The goal is to understand the interaction and influence of the individual
binary ALD processes of ZnO and MgO on the growth of ternary Zn1−xMgxO,
examine the optimal way of mixing Mg into ZnO and correlate the growth
kinetics with the material properties. Also we aim to achieve accurate control
of the optical bandgap by altering the process parameters and employ ALD
grown ZMO films as buffer layers for chalcopyrite solar cells.

4.2 Growth kinetics of ZnO and MgO

Self-limited growth

First, we analyse the variation of growth per cycle (GPC) as a function of
precursor pulse exposure time for both ZnO and MgO to confirm that this
exposure time is sufficient enough for the entirety of the substrate surface
to be saturated with absorbed precursor species. Increasing the exposure
time further does not increase the GPC as the substrate surface has no more

55
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room to absorb additional precursor species, hence this change in GPC versus
pulse time is also termed as the saturation curve as it helps to determine
the point of saturation for an ALD process with respect to the precursor
pulse time. Figure 4.1 shows the saturation curve of ZnO at 130◦C, while
Fig. 4.2 displays the saturation curve for MgO at 130◦C and 150◦C. The
saturation curve helps to choose appropriate pulse time to achieve the self-
limited saturated characteristic of an ALD process; for a ZnO ALD process
200 ms is used as the pulse time and for an MgO ALD process it is set as
4 s to attain saturation during growth. The vast differences in pulse time
required for saturation for ZnO and MgO ALD process is due to the different
vapour pressures of the precursors used, as diethyl zinc has a vapour pressure
of 121 hPa it only required 200ms to saturate the substrate surface. As the
vapour pressure of MgCp2 is lower at 0.042 hPa, a longer exposure time is
required to saturate the surface.

Figure 4.1: Saturation curve of ZnO ALD process at 130◦C

ALD Temperature window

The other important parameter involved to attain saturation is the depo-
sition temperature. Fig. 4.3 shows the variation of growth of ZnO with
respect to the deposition temperature. Within the ALD temperature win-
dow, the growth of ZnO at first increases with increase in temperature from
1.95 Å/cycle at 130◦C to the highest GPC of 2.05 Å/cycle at 150◦C and falls
with further increase in temperatures. At very high temperatures, the num-
ber of OH groups available likely decreases resulting in lower growth rates
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Figure 4.2: Saturation curve of MgO ALD process at 130◦C and 150◦C

[106]. On the other hand, the GPC of MgO remains constant with increase
in temperature from 130◦C to 150◦C at 1.4 Å/cycle.

Figure 4.3: ZnO growth vs deposition temperature

Linearity

Another essential characteristics of an ALD process is the linearity which
can be verified by plotting thicknesses as a function of number of ALD cycles
or loops. Zn1−xMgxO (ZMO) films are grown at 130◦C and 150◦C using
the supercycle approach based on the insofar optimized ZnO and MgO ALD
processes with varying pusle ratios (PR) and bilayer period (BP). Fig. 4.4
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shows the linearity of ZnO, MgO and Zn1−xMgxO (PR = 0.25). All the films
deposited show a linear relationship between the number of ALD cycles and
the thicknesses.

Figure 4.4: Thickness vs number of cycles of ZnO, MgO and ZMO (PR=0.25)
films 150◦C

4.3 Growth kinetics of ZMO

4.3.1 Effect of deposition temperature

At deposition temperatures 130◦C and 150◦C Fig. 4.5 shows that the GPC
decreases with increase in pulse ratio. ZnO has a higher GPC than MgO,
therefore the growth of ZMO is expected to fall with increase in pulse ratio
and we observe the same in Fig. 4.5, the GPC of ZMO tends towards that of
MgO with increase in pulse ratio i.e Mg pulses. Still, the growth of ZMO with
varying pulse ratio is found to deviate from the expected linear combination
of GPC valzes from ZnO and MgO calculated from (2.13).

The composition of our Zn1−xMgxO films is varied only up to x= 0.4 beyond
which previous studies report a likely phase separation [36] [28]. Fig. 4.6
shows the variation of Mg composition with varying pulse ratios at deposi-
tion temperatures 130◦C and 150◦C. We find deviations from the expected
values for the GPC as well as the composition. With decrease in temper-
ature, an increase in Mg composition is predicted by (2.14), as a decrease
in temperature causes ZnO GPC to decrease. The expected behaviour is
observed so in Fig. 4.6 where Mg composition at 130◦C is higher than at
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Figure 4.5: GPC of Zn1−xMgxO films deposited at various pulse ratios
(BP=10) at temperatures, 130◦C (a) and at 150◦C (b). The expected GPC
is shown by dashed line.

Figure 4.6: Mg composition in Zn1−xMgxO films for various pulse ratios
(BP=10), deposited at (a) 130◦C and (b) 150◦C (b). The expected Mg
composition is shown in red and is computed from (2.14)

150◦C. Furthermore, a remarkably higher Mg content is observed within all
the deposited ZMO films, higher than the expected Mg content. The high
Mg content could be possible due to enhanced growth of MgO or retarded
growth of ZnO during ZMO synthesis. To understand the interplay between
ZnO and MgO processes and the possible reasons behind the increased Mg
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incorporation, the influence of the bilayer period on the growth kinetics is
examined.

4.3.2 Effect of bilayer period

Figure 4.7: GPC of Zn1−xMgxO versus bilayer period for two different pulse
ratios, (a) 0.2 and (b) 0.3 deposited at at 150◦C. Expected GPC is indicated
by red dashed lines.

As seen previously, the GPC of ZMO films with varying bilayer period at
a given pulse ratio is found to be less than the expected GPC. We see the
expected GPC in red in Fig. 4.7 and the GPC of ZMO films as a function
of varying bilayer period are shown for two different pulse ratios 0.2 and
0.3. Furthermore, the GPC decreases with increase in bilayer period. The
GPC is higher at the smallest bilayer period and falls with increase in bilayer
period. This variation in GPC with bilayer period follows a trend similar to
the substrate-enhanced growth described earlier depicted in Fig. 2.17. As
bilayer period increases, the number of cycles per sublayer increases, i.e the
number of ZnO and MgO cycles in succession within a supercycle increase,
see Fig. 3.1. To understand whether this non-linear growth behaviour of
ZMO films arises due to a substrate-enhanced growth behaviour of ZnO or
MgO, the compositional variation of the ZMO films with respect to bilayer
period is examined.

The variation of composition as a function of bilayer period is depicted in
Fig. 4.8 for films deposited at temperatures 130 ◦C (a) and 150 ◦C (b) for
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Figure 4.8: Composition of Zn1−xMgxO versus the bilayer period for films
deposited at different temperatures, (a) 130 ◦C and (b) 150 ◦C , and for
various pulse ratios indicated in the legends.

three different pulse ratios (PR=0.2, 0.285 and 0.3). In all the cases, we
clearly observe a decrease in Mg content with increase in bilayer period. If
it is substrate-enhanced growth of ZnO, it should result in a decreased Zn
content with almost constant Mg content. But it is the Mg content which
is observed to decrease with increase in bilayer period, and in fact it is the
highest (in comparison with the expected composition) at the smallest bi-
layer period, indicating an enhanced growth of MgO. As the smallest bilayer
period mixture involves MgO growing on ZnO surface more frequently rather
than MgO on MgO, it can be said that MgO growth on ZnO surface follows
a substrate-enhanced growth. Indeed one cycle of MgO is enough to incorpo-
rate Mg into the ZMO system and the growth of MgO is not disrupted by the
preceding ot succeeding ZnO cycles. Only when MgO grows on MgO, the
growth and composition decreases with successive MgO cycles on increase
of bilayer period. Therefore in the synthesis of ZMO by ALD, ZnO layer
enhances the growth of MgO.

