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Abstract

Zm-1V-nitride semiconductors with IV = Si, Ge or Sn, and their alloys constitute a novel
and promising group of materials that resemble the already commercially established
[II-nitrides. The predicted band gaps of the Zn-IV-nitrides and their alloys cover
the visible region of the electromagnetic spectrum, making them an earth-abundant
alternative to the III-nitride semiconductors. ZnSnNs in particular, although relatively
unexplored compared to its ZnSiN, and ZnGeN, counterparts, has a predicted band gap
close to the optimal for a top cell in a tandem solar cell structure with Si as a bottom
cell. However, a high as-grown carrier density of the stoichiometric ZnSnNsy, typically
>10% ¢cm~3, limits the functionality of the material, and also further complicates the
determination of fundamental properties, such as the optical band gap.

In this work, the ZnSnN, material has been thoroughly investigated, and different
strategies have been applied to control structural, optical and electrical properties.
Stoichiometric ZnSnN, thin films have been grown on (0002) ZnO substrates by re-
active co-sputtering of metallic Zn- and Sn-targets by high-power impulse magnetron
sputtering (HiPIMS) and RF magnetron sputtering in a nitrogen atmosphere. Single
crystalline hexagonal wurtzite ZnSnN, was grown, as evaluated by x-ray diffraction
(XRD). The optical band gap was estimated to 1.64 eV - 1.70 eV for stoichiometric
ZnSnN,, employing transmission and diffuse reflectance measurements. Room tem-
perature Hall effect measurements confirmed carrier densities from ~3x10%° cm™ to
~5x10% ¢cm™3, with affiliated mobilities of ~12 cm?/(Vs) for all samples, indicating
the optical band gap to be affected by a Burstein-Moss shift.

Non-stoichiometric ZnSnNsy thin films, i.e. Zn-rich ZnSnN,, were grown in order to
reduce the carrier density due to an effective decrease in Sny, /Zng, antisite (intrinsic
donor /acceptor) ratio. Indeed, an electron concentration as low as 1.7x10'% ¢cm™3
was achieved, with carrier mobility of 58 cm?/(Vs) at room temperature. A systematic
reduction in absorption onset was observed following the reduced carrier concentrations,
further indicating that the Burstein-Moss effect significantly affects the optical band
gap of ZnSnNy. However, the increased Zn-content resulted in a degradation of the
crystalline quality, and thus the evolution in carrier density, mobility and optical band
gap may also have been affected.

Introduction of acceptors, by Li-doping of both stoichiometric and non-stoichiometric
ZnSnN, during growth, was explored as a potential carrier suppressing strategy. XRD
measurements of the doped series revealed a Bragg reflection not observed by any of the
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undoped samples discussed in this work, which might suggest a change in growth direc-
tion caused by the Li incorporation. Room temperature- and temperature-dependent
Hall effect measurements confirmed a carrier reducing effect in the doped films, down
to 5x10'® cm~3. Tauc analysis of transmittance and direct reflectance data yielded an
estimated F, ~ 1.6 eV, also lower than for the undoped stoichiometric samples, which
may be attributed to the decrease in carrier concentration.

The growth of stoichiometric, non-stoichiometric and Li-doped ZnSnN, by HiPIMS,
show that ZnSnN, can be grown with single-crystalline quality, and the electrical prop-
erties of the material can be controlled. As such, ZnSnN, may be developed further to
compete with the III-nitrides in solar cell applications.
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Chapter 1

Introduction

Inexpensive and reliable energy sources have been coveted by society since long before
the laws of physics were written down. Early civilizations utilized the kinetic energy
of flowing water to mill grains and the chemical energy in firewood for its warmth,
oblivious to the rules of fluid- and thermodynamics. Understanding the world around
us has allowed us to develop more efficient ways of extracting energy. Traditional
energy sources, i.e. coal and natural gas, are non-renewable and lead to increased
levels of greenhouse gases (GHG) in the atmosphere. If Norway is to reduce their
total GHG emissions by at least 50% within 2030 compared to 1990 emissions, in
accordance with the Paris agreement, research and development of renewable energy
sources is imperative. Renewable energy is energy extracted from non-depleting energy
sources, e.g. solar and wind. To dominate the energy market, however, these renewable
sources have to be more inexpensive and reliable than fossil fuels, and they have to
be compatible with existing systems and infrastructure. Solar power can be extracted
in several ways. Solar thermal energy systems for example, collect the solar energy
as heat, which in turn can generate steam for a turbine. Solar cells, on the other
hand, make use of the photoelectric effect, the generation of voltage in a material upon
exposure from light, in order to convert sunlight to electricity. Reducing the cost of
solar cell power can be achieved in different ways. Either by reducing the material cost
of the unit itself or by making the solar cells more efficient, producing more energy per
unit.