This growth behavior of ZMO can be further explained by looking into the
individual ALD growth kinetics of the binary oxides. In situ spectroscopic
ellipsometry studies on atomic layer deposited MgO films on Si has shown
that the growth of MgO is strongly dependent on the density of surface hy-
droxyl groups and the initial growth of MgO is nonlinear [107]. Furthermore,
surface hydroxylation studies on MgO(100) indicate that surface hydroxyla-
tion enhanced by dissociative water adsorption only occurs at defect sites
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[108]. Thus an MgO layer with less number of hydroxyl groups at its surface
promotes neither the growth of subsequent MgO layer nor the growth of the
next ZnO layer as it lacks reaction sites for the precursors half-reaction. On
the other hand, the surface of ZnO layer is saturated with OH monolayer
[109], with a better hydroxyl density it offers more reaction sites than an
MgO layer. The microstructure of the material could also influence the hy-
droxyl density, as the roughness of ZnO is higher compared to MgO [27] [26].

Figure 4.9: Growth rate resulted from in-situ QCM measurements at 120◦C
during ALD of Zn1−xMgxO films, including (a) ZnO, (b) Zn1−xMgxO (x=0.2),
(c) Zn1−xMgxO (x=0.34), (d) Zn1−xMgxO (x=0.5), (e) Zn1−xMgxO (x=0.67),
and (f) MgO. The horizontal dashed line and solid line are the average growth
rates of steady-state ZnO and MgO ALD processes respectively [26].

In addition, we note that similar behaviour have been observed in QCM
studies on atomic layer deposited ZMO supporting our conjecture that ZnO
layer promotes the growth of MgO in ZMO synthesis. From Fig. 4.9 it can
be seen that in the growth of ZMO at 120◦C, the mass gain of MgO cycles
(figures b and c) is higher than that of pure MgO (solid red line) [26]. On a
much closer look, it can be found from Fig. 4.9 that a mass gain of an MgO
cycle surpasses its steady-state value only when an MgO cycle follows two or
more ZnO cycles (figures b and c). At 50% composition (d), the mass gain
of MgO is similar to that of its steady-state value and even decreases further
with consecutive MgO cycles at 67% composition (e). This corroborates
our conclusion that an MgO layer neither promotes ZnO growth nor MgO
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growth, evident from Fig. 4.9 (d and e) respectively, where mass gain of ZnO
falls below its steady-state value. In fact, on comparison (figures b, c and d)
it can be seen that one requires ZnO cycles in succession to counteract the
effects of MgO cycle on the overall growth. Fig. 4.9 (b) where the mass gain
of individual materials are higher than their respective steady-state mass
gain, indicates on optimal mixing of 4:1 ZnO:MgO cycles to achieve effective
growth rates. Therefore, for an effective mixing of MgO and ZnO in ZMO
films, the bilayer period should be minimal. Moreover, comparing our results
in Fig. 4.8 with the QCM studies, it can be further concluded that mixing
one MgO cycle with three to four consecutive cycles of ZnO results in the
most efficient incorporation of MgO.

In ALD based ternary material synthesis, mixing small number of ZnO cycles
with MgO results in effective Mg incorporation into ZMO films, in contrast
to zinc tin oxide where mixing small number of ZnO cycles into SnOx results
in deposition of less Sn [85] into the ZTO films. Therefore by optimizing the
bilayer period, good growth and high Mg content in ALD grown Zn1−xMgxO
films can be achieved. We have also demonstrated that investigating the effect
of bilayer period can be an easy, potential alternative tool to QCM studies in
understanding the mixing and interplay of binary materials in the synthesis
of ternaries by ALD [27].

4.4 Structure-Property relationships

4.4.1 Structural properties

The structural properties of the ALD deposited ZMO films can be inferred
from Fig. 4.10 which shows the x-ray diffractograms of ZnO, MgO and
Zn1−xMgxO films deposited at 150◦C. The XRD diffractograms of ZMO films
of various bilayer periods (PR=0.2) are also portrayed. ALD deposited ZnO
and MgO films are x-ray amorphous at 130◦C. MgO remains x-ray amorphous
even at higher deposition temperatures. The x-ray diffractorgrams of ZnO
deposited at 150◦C shows a wurzite structure. The ZMO films deposited at
150◦C show a single phase structure similar to that of wurzite ZnO. We do not
observe phase separation even with increase in Mg content. However, with
increase in Mg content, the ZMO films exhibit amorphous structure beyond
a pulse ratio of 0.25. Nevertheless, in this case of ZMO films at a pulse ratio
of 0.2 shown in Fig. 4.10, the addition of Mg causes peak shift of 2θ to lower
angles, in particular it causes (100) and (110) reflection peaks to shift to
lower angles by 1.66◦. Meanwhile, a change in bilayer period does not cause
any peak shift but causes a change in relative peak intensity. At the smallest
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Figure 4.10: XRD diffractograms of ZnO, MgO and ZMO (PR = 0.2) de-
posited at 150◦C with various bilayer periods (a), and zoom around the peaks
corresponding to (100), (002) and (101) ZnO crystal planes (b), showing the
peak shifts observed in ZMO films compared to pure ZnO [27].

bilayer period the intensity of (101)-reflection is higher than (002)-reflection
but switches for larger bilayer period and is more akin to ZnO peak-reflection
intensities. This behaviour can be attributed to the columnar growth of ZnO
which is inhibited by small bilayer periods while promoted at larger bilayer
periods. The lattice mismatch between ZnO and MgO causes tensile stress
which we observe in our deposited ZMO films as positive strain. A positive
strain of 1.32% is observed due to the increase in in-plane lattice constant a
from 3.243 Å of pure ZnO to 3.286 ÅẆe found that annealing of films in air
at 400◦C for 15 minutes does not improve the crystallinity of the films.

4.4.2 Optical properties

Understanding the optical characteristics of the ZMO films is of utmost im-
portance to achieve high-level of bandgap engineering and tailor the ZMO
films to serve as effective buffer layers for solar cells and for different ap-
plications. The optical transmittance of ZMO films deposited on glass in
the UV-Vis range is shown in Fig. 4.11(a) with the legend indicating the
various pulse ratios. A blue shift in absorption edge is observed with the
addition of Mg. The bandgap is determined from the Tauc plot, assuming a
direct bandgap fit, for ZMO films of higher Mg composition (PR > 0.3) the
bandgap is limited by absorption from glass substrate.

The variation of the band-gap as a function of the observed Mg composition
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Figure 4.11: (a) Transmittance spectra of Zn1−xMgxO deposited at 130 ◦C
(straight lines) and 150 ◦C (dashed lines) for different pulse ratios denoted
by the legend. (b) Band-gap versus observed Mg composition of ZMO
films(BP≃10) grown at 130 ◦C (green squares) and 150 ◦C (blue circles).
The band-gap of films at different bilayer periods for ZMO (PR = 0.3) grown
at 150◦C is represented by the pink triangles, with their BP indicated inside
the graph.

in our ZMO films grown at various temperatures can be seen in Fig. 4.11(b)
as green squares and blue dots respectively. The band-gap of deposited ZMO
films increases with increasing Mg content as the absorption edge shifts to-
wards lower wavelengths. Fig. 4.11(b) shows that the bandgap is independent
of the deposition temperature and is exclusively dependent on the composi-
tion of the Mg films. Thus, fine tuning of the band-gap by changing the Mg
composition is possible through altering pulse ratios of the ALD processes
during synthesis. The variation of bandgap of our ALD grown films with the
addition of Mg is in agreement with previously reported trends in bandgap
in other studies [26] [28].

The influence of the bilayer period over the optical properties of ZMO films
can be seen in Fig. 4.11(b), with red triangles representing the band-gap of
ZMO (PR = 0.3) at different bilayer periods grown at 150◦C. Even though
the Mg composition remains nearly constant, with increasing bilayer period,
the bandgap of ZMO (PR = 0.3) films decrease to values of ZnO (3.29 eV).
At larger bilayer periods around 40 and 60, the band-gap is almost equivalent
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Figure 4.12: Variation of bandgap as a function of observed composition
of our ZMO films at 130◦C(blue) and 150◦C(pink) in comparison with the
bandgaps from [26] [28].

to ZnO, indicating that the optical properties of ZMO films is dominated by
the ZnO.