The solar industry of today is dominated by silicon-based solar cells. Consisting of
an earth abundant element with a well developed industry and infrastructure, the
silicon solar cell is relatively inexpensive to produce, and the technology is becoming
commercially mature. The dilemma of silicon solar cells, however, is that they are
grossly inefficient, with a theoretical upper limit below 30% efficiency. This implies
that 70% of the energy which could have been harvested is not extractable. Tandem
solar cells aim to harvest this surplus energy. By implementing an additional solar
absorber material on top of the traditional Si cell, one could increase the efficiency
significantly. These solar cells exist in today’s market, but they are expensive and rely
on either toxic materials or elements of low abundance. Thus, there is a need for earth-
abundant, inexpensive and non-toxic alternatives to improve on the well-implemented
Si solar cell.
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A solar cell material, indeed in a tandem cell together with Si, requires electrical and
optical properties that are compatible with the Si bottom cell. This includes, for
instance, an appropriate band gap energy. A commercially available materials system
for optoelectronics and also solar cell applications such as tandem top cells, is the
[II-nitride system. These materials include AIN, GaN, InN and alloys thereof. GaN is
particularly important in optoelectronics such as LED technology. In fact, the discovery
of p-type GaN and thus the blue LED, was awarded the 2014 Nobel prize in physics.
However, fabrication of III-nitrides is costly, especially compared to that of Si. Recently,
[I-IV-nitrides, where the group III-cations in III-nitrides are substituted with an equal
amount of group-II and group-IV cations, have been proposed as a compromise having
optoelectronic properties similar to that of IIl-nitrides, but at the same time being
inexpensive, abundant and non-toxic. Moreover, they can be fabricated employing
industrially scalable techniques such as magnetron sputtering.

Within the II-IV-nitrides are the Zn-IV-nitrides, where one of the two cations is Zn
and the remaining cation is either Si, Ge or Sn. This material system is relatively
unexplored compared to its III-nitride counterparts, and its possibilities and constraints
are still under investigation. Especially ZnSnN, has uncertainties related to the band
gap, crystal quality and donor/acceptor mechanisms of the native material. Thus,
the motivation for this work is to explore properties of ZnSnNs in the context of solar
absorbing material in a tandem solar cell. This includes development of a viable growth
process, and an investigation of its charge carrier density and mobility, optical band
gap and crystal structure. To better understand the material and methods of this work,
an introduction to semiconductor physics and ZnSnNs is presented in Chapter 2. This
is followed by a presentation, and explanation of, the experimental methods employed
in Chapter 3. Chapter 4 covers the extensive process development conducted in this
work. The following results are presented in Chapter 5, and discussed consecutively.
A conclusion is presented in Chapter 6, followed by a suggestion for further work.

The results presented in this work have contributed to a publication in Advanced
Optical Materials, by my supervisor Dr. Vegard S. Olsen, in which I am a co-author.
The paper is titled ZnSnNy in Real Space and k-Space: Lattice Constants, Dislocation
Density, and Optical Band Gap.



Chapter 2

Theory

This chapter aims to explain some core concepts behind the work of this thesis. An
introduction to solid materials and how atoms arrange themselves in crystal struc-
tures is presented in section 2.1, based on the textbooks of Hemmer [1], Kittel [2] and
Tilley [3|. Material specific properties such as band gap and electrical conductivity are
determined by the atomic structure of said material. Hence and explanation of the
crystal system is imperative for an understanding of how the material behave, and can
be developed for a specific purpose, i.e. tandem solar cells. The succeeding section
is an introduction to semiconductor physics. This section is based on the textbooks
of Kittel |2], Tilley [3], Griffiths [4] and Streetman [5|, and describes the behaviour of
semiconductors and why they are such an important group of materials. This section
is followed by a segment on the growth of thin films, and a description of different
types of thin film growth. Thin film growth is governed by specific conditions such
as pressure, temperature and substrate surface mobility, and an understanding of how
variations in these parameters influence the finished film, is of importance. The section
on thin film growth is based on the textbook of Campbell [6] and Venables [7]. Section
2.4 embodies an overview of ZnSnNs, including structural and electrical properties of
the material. Its properties are discussed in relation to the ITI-nitrides and as a tandem
solar cell material. To conclude this chapter, a short introduction to pn-junctions and
solar cells is presented. These sections cover the physics, possibilities and limitations
of such components. An understanding of these areas is critical if one is to recognize
the importance of this work. The section of pn-junctions is based on the textbook of
Streetman [5], and the section on solar cells is based on the textbooks of Streetman [5]
and Campbell [6] and Nelson |[§].

2.1 Crystal Structures

Atoms in a solid arrange themselves to minimize their free energy, and their placement
relative to each other determines the electrical, optical and structural properties of the
material. A crystalline solid differs from other solids in that its constituents arrange
themselves periodically. This means that there is a fundamental arrangement of atoms
that is repeated throughout the solid. The definition of this periodicity can be expressed
by primitive vectors a, b and c, constructing an infinite lattice of points. Each point
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within this lattice can be represented by a sum of the primitive vectors

R =ua+ vb + wc (2.1)

where u, v, w are integers. The volume spanned by these vectors is called the unit cell
of the crystal, with side lengths a, b and c¢. Depending on the length of a, b and ¢, and
the angle between them, seven different crystal systems emerge. A unit cell of lengths
a = b = ¢ with 90° angles between them will be cubic. Examples of variations of the
cubic crystal system can be found in figure 2.1. The crystal lattice is not to be confused
with the crystal structure, which is made up of actual atoms. These seven unit cells give
rise to 14 different Bravais lattices. Examples of crystal structures exhibited by some
important semiconductors are the diamond-like structure of Si, often termed the Zinc
blende structure, and the wurtzite structure, common for III-nitride semiconductors,
i.e. GaN. ZnSnN; can grow in an orthorhombic and wurtzite configuration. Thus,
potential compatibility with the existing III-nitride based framework is possible.