Plotting the variation of bandgap as a function of bilayer period, Fig. 4.13
helps further understand the strong effect that bilayer period has over the
optical properties. For a given pulse ratio, ZMO films show the highest
bandgaps at the smallest bilayer periods where one MgO layer is mixed with
few ZnO cycles. However, the bandgap starts decreasing with increase in
the bilayer period where fine mixture of ZnO and MgO cycles is no longer
present. This indicates a weak inter-diffusion of MgO into ZnO at bilayer
periods ranging from 10 to 20.

In terms of length scale, ZnO with an electron effective mass of 0.27m0 and a
dielectric constant ϵ = 8.5 (as reported for ZnO single crystals in [110]) has
an excitonic Bohr radius aB of 1.87 nm computed from (2.6) [111]. Within
a supercycle, the thickness of ZnO layer varies with bilayer period, for e.g.
going from a bilayer period of 10 to 20, ZnO thickness varies from 1.6 nm to
3.2 nm for a PR of 0.2. Electrons in the ZMO thin films experience a mixed
material, when the thickness of the ZnO layer is below the Bohr radius (i.e.
<1.8 nm) which is the case for small bilayer periods. As the bilayer period
increases, ZnO layer thickness increases and the electrons encounter more
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Figure 4.13: Band-gap of Zn1−xMgxO as a function of the bilayer period for
two deposition temperatures, 130 ◦C (left) and 150 ◦C (right), and for two
different pulse ratios 0.2 and 0.3, as indicated in the legends. The horizontal
dotted-dashed line is the measured band-gap for pure ZnO deposited by ALD.

of one material rather than a finely mixed material. When the ZnO layer
thickness becomes greater than the bohr radius, the influence of ZnO on the
carriers dominates [27].

Therefore, when the bilayer period is small, we obtain well-mixed ZMO thin
films, when the bilayer period increases, we see more of a multilayer behaviour
of ZMO films with the optical properties dominated by ZnO. A transition
from mixed to multilayer material occurs and this is observed for bilayer
period greater than 10. This indicates for Mg to diffuse well into the ZnO
host and form well-mixed ZMO films, the bilayer period should be less than
10. At these pulse ratios, typically 7 to 8 ZnO monolayers are present which
can be regarded as the limit of penetration of Mg into ZnO. Additionally, as
the bandgap continues to vary up until a bilayer period of 20, this can be
used to tune the optical properties making bilayer period another important
supercycle parameter next to pulse ratio.

4.4.3 Electrical properties

In analysing the structural properties, we found that the ZMO films deposited
at 130◦C and ZMO films of higher Mg content (PR 0.25 and above) showed
amorphous structure, a similar trend is observed with electrical properties
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wherein they exhibit high resistivity. Only ZMO films deposited at 150◦C
showed finite conductivity and especially those with higher bilayer period
exhibited better conductivity (BP of 10 and above). We observe conduc-
tivities of 1.445 S/cm and 0.266 S/cm for ZMO films of pulse ratio 0.1 (9
ZnO + 1 MgO) and 0.2 (8 ZnO + 2 MgO) respectively; the conductivity of
films with PR of 0.2857 and 0.3 is non-measurable [27]. It can be inferred
that conductivity of ZMO films is dependent on composition, conductivity
decreases with increase in Mg content. As MgO films deposited at 150◦C are
highly resistive, increase in the number of MgO cycles with increasing pulse
ratio makes the films more resistive. Therefore, any conductivity observed in
ZMO films should be due to ZnO. The role of ZnO layer over the electrical
properties of the ZMO films can be further understood from the effect of
bilayer period on the conductivity.

Figure 4.14: Variation in conductivity of ZMO films grown at various bilayer
periods at a pulse ratio of 0.2. Conductivity of ZnO film in pink is shown for
comparison. All the films grown at 150◦C.

As conductivity is poor at higher pulse ratios, we demonstrate the change in
conductivity with respect to change in bilayer period for ZMO films with low
Mg content (PR=0.2) at 150◦C in Fig. 4.14. The conductivity of the ZMO
films is nil at at lower bilayer periods (BP≤10) and increases with increase in
bilayer period. Starting from bilayer period of 10 and up until 20 the ZMO
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films exhibit low conductivity, beyond the bilayer period of 20 (BP≥20), the
conductivity improves. As the number of successive ZnO cycles within a
supercycle increases with increase in bilayer period, the improvement in con-
ductivity can be ascribed to thicker ZnO layers reaffirming the important role
of ZnO over the electrical conductivity of ZMO films. While at lower bilayer
periods, the ZMO films behave as well-mixed materials, at larger bilayer pe-
riods (BP≥40), a multilayer like behaviour is observed with ZnO dominating
over the electrical properties of the ZMO films. However, unlike the optical
characteristics, the electrical properties do not show clear transition between
these mixed to multilayer behaviour with increase in bilayer period.

4.5 ZMO as Buffer layers for Chalcopyrite

Solar Cells

We deposit Zn1−xMgxO buffer layers by ALD for selenium-free Cu(In,Ga)S2

solar cells as an alternative to the traditional CdS buffer layer. To re-
duce interface recombination and provide a suitable band alignment with
the Cu(In,Ga)S2 absorber of bandgap ∼1.6eV we deposit Zn1−xMgxO films
of pulse ratios between 0.25 and 0.4. Relevant pulse ratio and the bilayer
period are chosen based on the growth kinetics and optical properties ob-
served. In particular ALD grown Zn1−xMgxO films with x= 0.27, 0.30 and
0.37 with a measured bandgap of 3.8, 3.9 and 4.6 eV respectively are used.
All the ZMO films involved at least two successive MgO cycles such that the
bilayer periods are close to 10, for 0.27 (5 ZnO+ 1 MgO), for 0.3 (7 ZnO
+3 MgO) and 0.37 (3 ZnO + 2 MgO). Buffer layer x=0.27 and 0.37 were
deposited at 150 ◦C and x=0.3 at 130 ◦C. Post buffer deposition, we deter-
mined the compositions of deposited ZMO buffers to be 0.266 for x=0.27,
0.291 for x=0.3 and 0.40 for x=0.37. Increase in composition increases the
bandgap as discussed in section 4.4.2 which implies a shift in conduction
band minimum(CBM) to higher energies. As mentioned in the background,
a higher CBM than the absorber creates a positive conduction band offset
(CBO) which increases the efficiency, however a large positive CBO results in
an electrical barrier leading to QFL losses. The same is observed in Fig. 4.15
[29] where efficiency, fill-factor and interface VOC are plotted with respect to
the Mg content of the ALD deposited ZMO buffer films. For an in-depth
understanding, refer [29].

The best Cu(In,Ga)S2 device with the optimized ALD ZMO buffer compo-
sition at x=0.27 and a sputter deposited Al:(Zn,Mg)O i-layer combination,
showed 14% efficiency, with an open-circuit voltage of 943 mV [29].
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Figure 4.15: Variation of PCE (left axis), FF (right axis), and interface VOC

(second right axis) with varying Mg content in ZMO buffer layers [29].

4.6 Conclusion

We thus developed a reliable and reproducible thermal ZMO ALD process,
investigated the interface kinetics of ZnO and MgO ALD process in ALD
grown ZMO showing MgO growth is enhanced by ZnO surface and demon-
strated that with bilayer period, one can probe the growth kinetics making it
a great alternative to QCM studies. Through our studies, we show the effec-
tive way to incorporate Mg into the ZnO host, and by analysing the changes
in material properties of ZMO films with addition of Mg, we discover a strong
dependence of the optical properties on the bilayer period. We explore pos-
sible mechanisms for such dependence and identify that the mixed nature of
the ZMO films changes with bilayer period, leading to confinement effects at
smaller bilayer periods and ZnO dominance at larger bilayer periods over the
material properties. We establish a consistent process-structure-property re-
lationship and reveal not only the pulse ratio but also the bilayer period can
be used as an effective supercycle parameter to control the material proper-
ties and validate the same by applying ALD-deposited ZMO films as buffer
layers for chalcopyrite solar cells.