& ? L 4 ! [ | 2 (| [ & 2 ° 2\ 7
v ® [N\, S |e
[ 4 ¢ @ ¢ ¢ ¢ L ? € ° ° 9 ?
a) Simple Cubic b) Body Centered Cubic  ¢) Face Centered Cubic

Figure 2.1: The cubic unit cell has three Bravais lattices. a) The primitive cell is the simple
cubic (sc). b) The body-centered cubic (bec) with a lattice point in the middle of the cu-
bic structure. ¢) The face-centered cubic (fcc) has a lattice point on each face of the cubic
structure.

Several material characterization techniques utilize diffraction and scattering processes
to analyze the material. As such it is useful to implement a nomenclature to describe
the crystal planes in the material. Miller indices is such a system, where the indices
(hkl) are a set of parallel planes. These indices represent the reciprocal of the points
where the plane intercepts the primitive vectors. As an example, the plane spanned
by a and b in a primitive unit cell will be expressed as (1/1,1/1,1/00) — (1,1,0),
as the plane intercept la and 1b, but does not intercept ¢ at any point. The [1,1,0]
vector is perpendicular to the (1,1,0) plane. This nomenclature is used for every
crystal structure, except the hexagonal. Planes within hexagonal crystal structures are
expressed with Miller-Bravais indices in the form (hkil) and need to satisfy the relation

i=—(h+k) (2.2)

The atoms in a solid are bound together by strong chemical bonds that can be cat-
egorized into three groups; ionic, covalent and metallic bonds. The latter is not con-
sidered when discussing semiconductors, while the covalent, ionic, or a mix of the two
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bonds are of great interest here. Covalent bonds form as atoms with unpaired elec-
trons interact and said electrons share molecular orbitals. Covalent bonds typically
form between identical atoms, or between atoms whose difference in electronegativity
is insufficient for electron transfer to occur. If an electron is transferred between the
bonding atoms, forming ions, an zonic bond occurs. The resulting ions of different
polarities are held together by the electrostatic forces between them. Ions are charged
atoms where the number of electrons surrounding the nucleus differs slightly from the
requirements of charge neutrality. As ions of opposite charge are brought closer to each
other, a compromise between the attractive electrostatic forces and repulsive forces due
to overlapping electron clouds is met, finding a stable equilibrium.

=

(100) (110) (111)

Figure 2.2: Planes named by their respective Miller indices.

2.2 Semiconductors

Semiconductors are a class of materials whose electrical conductivity lies between that
of a conductor and an insulator. Semiconducting materials can be grouped in two
classes, elemental and compound semiconductors (ESC and CSC respectively). ESCs
are composed of single species of atoms, found in group IV in the periodic system.
Silicon is an example of such a material, possessing semiconducting capabilities in its
most elemental form. CSCs however, are materials consisting of different combinations
of elements. An example of such a material is GaN, a compound semiconductor com-
posed of a group III and a group V element used in the famous blue LED [9]. The
discovery of which awarded Shuji Nakamura, Isamu Akasaki and Hiroshi Amano the
2014 Nobel Price in Physics. The impact of III-V CSC’s has been immense, especially
in the IC and optoelectronic industries. Compared to elemental Si, there are no semi-
conductors that can compete on price and performance, there are some limitations to
Si, however. Due to its indirect band gap (the definition of which is defined later in
this section), a Si-based LED is not possible. Several CSC’s, e.g. ZnO and GaAs have
a direct band gap, and are optimal for optoelectronic devices. In addition to this, each
CSC has its unique electrical and structural properties, allowing for band gap engin-
eering. An example of this is the IIl-nitrides, AIN, GaN and InN. Three materials
with three distinct band gaps, and consequently, their optoelectronic properties differ.
Alloys of these materials, e.g. Al,Ga;_,N, have a band gap that varies by the cation
ratio, allowing for band gap engineering for specific needs.
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2.2.1 Electron Energies and Band Structure

As a result of Pauli’s exclusion principle, each electron in a single atom has a discrete
energy level of which it can occupy. As a large number of atoms (~ 10%3) group together
to form a solid, the discrete energy levels are so closely spaced that we can consider
them as continuous, forming energy bands and a periodic potential within the crystal
structure. The electrons can be considered to be nearly free, and their interactions are
described by the time-independent Schrodinger Equation

HU(r) = [—%VQ + U(r)} U(r) =eV(r) (2.3)

where H, the Hamiltonian, is a mathematical operator that describes the energy of the
system. W(r) is the wave function of the electron, and ¢ is the corresponding energy
eigenvalue. h is the reduced Planck’s constant and m is the mass. The potential, U(r)
is periodic and follows

Ulr)=U(r+R) (2.4)

where R is a fixed distance derived from the primitive lattice vectors of the atomic
crystal.

In some cases, it is expedient to consider the electrons as plane waves that propagate
through a lattice of perfect periodicity. In that case, one can express the eigenfunction
from equation (2.3) as a Bloch wavefunction on the form

Wy (r) = e™uy(r) (2.5)

where the periodicity of the lattice is described by u(r), and the propagation constant
k (also called the wavevector) describes how the electron moves through the lattice,
and also the energy of the electron (as ¢ is dependent on k). We will also assign a band
index to each ¢, (n=1, 2, 3, ...), indicating what band the electron occupies. If one is
to plot each ¢, as a function of k, we get a plot of all allowed and forbidden energy
states, as shown in figure 2.3.

Energy bands can be separated by forbidden regions where no electron states are found.
These regions are called band gaps (E,), and the classification of a material as an in-
sulator (E, >~ 5 eV), semiconductor (0 < E, <~ 5¢eV) or metal (E, = 0eV) is
dependent on the magnitude of this energy gap. The band structure of an intrinsic
semiconductor, i.e. where impurities or other defects do not influence the electrical
conductivity, is such that no electrons occupy the conduction band at 0K. Its con-
ducting capabilities are in practice that of an insulator because there are no available
electrons in the conduction band (or electron-holes in the valence band) that can be
accelerated by an electric field. To be conductive, the electrons in the valence band
have to be excited, meaning they have to gain additional energy, e.g. from an incoming
photon with some energy, E.,. For the electron to be excited from the valence band to
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e3(k)

g, (k)

& (k)

=

Figure 2.3: Example of a band diagram, where energy eigenvalues €, are plotted as a function
of k. Valence and conduction bands are shown in blue and red respectively, as well as the band
gap between the two.

the conduction band, £, > E, leaving a missing electron (hole) in the valence band.
At temperatures > 0K, electrons are excited by the thermal energy of the material,
implying that the conductivity of a semiconductor increases with an increase in tem-
perature (up to a certain temperature where phonon scattering effects must be taken
into account).

A semiconductor has a direct band gap if the valence band maximum (VBM) and
conduction band minimum (CBM) are located at the same value of k. This means
that additional energy > E, is the only requirement for an electron to be excited from
the VBM to the CBM. An indirect band gap, however, requires a shift in £ in addition
to energy for the electron to be excited. From the relation p = Ak, this implies a change
in momentum. Only if a quantified lattice vibration, known as a phonon, change the
momentum of an electron at the same time as said electron gains a sufficient amount
of energy, will the electron be excited to the CBM in an indirect semiconductor.

Whether the semiconductor has a direct or indirect band gap is significant in terms
of possible applications. Radiative recombination is substantially stronger in direct
band gap compared to indirect band gap semiconductors, meaning that direct band
gap semiconductors can emit light when excited electrons recombine with holes in the
VBM, making them optimal for LEDs and laser diodes.

2.2.2 Charge Carriers

As an electron is excited into the conduction band, it leaves a hole treated as a particle
of opposite charge in the valence band. This implies that the electron and hole con-
centrations in an intrinsic semiconductor, i.e. without any defects or dopants, is equal
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a) b)
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Figure 2.4: Illustration of the introduced energy states and excitation processes in a) a donor
doped and b) an acceptor doped semiconductor.

n,=n=p (2.6)

An effective way of manipulating the charge carrier density is by introducing elements
with excess/a lack of valence electrons in a process called doping. Using elemental
Si as an example, the number of electrons can be increased by doping the material
with an element of higher valency, such as phosphorous (P). The P-atom will bind
to four Si-atoms, occupying a Si-site in the lattice. As P has five valence electrons
(compared to the four of Si), there is one electron that is not accounted for that
occupies a higher energy state than its Si-bound counterparts. In this case, P acts as
a donor, as the remaining electron is loosely bound and thus can easily be donated to
the lattice. Similarly for holes, where boron (B) is of lower valency compared to Si and
can therefore accept an electron, leaving behind a hole. By doping a semiconductor,
we introduce energy states within the band gap, in principle increasing the likelihood
of an electron being excited. A semiconductor that is doped with donor-dopants is
called n-type, because electrons will be the dominating charge carrier type, whereas an
acceptor doped semiconductor is called p-type. Note that equation (2.6) is not valid
for a doped material, as the introduced electrons or holes will skew the ratio between
n and p significantly. The charge carrier that dominates the semiconductor is called a
majority carrier, leaving the other carrier as the minority carrier.