Chapter 5

Structural transitions in Zinc
Magnesium Oxide by ALD

5.1 Introduction

Nanolaminates are multilayers consisting of nanometer thick films. In the
growth of ternary films by ALD, with the supercycle approach we can obtain
a range of different phases from doped material, well-mixed material and mul-
tilayers. With a large bilayer period, we obtain a multilayer material as shown
in Fig. 5.1 (right) and for a small bilayer period a well-mixed material is de-
posited (Fig. 5.1 (left)). The bilayer period as a process control parameter
takes a crucial role over the mixing of the material. Therefore, understanding
the structural variations becomes necessary to achieve desired mixture of the
material: a well-mixed material or a multilayered material. Moreover, the
transition from a multilayered material into a well-mixed material becomes
significant to engineer films depending on the type of application.

5.2 Nanolaminated growth regime

It becomes quite evident that a large bilayer period produces ternary multi-
layer films. In the synthesis of ZMO, as bilayer period 60 and above employ
more than 20 successive ZnO cycles, each ZnO layer with thickness of 5nm
and above forms a layered structure sandwiched between MgO layers. In
ZMO film of BP 60, the supercycles of period 60 are repeated for 7 cycles to
deposit film of thickness close to 100 nm. Fig. 5.2 shows XRR diffractogram
of ZMO film of large bilayer period (BP=60) deposited at 150◦ (PR=0.3).
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Figure 5.1: Structural transition of Zn1−xMgxO from mixed material to lay-
ered material. In the left, the well-mixed phase of Zn1−xMgxO is obtained
for bilayer period (BP≤10) and the far-right depicts a multilayered material
for larger bilayer period. This chapter deals with the understanding of the
transition between the regime denoted by the material in the middle.

A peak in XRR gives a plane separation, the first peak corresponds to the
interface between the substrate and the film also known as the density edge.
The thickness can be determined from the periodicity of the oscillations, the
smaller oscillations occurring frequently (at angles 0.6 to 1 and from 1.2 to
1.7 and so on) denote the thick ZnO layer. The large peaks (at 1.1, 1.8 and
2.7) represent the interface between ZnO and MgO denotes the MgO layer.
From the XRR spectra we clearly see a multilayered structure with peaks
and oscillations corresponding to each layers.

Figure 5.2: XRR Spectra of Multilayered ZMO, ZMO with 7 multilayers, the
peaks after the density peak correspond to a multilayer

This multilayer stack is further confirmed by XPS depth profiles. Fig. 5.3
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shows the XPS depth profile of ZMO film (BP=60). Zn, Mg, O elemental
spectra are represented in blue, black and red respectively. The peaks of
the spectra alternate with respect to sputtering time which corresponds to
the depth of the film. From the XPS spectra, we see seven distinct peaks
corresponding to 7 multilayers starting from the MgO layer on top, followed
by ZnO and MgO peaking again and so on. The blue line representing
the ZnO layer, peaks high as MgO peaks fall indicating a clear alternating
structure. The fluctuating oxygen profile might indicate the varied amount
of oxygen present in ZnO layer versus an MgO layer. As we do not observe
O-rich ZnO or O-poor MgO in the XPS of the individual binary materials,
we attribute it to ion-beam induced artifacts. We find the intensity of the
peaks to attenuate with sputtering times in the depth profile i.e from the
surface of the film towards the substrate. It becomes relevant to understand
whether the attenuation of the elemental peaks in the multilayer arises out of
sputtering-induced roughness or from the multilayered films themselves. Ion-
beam induced artifacts such as atomic mixing, structural disorder, increased
roughness etc. are more common with the use of Ar+ [112]. Therefore, to
analyse the multilayer structure further and resolve the influence of these
artifacts, we perform a SIMS analysis.

Figure 5.3: XPS depth profile starting from the surface of the thin film
moving towards the substrate with depth. Hence increased Si peak with
depth once substrate is reached. Zn, Mg, O elemental spectra are represented
in blue, black and red respectively
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SIMS characterisation employs Cs+ ions at 1kV as opposed to the 2kV Ar+

ions in XPS. It has been reported that depth profiling with 1kV Cs+ ion
offers better resolution due to lower sputtering-induced roughness and lower
atomic-mixing length in the study of polycrystalline Ni/Cu multilayered thin
films [113]. Fig. 5.4 shows SIMS depth profile, herein the elemental spec-
tra Zn, Mg and O are represented in red, green and blue correspondingly.
Moreover, we do not observe strong attenuation of the oscillations with re-
spect to the depth profiles similar to Fig. 5.3, we still see a slight variation
in the intensities of the peak. Initially the peak intensities are high, they
get smaller with depth however they become more pronounced again with
increasing depth. The variation in elemental peaks in XPS and SIMS profile
show opposite trends, in the former the oscillations in the XPS spectra are
ascribed to the sputtering-induced roughness and mixing which is negligible
in SIMS. Therefore, oscillations in SIMS spectra depict the morphology of
the deposited films pointing towards a defined ZnO/MgO interface close to
the substrate of the film and a more mixed interface closer to the surface. To
confirm the SIMS findings and to thoroughly investigate the roughness and
interface effects between the layers, we perform STEM-EDS mapping.

Figure 5.4: SIMS depth profile with normalized intensities moving from the
top of the ZMO surface towards the substrate with depth.

The STEM-EDS profile is provided in Fig. 5.5, Zn, Mg and O peaks are in-
dicated by blue, green and red respectively and the substrate is at distance 0
and the surface of the film is at 90 nm. With a high resolution TEM, oxygen
is detected across both ZnO and MgO layers similarly and a constant oxy-
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gen profile can be seen across the multilayered structure. This emphasizes
that the oscillations of the O content in XPS and SIMS is due to variable
etching rates and artifacts rather than real variation in O content. We see
a high Zn peak alternates with distance and against the red Mg peaks. As
the film is deposited on Si starting with ZnO, a high Zn peak is observed
at the beginning of the growth which alternates with Mg as an MgO cycle
is deposited after. The 7 peaks correspond to the 7 alternating supercycles
which end with MgO cycle at the top, corresponding Mg peak at 90 nm.
Similar to SIMS, we find that the elemental peaks have high intensity at

Figure 5.5: TEM EDS profile moves from the substrate (left, at 0) to the
ZMO thin film surface (90nm on the right). Note that this EDS profile is
inverted compared to the XPS and SIMS composition profiles.

the staring of the growth closer to the silicon substrate and the intensities
begin to decrease as we move away from the substrate. This indicates an
increase in roughness and/or an increased mixing of the two materials of the
ZMO films with increasing number of cycles during the deposition. This be-
haviour is becomes clearer with TEM imaging. In Fig. 5.6, the bright-field
images of the ZMO film of bilayer period 60, clearly shows distinct layers.
The bright layers correspond to MgO while the grayed layers correspond to
ZnO. Starting from the top, the silicon wafer, followed by a thin bright layer
which indicates native oxide, we observe a thick gray layer corresponding to
the first 40 successive cycles of ZnO followed by a bright layer correspond-
ing to MgO. We observe a ∼ 7 nm thick ZnO layer and 2 nm thick MgO
layer against thicknesses of 8.65nm for ZnO and 2.52 nm for MgO calculated
respectively from the GPC of the materials. 7 distinct ZnO layers can be
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observed corresponding to the 7 supercycle repetitions.

Figure 5.6: Bright-field TEM Micrographs of ZMO films of bilayer period 60.
The bright layer corresponds to MgO and the dark layer denotes ZnO. The
initial bright layer marks native oxide on silicon surface.

From the TEM micrographs, it can be clearly seen that at the beginning
the ZnO layer and MgO layers are clearly distinct but as the film grows,
the interface between ZnO and MgO becomes less distinct and precise. The
roughness of MgO layer and in turn a ZnO+MgO multilayer increases with
each additional layer. With increase in bilayer period, the ZnO leans towards
a columnar growth which is interrupted by MgO layer and the local grains
become prominent and the multilayer loses its smooth and distinct nature
as more and more layers are stacked. This explains the nature of decreasing
peak intensities away from the substrate observed in both SIMS and TEM
elemental depth profiles.

5.3 Mixed growth regime

At small bilayer periods, BP below 10, the ternary films are well-mixed. The
elemental XPS depth profiles clearly show a homogeneous film and no layered
structure as can be seen from Fig. 5.7. The Zn elemental peaks are higher
than Mg as expected from the pulse ratio of 0.3. All the spectra of Zn, Mg
and O appear constant throughout the depth profile indicating a mixed layer
as there are no distinct peaks. If roughness exists between the interfaces
of the layers, the sputter-induced roughness might futher enhance it. TEM
micrographs are used to analyse the mixed nature of the material further.
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Figure 5.7: XPS depth profile of ZMO films of pulse ratio 0.3, bilayer periods
5 and 10

The TEM imaging of ZMO films with bilayer period 10 is shown in Fig. 5.8.
No distinct ZnO and MgO layers can be seen from Fig. 5.8. This shows
at bilayer period of 10 already, the material becomes well-mixed. Bilayer
period of 10 and below result in a well-mixed homogeneous ternary material.
Furthermore, we see columnar grains in the bright-field images. As a thin
layer of MgO is not sufficient enough to limit the columnar growth of ZnO
at small bilayer periods, we see [100] oriented grains within the mixed phase.
Indeed in the XRD diffractograms of the ZMO films, we observe an increase
in (100) peak intensities with decrease in bilayer period (see Fig. 4.10).

Figure 5.8: Bright-field TEM images of ZMO film of pulse ratio 0.3, bilayer
period 10
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From the structural variations of the films discussed in so far and from the
material properties discussed in the previous chapter, at bilayer period 40 and
above, the ALD grown ternary material forms layered stacks, while at bilayer
periods 10 and below a well-mixed material is deposited. The interest over the
transition between the nanolaminate regime to the mixed regime naturally
occurs, as well as the origin of the surface roughening in the nanolaminate
regime, leading to a more detailed investigation of the intermediate regime
(10≥BP≤40).

5.4 Structural transition in ALD grown ZMO

We look into the dark-field TEM images of ZMO films of bilayer period 20
shown in Fig. 5.9, so as to investigate the structural transitions in interme-
diate bilayer period regime. Clearly we see distinct dark and bright layer
in Fig. 5.9, where the dark and bright layers correspond to MgO and ZnO
respectively.

Figure 5.9: Dark-field TEM images of ZMO film of pulse ratio 0.3, bilayer
period 20

Although distinct layers of ZnO and MgO can be seen, these layers are rough
and exhibit columnar growth pattern across the films. Indeed we find from
the high-resolution TEM micrographs, only the first three layers are parallel
to the substrate and with successive cycles the layers are no longer parallel
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to the substrate as can be seen in Fig. 5.10. At bilayer period 20, 6 cycles
of MgO constitute a thickness of around 0.84 nm. An MgO layer of such
a small thickness becomes unable to suppress the columnar growth of ZnO.
Although it fails to suppress the columnar growth in the entirety of the
film, it does however suppress local grain formation similar to bilayer period
10 preventing the mixture of the ZnO and MgO layers. This results in a
nanolaminate film with distinguishable layers with large roughness owing to
ZnO growth orientation. We can identify 24 distinct layers in the TEM image
which roughly corresponds to the 26 supercycle repetitions performed during
the growth of the ZMO ternary films of BP 20.

Figure 5.10: HRTEM images of ZMO film of pulse ratio 0.3, bilayer period
20

Indeed, columnar growth of ZnO leading to a rough interface layer is common
and has been observed in ZnO/MgO superlattices grown by molecular beam
epitaxy as shown in Fig. 5.11 [30]. A more distinct layer of MgO/ZnO can
be seen in the image which is attributed to the deposition technique resulting
in crystalline films and also the thickness of the MgO layer which is closer to
1 nm while in our ALD grown films it is less than 1 nm.

The intermediate bilayer periods depositing materials at the transition point
between a mixed and multilayered structures, which are similar to MBE
grown superlattices, can pave way towards growth of poly crystalline-amorphous
superlattice structures by ALD [114].
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Figure 5.11: ZnO/MgO superlattices grown by MBE [30]

5.5 Conclusion

We have shown the effect of supercycle parameters on the structural varia-
tions of ALD grown ZMO thin films using surface sensitive techniques such as
XPS, SIMS and TEM and confirm the change in mixed nature of the mate-
rial with bilayer period proposed in the previous chapter. We have compared
the resolution in depth-profiling accessible through the various techniques
employed and conclude that TEM and SIMS techniques offer better insights
into the structural variations of the ALD grown ternary material. We have
determined that the ALD grown ternary ZMO exhibit nanolaminated struc-
ture for bilayer period 40 and above and well-mixed material forms at bilayer
period 10 and below. In addition, we have identified an intermediate regime
between bilayer period 10 and 40, where a structural transition occurs be-
tween the nanolaminate regime and the mixed regime.



Chapter 6

Zinc Tin Oxide by ALD

6.1 Introduction

Zinc Tin Oxide or ZTO is a wide bandgap semiconductor which has three
intermediate crystalline phases, the stable zinc orthostannate Zn2SnO4, the
metastable zinc stannate ZnSnO3 which can forms either a perovskite or
ilmenite structure. SnOx (1≤x≤2) has rutile structure with a bandgap of
3.6 eV at room temperature [115]. Atomic layer deposition of the ternary
films of Zn1−xSnxOy uses a supercycle approach with ZnO and SnOx binary
processes.

The goal of this chapter is to understand the growth kinetics of the ALD
grown ZTO films to find the optimal intermixing sequence of the respective
binary materials, investigate the influence of process parameters such as de-
position temperature, supercycle pulse ratio, bilayer period on the structural,
optical and electrical properties of the ALD grown ZTO films. By correlating
the growth kinetics with the material properties in detail, this chapter aims
to develop a reliable and accurate tuning of the material properties to suit
different applications.

6.2 Growth kinetics of SnOx

Self-limited growth

Fig. 6.1 shows the growth per cycle (GPC) versus precursor dosage time for
SnOx across three different points of a 12-inch Si monitor to ensure unifor-
mity; the different points are: one closer to the inlet of the gas, another at
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the center of the Si wafer and the last one closer to the gas outlet. Satura-
tion is achieved for the SnOx binary ALD process at 1s TDMASn pulse and
200ms pulse of H2O for a deposition temperature of 150 ◦C resulting in a
uniform binary film across the 12-inch Si monitor as inferred from the Fig.
6.1. At shorter pulse time of the tin precursor, we observe a non-uniform
film with varied thickness from the inlet to the outlet, which implies that the
precursor dosage time is not enough to cover and saturate the whole wafer
with absorbed species.

Figure 6.1: Variation of GPC versus precursor dosage time for SnOx ALD
process at 150 ◦C at three different positions of a 12-inch Si wafer: inlet -
point closer to the inlet of the gas, center - point at the center of the Si
wafer and the last position closer to the gas outlet.

ALD Temperature Window

With the binary ALD process of SnOx, we find the growth of SnOx to be
highly sensitive to temperature. The growth-per-cycle (GPC) of SnOx de-
creases with increase in temperature as shown in Fig. 6.2, irrespective of the
carrier gas flow rate. The GPC decreases by ∼0.0122 Å/cycle for every 1◦C
rise in temperature. This decreasing trend of the GPC with temperature
has been previously reported [116]. The binary ALD process of SnOx shows
good linearity of thickness with varying number of ALD cycles across all the
deposition temperatures.
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Figure 6.2: SnOx growth vs deposition temperature for two different carrier
gas flow rates (see legends).