Electrons in a solid follow Fermi-Dirac statistics, and their distribution over a set of al-
lowed energy states at thermal equilibrium is described by the Fermi-Dirac distribution
function

1
F(B) = 1+ e(B—Ep)/kT

(2.7)

Where FE is the electron energy, Ey is the fermi-energy, k£ the Boltzmann constant and
T the temperature. This equation maps the probability of an electron occupying an
allowed energy state at an absolute temperature, T. Since the number of thermally
excited electrons is equal to the number of thermally generated holes, the probability
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Figure 2.5: The Fermi-Dirac distribution function at different temperatures in steps of 300 K.

of finding a state occupied by a hole is equal to the probability of a state not being
occupied by an electron. Thus, the hole distribution is given by

1
B 1 + e(B-Ep)/kT
These two expressions depend on the Fermi level, ¢, of the material. E is defined as
the upmost filled energy level at absolute zero temperature and lies halfway between
the valence band and the conduction band in an intrinsic semiconductor at absolute
zero temperatures. By doping, the Fermi level shifts closer to the conduction- and
valence band edges, respectively.

1-f(E)=1

(2.8)

To calculate the carrier concentration, the Fermi-Dirac distribution alone is not suffi-
cient. One would also need to know the number of available states the charge carriers
can occupy. More precisely, one needs the density of available states, N(E). We find
the carrier concentration by integrating the product f(E)N(E) over a range of energies
dE.

m= [ HENEWE. = [ (- (EINENE (2.9

Integrating from the conduction band, E., to infinity yields the electron concentration,
as this is the energy range conducting electrons occupy. Similarly, we integrate from
0 to the valence band edge, F,, to find the hole concentration. From equation 2.7,
the probability of electrons occupying energies above the conduction band decreases
exponentially. This implies that the vast majority of electrons have energies just above
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the conduction band edge. The probability of finding holes at low energies decreases
exponentially as well, so that the majority of holes lies just below the valence band. In
the cases close to the band edges where most of the charge carriers are situated, the
Fermi-Dirac distribution function can be approximated

f(E.) ~ e (BemEp)/RT 1 _ F(B,) ~ o~ (Ef—Ev)/kT (2.10)

In these regions, the carrier concentrations can be calculated through the effective
density of states, N. and N, for electrons near E. and holes near F, respectively.

3

N, =2 (m%f ) (2.11)
mikT 2

N, =2( =5 (2.12)

Where m;, and mj, are the effective masses of electrons and holes, /i is the reduced
Planck constant and k is the Boltzmann constant. The carrier concentrations are

Ny = ch(Ec) = Nce_(Ec_Ef)/kT
(2.13)
po = Nof[L = J(B)] = N,e~Br- Bk
The relation n? = ngpy is a temperature dependent value, specific for all materials.
The Fermi energy of an intrinsic material lies in the middle of the band gap, and the
intrinsic carrier concentrations are

n; = N~ (e 3 )/kT
(2.14)
i = Ny CEmaleT

By multiplying these two terms, it is clear that the product between ny and py does
not depend on the Fermi level of the material. This implies that the carrier concen-
trations in the valence and conduction bands can be expressed by the intrinsic carrier
concentration.

NoPo = NiP; = Nce_(EC_%)/kTNve—(%—Ev)/kT
(2.15)
TZZQ = NopPo = Nche_Eg/kT

This is an expression that is valid for doped and undoped materials.

2.3 Thin Film Growth

Thin films are layers of material ranging from a single monolayer of atoms up to microns
in thickness. The synthesis of thin films is often referred to as depositions, and several
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chemical and physical processes can be used. Sputtering, Atomic Layer Deposition
(ALD) and Metalorganic Chemical Vapour Deposition (MOCVD) are all examples of
thin film deposition processes suitable for different applications. Sputtering is a purely
physical process, in which the sputtered species adhere to the substrate directly. In
contrast, ALD and MOCVD are chemical processes, in which a series of chemical
reactions take place on the substrate surface before a layer forms. Solids can form
in three different ways. i) The single crystalline formation is the growth of a single
crystal. These crystals are highly ordered structures and require great control of growth
parameters to form. ii) Polycrystalline solids are formed when smaller crystallites grow
together. These crystallites can be oriented in all directions, creating grain boundaries
as they merge. iii) Amorphous solids are materials that lack the long-range order that
characterizes crystals.

Epitaxial growth is the process where a film is deposited on top of a chosen substrate,
and the growing film uses the substrate’s crystal structure as a template for further
growth. Even though the crystal structure is the same, there might be large differences
in lattice constants e.g. in ZnO and Al,Os that both share the hexagonal wurtzite
crystal structure. The degree to which these parameters resemble each other is termed
lattice mismatch, and is often presented as a percentage calculated from the ratio of the
lattice parameters of the two materials. The degree of lattice mismatch between the
substrate and thin film can strongly affect the properties of the final material. Lattice
mismatch leads to strain in the deposited material, causing extended defects in the
crystal structure. There are three growth modes we consider when discussing epitaxial
growth. i) The Frank van der Merwe mode, commonly referred to as the layer-by-layer
growth mode. In this case, the deposited atoms are more attracted to the substrate
than to each other. The second growth mode is the ii) Volmer-Weber mode, and is
often called the island growth mode. In this case, "islands" of adatoms forms on top
of the substrate. This growth mode occurs when there is a large lattice mismatch and
the surface energy is high, as in the adatoms are more likely to bind to each other than
to the substrate. iii) The Stranski-Krastanov mode is a combination of the previous
two modes. Referred to as the layer-plus-island growth mode, the Stranski-Krastanov
growth mode is preferred when the surface energy is low, but the lattice mismatch is
large.

2.4 7ZnSnN,

The Ill-nitride compound semiconductors have been vastly influential in the devel-
opment of optoelectronic devices. UV-lasers, high brightness LED displays and high-
power electronics are all examples of technologies enabled by I1I-nitride semiconductors.
Their properties imply they are suitable for solar absorbing applications, as their band
gaps range from the infrared to the ultraviolet part of the electromagnetic spectrum
[10]. Thus, a stacked arrangement of their alloys allows the harvest of a significant
amount of the solar energy. However, the IIl-nitrides have limitations related to cost
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Figure 2.6: Illustration of the hexagonal wurtzite crystal structure of ZnSniNs, adapted from
Lahourcade et al. [11].

and large-scale production, a significant obstacle if they are to compete in the solar
energy market.

ZnSnN, is a compound semiconductor that belongs to a class of materials termed II-
[V-nitrides. The II-IV-nitrides consist of two cations from group II and I'V respectively,
along with two nitrogen atoms. The Zn-IV-nitrides, where the group-Il-cation is Zn,
and IV is Si, Ge or Sn, is of particular interest, since their band gaps match those of
the IlI-nitrides closely, i.e. AIN, GaN and InN [10]. In other words, they are an earth-
abundant alternative to the III-nitrides and hence interesting for solar cell applications
and optoelectronics.

2.4.1 Crystal Structure

ZnSnN, has three experimentally confirmed crystal structures; a monoclinic structure,
the orthorhombic Pna2; configuration and a hexagonal wurtzite structure with space
group P6sme [11, 12, 13, 14]. First principle calculations estimate that a second or-
thorhombic structure with space group Pmc2; is the most energetically favourable
[11], but this configuration has to present not been observed experimentally. The or-
thorhombic Pna2; structure on the other hand, has the lattice parameters a = 0.6721
nm, b=0.5842 nm, ¢=0.5459 nm [11]. Wurtzite ZnSnN, has previously been grown on
ZnO substrates through magnetron sputtering demonstrated by Gogova et al. [15], and
on ZnO buffer layers by Le et al. employing plasma-assisted molecular beam epitaxy
(PAMBE) [13]. The lattice constants of wurtzite ZnSnNy, the structure of which is
illustrated in figure 2.6, have until recently been a topic of discussion, estimated from
XRD peak positions of films of varying quality. Single crystalline ZnSnN, thin films
was grown heteroepitaxially on (0002) ZnO substrates by Olsen et al. [14] allowing
for more precise measurement. The reported lattice constants were determined to a =
0.346 nm and ¢ = 0.554 nm, as measured by XRD and transmission electron microscopy
(TEM).
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2.4.2 Electrical Properties, Defects and Optical Band Gap

ZnSnN, is an n-type material. Its as-grown stoichiometric carrier concentrations are
typically in the vicinity of n ~ 10%%m ™3, resulting in a degenerate behaviour [16].
Although the defects causing this n-type behaviour is not yet fully understood, the-
oretical calculations employing density functional theory (DFT) have predicted a list
of possible candidates. The cation antisite Sny,, is calculated to have the lowest form-
ation energy, i.e., has the highest probability of formation. This antisite acts as a
double donor in ZnSnNs, and can therefore be a significant contributor to the degen-
erate nature of the as-grown material [17, 18|. The opposite antisite, namely the Zng,
defect, acts as an acceptor, but significantly higher formation energy prevents an equal
formation of antisites [17, 18]. Other potential donors, possibly contributing to the
high as-grown carrier concentration, are the Zn;, as well as the nitrogen vacancy Vy
[16]. These defects on the other hand, have higher formation energies compared to
the Sny, antisite, and are therefore not predicted to be the main contributors [17, 18|.
In addition, extrinsic defects incorporated during growth, such as oxygen substituting
for nitrogen, Oy, or interstitial hydrogen, H;, also acts as donors in nitrides in gen-
eral, specifically in ZnSnN, [17, 18]. It is therefore likely to be present in any grown
material.

The band structure of hexagonal ZnSnNs has been modeled through density functional
theory (DFT) calculations. The direct band gap of ZnSnNj is formed from the N 2p,
Zn 3d and Sn 5d orbitals constituting the valence band, and the conduction band con-
tributions are from the Sn 5s and N 2s and 2p orbitals [17]. There is a large span
in calculated band gap energies, however. Depending on crystal structure and cation-
disorder, calculated E, ranges from 0.35 €V to 2.67 €V [10, 19, 20]. Observations from
experiments reinforce these findings as the optical band gap vary with crystal structure
as well as the carrier concentration due to the Burstein-Moss shift [21, 22|, which is
the phenomenon where the optical band gap of a material is increased due to elec-
trons occupying a significant amount of states in the conduction band. Therefore, the
band gap energy of ZnSnN, depends on the cation sub-lattice ordering of the material,
complicating the experimental band gap determination [12, 23, 24].