6.3 Growth kinetics of ZTO

6.3.1 Effect of deposition temperature

The strong influence of the deposition temperature on the growth of SnOx

extends to the growth of ZTO as well. Fig. 6.3 shows the variation of GPC
with deposition temperature for ALD grown pure ZnO films, SnOx and ZTO
films(PR=0.25) along with the expected GPC calculated from Eq. (2.13).
We find that for a given SnOx pulse ratio of 0.25, the GPC of ZTO films
increases with temperature and then decreases beyond 130 ◦C in Fig. 6.3.
Furthermore, the overall GPC of ZTO is less than the GPC computed after
the individual binary GPC of ZnO and SnOx based on Eq.(2.13). The GPC
of ZTO is lower than the GPC of ZnO and SnOx at 80 ◦C. The GPC remains
lower than ZnO but is higher than SnOx for all the temperatures. The overall
trend of GPC increases until 130 ◦C and then decreases again at 150 ◦C. It
is evident that in the growth of ZTO both ZnO and SnOx cycles compete,
the growth is always less than expected values, still until 130 ◦C the growth
increases. Tanskanen et. al., investigated by DFT calculations the binding
of TDMASn on -OH terminated ZnO surfaces and have shown that in the
growth of ZTO, SnOx cycle on ZnO reduces the -OH reaction site density[86]
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Figure 6.3: ZTO GPC vs deposition temperature for pulse ratio 0.25 at
bilayer period 40 i.e pulsing sequence of 30 ZnO and 10 SnOx. The GPC of
ZnO, SnOx, an expected GPC from Eq. (2.13) are indicated for reference.

Figure 6.4: Composition vs deposition temperature of ZTO films for pulse
ratio 0.25 at bilayer period 40 i.e pulsing sequence of 30 ZnO and 10 SnOx.
Expected composition determined based on Eq. (2.14).
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for the chemisorption of next precursor (DEZ mostly) and is the main reason
that the growth is always lower than expected values. In addition, st 150 ◦C
there is a deviation of GPC in the observed trend.

This non-ideal growth behavior becomes apparent in the variation of com-
position of ZTO films deposited at different temperatures. In Fig. 6.4, we
see that the Sn content decreases with increase in deposition temperature
as expected qualitatively from the GPC of individual materials from (2.14).
The Sn content imparted in the films is lower than the expected values de-
termined from Eq. (2.14) until 130 ◦C, nonetheless it reaches the expected
values at 150 ◦C. ZTO growth and composition as a function of deposition
temperature affirms the competition of ZnO and SnOx cycles. From Fig. 6.3
and 6.4, both the growth and composition of ZTO films are always less than
the expected values until 130 ◦C. A complete turnaround of this behaviour
occurs at 150 ◦C, the growth kinetics of ZTO films changes as the GPC of
ZTO films fall below the expected and average values but the composition
rises up to expected values. This indicates a change in the interplay between
the ZnO and SnOx cycles around 150 ◦C, which we investigate further by
varying the pulse ratio of the ALD grown ZTO films at 150 ◦C.

6.3.2 Effect of varying pulse ratio

Figure 6.5: ZTO growth vs pulse ratio at 150 ◦C with bilayer periods (a) 10,
(b) 40
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Figure 6.6: ZTO composition vs pulse ratio at 150 ◦C, at different bilayer
periods (a) 10 (b) 40. The error bars come from measuring multiple samples
of the same deposition. Note the error bars for bilayer period 40 are smaller
than they symbols themselves.

We look into the growth at varying pulse ratios at 150 ◦C in Fig. 6.5 at two
different bilayer periods (10 and 40). We observe the growth of ZTO films
decreases with increasing pulse ratio as expected from (2.13), yet, the GPC
of ZTO films are lower than the expected values. Now decrease of GPC with
increasing pulse ratio suggests that GPC decreases with increase in number of
SnOx cycles which is expected due to the lower GPC of SnOx and this trend
remains the same across two different bilayer periods (10 and 40) in 6.5. The
number of SnOx cycles within a supercycle increases from bilayer period 10
to 40 thus leading to decreased growth in the latter compared to the former.
Althouth the GPC of ZnO is higher than that of SnOx, this higher growth of
ZnO does not result in overall high GPC of ZTO. It has been suggested that
reduced surface hydroxyl density as a likely cause of reduced ZTO growth
[85]. To understand the competition in growth kinetics between ZnO and
SnOx, it becomes relevant to understand the compositional variation of the
ZTO films with varying pulse ratios.

We plot the ZTO composition observed for varying pulse ratios for bilayer
periods 10 and 40 in Fig. 6.6. At bilayer period 40, we observe Sn content
exactly as expected from (2.14) same as the Sn incorporation observed as
expected at the deposition temperature of 150 ◦C in 6.4. At lower bilayer
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period of 20, the Sn composition is slightly higher than the expected values.
These compositional trends point out that good Sn incorporation into ZTO
films by SnOx cycles occur at 150 ◦C. As the overall GPC of the ZTO films
falls towards the GPC values of SnOx with increase in pulse ratio and the
Sn incorporation is favoured with increase in SnOx cycles, in the interplay of
ZnO and SnOx cycles at 150 ◦C, we regard SnOx cycles to equally compete if
not outweigh the ZnO cycles over the growth. The competition between ZnO
and SnOx cycles cycles result in a non-linear growth behaviour of ZTO films,
the origins of which are further explored by studying the effect of bilayer
period.

6.3.3 Effect of bilayer period

ZTO growth as a function of bilayer period for different pulse ratios at 150
◦C is plotted in Fig. 6.7. We find an initial rapid increase of GPC with
increase in bilayer period to 10 and then the GPC slowly decreases and falls
towards a more steady-state value. This growth behaviour of ZTO, as will be
discussed below, can be explained in terms of the substrate-inhibited growth
behaviour of type II depicted in Fig. 2.17(d).

Figure 6.7: ZTO growth vs bilayer period for two pulse ratios 0.25 and 0.3
at 150 ◦C.

We analyse the trend in composition versus bilayer period in Fig. 6.8 to fur-
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ther understand the possible substrate-inhibited growth behaviour of ZTO
films. With increase in bilayer period, the Sn concentration decreases. Al-
though at smaller bilayer periods, the Sn composition observed is higher than
the expected values (BP≤20), the Sn composition falls towards expected val-
ues on further increase of bilayer period (BP=40).

Figure 6.8: Sn composition vs bilayer period at 150 ◦C for pulse ratios 0.25
and 0.3

At the smallest bilayer period, the supercycle consists of only one SnOx cycle
and few ZnO cycles at pulse ratios 0.25 (3 ZnO + 1 SnOx ) and 0.3 (3 ZnO +
1 SnOx + 3 ZnO + 1 SnOx +1 ZnO + 1 SnOx). The GPC is smallest at the
smallest bilayer period, whereas the Sn composition is at the highest. If it
was substrate-inhibited growth of SnOx by ZnO, then the Sn content should
have increased with increase in bilayer period as the number of successive
SnOx cycles increase with less interruption from ZnO. However it doesn’t
seem to be the case as we find the Sn content to decrease with increase in
bilayer period.

On the other hand, the number of successive cycles of ZnO increases with
larger bilayer periods and so does the GPC of ZTO films. In fact, the GPC
reaches its highest peak at a bilayer period of 10 where there is a minimum
of 6 successive ZnO cycles within the supercycle. It has been reported that
SnOx retards the growth of ZnO and the GPC of ZnO is restored back to
its original value after three consecutive cycles [85]. Therefore, it becomes
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clear that in the growth of ZTO films, the SnOx surface inhibits the growth of
ZnO. With increasing bilayer period, disruption of ZnO growth by SnOx cycle
becomes less frequent, the consecutive cycles of ZnO will increase the reaction
site density and restore the decreased growth after reduction of reaction site
density by SnOx cycle on ZnO [85][86]. An increase in the global GPC of
ZTO films is attributed to the growth of ZnO on ZnO which is observed
until BP=10. For higher BP, as seen in Fig. 6.7, the global GPC decreases
(for PR=0.3) and falls to a steady-state value (PR=0.25). Hagglund et al.
suggested that the limited number of nucleation sites offered by SnOx leads
to a island-type growth mode of ZnO resulting in an overshooting in the
GPC before reaching a steady-state value [37]. It has been shown that in
the growth of SnOx with TDMASn and H2O, persisting DMA ligands are
present on the surface and are completely eliminated only at 200◦C [88]. The
persisting ligands not only explain the inhibited growth of ZnO after SnOx

cycle, they can also result in retarded growth of SnOx on SnOx, leading to
the decrease in GPC of ZTO with increase in bilayer period.

6.4 Structure-Property relationships

6.4.1 Structural properties

X-ray diffractograms of ZTO as a function of varying bilayer period is shown
in Fig. 6.9 for a pulse ratio of 0.25. All the pure SnOx films deposited
exhibit an x-ray amorphous structure. In the mixing of SnOx and ZnO into
ZTO, the films with small bilayer periods are amorphous in nature similar
to SnOx. We observe ZTO films at BP 40 starts showing slight peaks and
ZTO films of BP 80 shows a polycrystalline structure similar to the wurzite
ZnO structure. We do not observe any peak shifts although we see a decrease
in the intensity of the peaks. As the ZTO films at BP 40 starts exhibiting
crystallinity, we investigate the x-ray diffractograms of ZTO films of various
pulse ratios at BP 40 which are displayed in Fig. 6.10. With increasing
pulse ratio, the ZTO films become x-ray amorphous. At PR of 0.1, the ZTO
film shows crystalline peaks similar to wurzite ZnO, however with reduced
intensity. The intensity of the peaks reduce as the pulse ratio increases. It
can be inferred that as Sn composition increases with increase in pulse ratio,
the ZTO films lose their crystalline nature. With addition of Sn, we see peak
shift of (101) and (103) reflection by 2◦ towards lower angles. At PR=0.1,
the (103) reflection shifts by 2◦ at first to a lower angle and the intensity
reduces with further increase of pulse ratio finally vanishing at PR=0.3. In
the same way, the (101) reflection peak shifts at PR=0.1, additional shift of
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Figure 6.9: X-ray diffractograms of ZTO films with various bilayer periods
for pulse ratio of 0.25 at 150 ◦C. ZnO diffractogram added for reference.

the peak towards lower angles occurs at PR=0.2 and with further increase in
pulse ratio, finally the distinction between (002) and (101) reflection peaks is
lost. Likewise with addition of Sn, the (100) reflection peak shifts to higher
angles moving towards (002). We extend the analysis by looking into the
peaks of ZTO films in Fig. 6.11 at PR=0.2 and 0.3. As the (101) reflection
peak shifts towards (002), it matches the position of the (222) reflection peak
of Zn2SnO4 phase and in the same manner the (100) reflection peak of ZnO
is lost and the peak at 32◦ matches the position of the (104) reflection peak
of ZnSnO3 phase. We conclude that with addition of Sn, the ZTO films
lose their wurzite crystalline structure and become amorphous. Although
the diffractograms do not indicate any phase separation since no reflection
peaks corresponding to the rutile phase of SnO2, they do indicate presence of
crystallites from ZTO mixed phases. Lindahl et al. reported presence of small
ZnO(Sn) crystallites embedded into the amorphous matrix which increased
in size with temperature [87]. The lack of narrow, intense peaks suggest
incomplete crystallization therefore resulting in the presence of crystallites.

6.4.2 Optical properties

We correlate the bandgap of the ZTO films with the measured Sn content
in Fig. 6.12. In particular, the figure depicts the variation of bandgap as a
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Figure 6.10: X-ray diffractograms of ZTO films at various pulse ratios from
0.1 to 0.4 at BP 40 grown at 150 ◦C.

Figure 6.11: Zoomed in X-ray diffractograms of ZTO films at pulse ratios
0.25 and 0.3 at BP 40 grown at 150 ◦C.

function of deposition temperature and pulse ratio at bilayer period 40. We
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Figure 6.12: Optical bandgap vs Sn composition for various ZTO films de-
posited at bilayer period of 40. The black squares show variation in Sn
composition as a result of the change in pulse ratio. The pink dots are
the bandgap corresponding to the composition as a function of deposition
temperature. The green triangles are the variation of bandgap with bilayer
period.

observe bandgap widening with increasing in Sn content brought about by
increase in pulse ratio. The initial increase in bandgap reduces at 15% Sn
concentration and starts increasing again beyond a composition of 20% Sn.
Interestingly, a similar behaviour was observed in the study of amorphous
ZTO films by soft x-ray spectroscopy, where the increase in bandgap was
attributed to the shift in conduction band edge and the reduction of bandgap
with further addition of Sn occurred due to the shift of valence band towards
higher energies [82]. Moreover, from Fig. 6.12 the variation of bandgap is
found to be not directly dependent on the deposition temperature except for
the ZTO film deposited at 80 ◦C.

The slight dependence of bandgap over the deposition temperature arises
from the dependence of the composition with deposition temperature illus-
trated in Fig. 6.4. A decreasing trend of bandgap as a function of deposition
temperature has been observed previously [87]. Presence of SnO2 or Zn2SnO4

nanoparticles or crystallites embedded inside the films during growth at lower
temperatures might lead to quantum confinement effects resulting in broad-
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ening of the bandgap which reduces as crystallinity improves with deposition
temperature [87]. A much clearer picture is obtained when we observe the
variation in bandgap with Sn content for pulse ratio varying from 0.2 to 0.4
for two different bilayer period (10 and 40) in Fig. 6.13. At BP=10, we
observe bandgap widening with increasing in Sn content brought about by
increase in PR, meanwhile the films at BP=40 exhibit an entirely different
trend with the bandgap almost constant and similar to that of pure ZnO.

Figure 6.13: Optical bandgap vs Sn composition for PR 0.2 to 0.4 of ZTO
films deposited at bilayer period 10 (black squares) and 40 (orange squares).
The dashed line represents bandgap of pure ZnO films.

We observe the variation of bandgap with bilayer period is not simply due
to change in composition. A better understanding of the material structure
and its effect on optical properties can be gathered from Fig. 6.14 which
shows the variation of bandgap as a function of bilayer period of ZTO films
deposited at 150 ◦C.

The higher bandgap at smaller bilayer periods could possibly explained by the
presence of crystallites of Zn2SnO4 or ZnSnO3 into the amorphous structure
of the material leading to quantum confinement effects [87]. Lindahl et al.
observed that ZTO films consisted of small ZnO or ZnO(Sn) crystallites
embedded in an amorphous matrix which increases in size with increasing
zinc content and deposition temperature [87]. Fig. 6.9 clearly shows that
films of smaller bilayer periods (BP≤20) for PR=0.25 are x-ray amorphous.
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Figure 6.14: Optical bandgap vs bilayer period of ZTO films deposited at 150
◦C for two different pulse ratios: 0.25(orange) and 0.3(green) with expected
composition in Fig. 6.12 . The dashed red line denotes bandgap of ZnO
reference.