2.4.3 Crystal Quality and its Relation to Solar Cell Applica-
tions

ZnSnNs is a relatively unexplored material in the realm of Zn-IV-nitride semiconductors
compared to its Si and Ge counterparts, and its most fundamental properties are still
under investigation. The large variations in reported band gap energies is an example
of this. To gain an increased understanding of the material and its fundamental prop-
erties, which is imperative for further material analysis and device fabrication, single
crystalline growth of ZnSnNs on a lattice-matched substrate, e.g ZnO, is desirable. Lat-
tice parameters of a = b = 0.3250 nm and ¢ = 0.5207 nm for ZnO [25] compared to the
lattice parameters of @ = b = 0.346 nm and ¢ = 0.554 nm for ZnSnN, [14], amounts to
a lattice mismatch of about 4.17%. Although this is relatively high for epitaxial layers,
it is rather small compared to GaN grown epitaxially on ¢ — Al,O3, which has a lattice
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mismatch of ~ 15% [26]. This, along with its wurtzite crystal structure makes ZnO a
prime candidate as a substrate for growth optimization. ZnO is also n-type, however,
and won’t be suitable in forming a heterojunction.

2.5 The pn-Junction

Most of the semiconducting devices made today rely on pn-junctions to operate. These
junctions are instrumental in rectification, amplification and switching operations. A
pn-junction is the interface between a p-type and an n-type material when brought
together, illustrated in Figure 2.7, the purpose of which is to control the recombination
of electron-hole-pairs (EHP).

W
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Figure 2.7: Schematic of a pn-junction. The yellow and blue areas are n- and p-type respect-
wely. The depletion zone, W, is shown in green, the electrical field £ goes from the n-type to
the p-type material.

While the concentration of electrons is high in n-type material and low in p-type
material, conversely the hole concentration is high in p-type material and low in n-type
material. This leads to a concentration gradient between the two, and charge carriers
will diffuse from one region to the other, leaving uncompensated ionized donors and
acceptors behind. This leads to a build-up of charge in the area around the interface,
termed the depletion region (W). With these charge differences comes an electrical field,
&, spanning the width of W. At last, the diffusion and £ will come to an equilibrium,
hindering further diffusion. At equilibrium, the current density through the component
is zero as the diffusion current is counteracted by the drift current generated by the
electrical field. The electron- and hole-current density can be expressed with the two
terms shown in equation (2.16)

9
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0

Jn(x) = q |pn(x)E(x) — D, n(:c)] . Jp(z) =¢q {upp(x)é'(:c) — Dpa—xp(x) (2.16)

Where J is the current density of electrons or holes, p is the charge carrier mobility, p/n
is the charge carrier concentration, D is the diffusion constant for electrons or holes.
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The introduction of electrons and holes through doping shifts the Fermi level closer to
the conduction and valence band. The Fermi level of a semiconductor in equilibrium
is also always constant and continuous. To meet this requirement, the energy bands
are bent within the depletion region, as shown in figure 2.8. The difference between
the energy bands acts as a potential barrier for the charge carriers, termed the built-in
potential, Vy;.
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Figure 2.8: Diagram showing the alignment of the band structure between a donor doped
(subscript n) and acceptor doped (subscript p) material. Notice how the Fermi level, Er, is
constant throughout the structure.

For an excited electron in the conduction band to overcome this barrier, it needs
additional energy equivalent to the potential, ¢Vj;. The built-in potential is dependent
on the band gap of the material, as well as the doping concentrations. By applying a
voltage over the junction, the energy bands will shift relative to each other, altering
the built-in voltage in the process. By applying a forward-biased voltage (V = V)
the barrier decrease, increasing the chance of a charge carrier overcoming the barrier.
A reverse bias (V' = —V}) has the opposite effect where it increases the potential
barrier. This feature makes a pn-junction rectifying because the current only flows in
one direction when the applied voltage is forward biased.

kgT NN,
%i = iln d2
q T

(2.17)

Equation (2.17) shows the relation of doping concentrations and Vj;. Ny and N, is the
concentration of donors in the n-type material and acceptors in the p-type material,
respectively.
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2.6 Working Principles of Solar Cells

Solar cells are devices that convert electromagnetic energy in the form of sunlight
directly into electric energy. The sun emits light in a wide range of energies over the
electromagnetic spectrum, the energy of which is determined by the wavelength (). A
solar cell absorbs the energy of the sunlight in an excitation process and separates the
charge carriers before they are transported to an external circuit where they can do
work on a load. The light absorption and charge carrier separation processes are both
heavily dependent on the band gap of the solar cell material, and band gap engineering
is therefore instrumental in solar cell manufacturing. The vast majority of the solar
cells on today’s market are made from crystalline silicon. With a band gap of 1.2 eV,
silicon is well suited as a solar cell material because of its abundance and non-toxic
properties.