The estimated bandgap vary from 4.3 eV for Zn2SnO4 nanocrystallites and
3.9 to 4.2 eV for ZnSnO3[117][118]. At smaller bilayer periods(BP≤10), the
number of consecutive SnOx cycles does not exceed 3 (for PR≤0.4). Any Sn
or ZnO(Sn) based crystallite therefore should not exceed a size of ∼0.315 nm
which is smaller than the Bohr radius of ZnO thus resulting in confinement
from being embedded into the amorphous matrix. With increasing bilayer
period, the thickness of ZnO layer and the Zn content increases (see Fig. 6.8)
which can lead to an increase in crystallite size supported by Fig. 6.9 where
ZTO films at BP 40 exhibit XRD peaks corresponding to different ZTO
phases (the crystalline size estimated from Debye scherrer equation are sim
0.4 nm for BP=20 or 1.5 nm for BP=40). Another possible explanation for
the bandgap variation with bilayer period is shift in conduction band edges.
Higher Sn concentration causes moderate shift in conduction band edges
towards higher energies [82], however this shift is suppressed by the decrease
in Sn incorporation and increase in Zn content with increase in bilayer period.
As in the case of ZMO, here too we conclude that BP 20 marks a transition
from ZTO mixed material phase to a ZnO-dominant multilayered material.
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6.4.3 Electrical properties

Figure 6.15: Resistivity vs Deposition temperature of ZTO films (PR=0.25,
BP=40)

The electrical properties of ALD grown ZTO films are strongly dependent
on the deposition temperature and the bilayer period. The change in resis-
tivity of the ZTO films as a function of deposition temperature is shown in
Fig. 6.15 where the resistivity of the films decrease with increase in pro-
cess temperature. As grown ZnO thin films by ALD have high resistivity at
lower deposition temperatures (≤150 ◦C) because of their poor crystallinity.
Combining this with SnOx films that show amorphous nature at various de-
position temperatures, the resulting ZTO films also show high resistivity at
low deposition temperatures. As the crystallinity of the ZTO films improve
with increase in deposition temperature, resistivity decreases and is lowest
at 150 ◦C.

The other supercycle parameter that has a strong influence on the resistivity
is the bilayer period, the trend of which is shown in Fig. 6.16 for ZTO films
deposited at 150 ◦C for a PR of 0.25. With increase in bilayer period, the
resistivity decreases similar to the optical bandgap. As the thickness of ZnO
increases with increase in bilayer period, it provides a better conduction path
for electrons, the improved crystallinity at higher bilayer period also aids.

In order to understand the influence of Sn content on the resistivity depen-
dence over the bilayer period, we plot in Fig. 6.17 resistivity as a function
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Figure 6.16: Resistivity vs Bilayer period of ZTO films (PR=0.25) grown at
150 ◦C

of composition for various pulse ratios and the bilayer period shown in Fig.
6.16. From Fig. 6.17, it is clear that the resistivity varies with change in Sn
composition, i.e. just as the the proportion of ZnO varies. At lower compo-
sition, there is a higher proportion of ZnO present in the films which makes
the films conductive as ZnO is more conductive, compared to amorphous
SnOx which is not as conductive. Another possible reason for the weak in-
fluence of pulse ratio over the resistivity could be due to the bilayer period
at which the pulse ratio is varied. As at bilayer period 40, the ZTO films
already behave more as a multilayered material observed from the optical
properties, the increase in Sn content with pulse ratio does not have a strong
influence on the resistivity since ZnO dominates the electrical properties in
the multilayered structure. The mixed material observed as a result of low-
ering deposition temperature or smaller bilayer period shows high resistance
to electrical conduction.

6.5 Conclusion

We developed a consistent and reliable thermal ZTO ALD process and used
the bilayer period approach to probe the growth kinetics and confirmed that
the growth of ZnO is inhibited by SnOx surface. We performed a detailed
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Figure 6.17: Resistivity vs Observed Sn composition, showing resistivity as
a function of pulse ratio, deposition temperature and bilayer periods

analysis of the material properties with addition of Sn and the effect of mix-
ing. We found a strong dependency of the optical properties of ZTO films
over the bilayer period proving yet again the bilayer period can be used to
effectively tune the material properties in ALD grown ternary films. We
attribute the variation of bandgap with respect to bilayer period to the pres-
ence of ZTO nanocrystallites being embedded in the amorphous matrix of
the well-mixed material at smaller bilayer periods, by examining the struc-
tural properties. Thus, we correlate the growth kinetics of the ALD grown
ZTO films in detail with the structural and optical properties observed.



Chapter 7

Conclusion and Perspectives

We have established a reliable thermal ALD processes for ternary ZMO and
ZTO and have verified the consistency of the process by growing the thin
films under different conditions in part addressing the growing challenges of
consistency and reproduceability in atomic layer deposition [119]. By probing
the supercycle parameter - bilayer period, we examined the changes in growth
of our thin films focusing on the first objective of this thesis - understanding
the growth and mixing kinetics.

In ALD-grown ZMO thin films, through the influence of bilayer period we
illuminate the interactions between ZnO and MgO interfaces and the result-
ing enhancement of MgO growth by ZnO surface. While in the case of ZTO
films, we confirmed, again through the influence of bilayer period, that the
ZnO growth is inhibited by SnOx films. These observations support that
bilayer period can be a good tool in studying the growth kinetics of ternary
ALD process. In addition, with the effect of bilayer period, we determine
the optimal way to mix one material with another. We found for an effective
incorporation of Mg into ZnO system, interspersing one MgO cycle every 3
cycles of ZnO as necessary. On the contrary, optimal growth and Sn content
of ZTO films is attained around BP=10, requiring a minimum of 6 consecu-
tive ZnO cycles. Thus we have demonstrated the effective manner in which
a metal oxide can be doped or alloyed with another metal oxide in a ternary
ALD process and the use of bilayer period in understanding the mixing ki-
netics can be extended to other ternary ALD process. In addition, bilayer
period can serve as a powerful too in understanding quarternary ALD pro-
cesses where the interactions between the various ALD chemistries becomes
even more complex [22].

98
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To address the second objective, we have defined a consistent process-structure-
property relationship for ALD grown ZMO and ZTO films. We have reported,
for the first time, the strong dependency of the optical properties over the
bilayer period and discuss possible causes. We find for both ternary ALD
materials, the bandgap is highest at the smallest bilayer period suggesting
the formation of a well-defined mixture of the ternary material. As the bi-
layer period increases (10<BP<40), the bandgap of ZMO and ZTO films
decrease and for BP above 40, the bandgap values reduces to that of ZnO
indicating ZnO dominance over the material properties of the ternary materi-
als. We have suggested different mechanism for the change in bandgap with
the bilayer period. In the case of ZMO, we argued the bandgap variation
with bilayer period arises out of quantum confinement effects by comparing
ZnO layer thickness with Bohr radius. While in the case of ZTO, we have
attributed the high bandgap to formation of nanocrystallites of ZnO(Sn) or
mixed phase ZTO embedded into the amorphous matrix of material. We
have concluded, that as the bilayer period increases, these ternary films take
on a multilayered structure with one material dominating over the other,
usually ZnO in these films. Bilayer period can hence be used to tune optical
properties without altering the composition of the ternary film. We have
identified bilayer period as a significant supercycle parameter that can be
purposed into a knob to control and design the material properties of ALD
grown transparent metal oxides.

In order to understand the mixed phases of our ternary films that change with
the bilayer peirod, we have explored the structural transitions in the ALD
grown ZMO films using surface sensitive analytical techniques such as XPS,
SIMS and TEM. With the aid of depth profiling accessible through these
techniques, we have defined the various structural regimes corresponding
to different bilayer periods and covered the objective of comprehending the
mixing kinetics. For the smallest bilayer period, we observe a well-mixed
material which defines the mixed growth regime. A nanolaminated regime
occurs when distinct multi layers are grown above bilayer period 40. At an
intermediate bilayer period of 20, a transitionary regime is observed where the
material is neither well-mixed nor possesses a well-defined layered structure
as a fine layer of MgO separates the ZnO layers although the columnar growth
remains not suppressed. This transitional growth regime can pave way for
new research paths through development of ALD grown superlattices [114].

We have applied ALD grown ZMO films as buffer layers for chalcopyrite solar
cells by modifying their optical properties through pulse ratio, bilayer period
and deposition temperature based on the process-structure-property rela-
tionships we defined. An analogous application of ZTO based buffer layers
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by tuning the optical properties of the films through the various supercycle
parameters explored in the thesis can be noteworthy, especially in developing
graded doping profiles.

While we have delved into the optical properties, detailed investigations into
the electrical properties of our ALD grown films remains open. In particular,
the modulation of electrical properties using bilayer period can be interesting
and their application as channel layers in TFT could provide new insights
into understanding amorphous oxide semiconductors and improving device
performance.
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