A solar cell is built like a pn-junction, and works as a two terminal device. This means
that it has the rectifying properties of a diode in the dark and photovoltaic (PV)
properties when illuminated. As a photon with energy E > E, enters the material, it
can excite an electron in the valence band into the conduction band. This leads to a
build up of minority carrier concentration, and the minority carriers diffuse into the
depletion region, where they are accelerated across the junction by the electric field £.
The following current density in the cell can be expressed as

V) = oo = Jaari(V) = Joe = Jo (€557 1) (2.18)

where Jy,,1 is the dark current density of an ideal diode, Jy is a constant and J,. is
the short circuit current density. Note that the sign convention of voltage and current
in photovoltaics is opposite to the usual conventions for electronic devices so that the
photocurrent is positive. Jy.1 is generated when a load is present and a potential
difference develops between the terminals of the cells. Jg.x flows opposite to the
direction of the photocurrent, and reduces the net current of the cell. The open circuit
voltage, V., has its peak when Jy. = Jyuk, from equation 2.18 this equates to

kgT (Jsc )
Voe = ——In | =5 +1 2.19
. 7 (2.19)

The power delivered by the solar cell is defined as the product between the operating
voltage and the associated current

Pcell = vam (220)

The operating efficiency is defined as the ratio between P, and the incident light
power density, P,

o Pcell o vam
B PSU'VL B PSUTL
Another important relation is that of the fill factor (FF). FF is a measure of the

‘squareness’ of the J-V curve and is a figure of merit for solar cell design. The fill
factor is defined as

(2.21)
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The fill factor and efficiency are directly related through the maximum power output,
Pcell~

FF =

(2.22)

s Vo'F
B PS’U/I’L

Despite the suitable band gap of silicon, a significant share of the incident radiation
is not converted to electricity. About 20% of the light that enters the solar cell has
insufficient energy to excite charge carriers from the valence band to the conduction
band [27], and photons with energies E, > E, will excite electrons above the conduction
band, and the excess energy is dissipated through the crystal as heat.

(2.23)

2.6.1 Tandem Solar Cells

) ___

b)
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Figure 2.9: a) Working principle of TSCs, high energy light (blue) is absorbed at the top layer,
letting low energy light (green) pass through to be absorbed by the narrow band gap material.
b) Schematic of a four-terminal tandem cell, ¢) schematic of a two-terminal tandem cell.

The basic principle of tandem solar cells (T'SCs), as schematically illustrated in figure
2.9 (a), is to stack materials with different band gaps on top of each other, making a
solar cell with a wider absorption spectrum. A wide band gap material as the top cell
will absorb the higher energy photons (blue layer in figure 2.9 (a)), transmitting the
lower energy photons to be absorbed by the narrow band gap material underneath.
TSCs have a higher theoretical efficiency limit and have lower thermal losses than con-
ventional single junction solar cells. There are two methods to connect the different
cells, illustrated in figure 2.9b-c. The most efficient of the two is the four-terminal
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design (figure 2.9 (b)) where both junctions are connected with independent connec-
tions, the efficiency of which would be the sum of the two. The number of fabrication
steps associated with such a design is significant, however, and large scale commercial-
ization seems unlikely at this point. The two-terminal design (figure 2.9 (¢)) is the most
elegant of the two, connecting the different cells in series. A drawback of this configur-
ation is that the total generated current of such a device would be constrained to the
lowest-performing cell. With the widespread use of silicon based solar cells, a natural
development to increase the efficiency further would be a Tandem solar cell with Si
as the bottom cell. The main challenge then for material scientists would be the top
layer. A top-layer material will have to be transparent to light of longer wavelengths,
have high carrier mobility and suitable carrier concentrations. Apart from the physical
requirements of the material, one would prefer its constituents to be earth-abundant,
cheap, non-toxic and suitable for large-scale production.



Chapter 3

Experimental Methods

This chapter covers the experimental methods employed in this work. Section 3.1
covers different sputtering techniques, i.e. DC, RF and HiPIMS, used to deposit the
ZnSnN, thin films. An explanation of reactive co-sputtering aims to explain how this
technique is utilized to alter the stoichiometry of the films. Working principles, possib-
ilities and limitations are discussed. Section 3.1 is based on the textbooks of Campbell
[6] and Lundin [28]. The subsequent section is an introduction to X-ray diffraction
(XRD), a characterization technique employed to investigate the structural properties
of the ZnSnN, films. The section aims to clarify the difference between different scans
performed in this work, and the information one can gather from such scans. Section
3.2 is based on the textbooks of Tilley [3] and Kittel [2]. Hall effect theory and Hall
effect measurements are covered in section 3.3, employed in this work to characterize
the electrical properties of the deposited ZnSnN;. The van der Pauw method and
temperature-dependent Hall measurements are described. Section 3.3 is based on the
textbook of Streetman and Banerjee [5]. Section 3.4 is an introduction to Scanning
electron microscopy with energy dispersive spectroscopy (SEM EDS), working prin-
ciples, possibilities and limitations. SEM EDS is used in this work for compositional
analysis of the deposited films, as well as investigation of the sample surface. This
section is based on the textbook of Goldstein [29]. Following is a description of atomic
force microscopy (AFM) based on the textbook of Rogers, Adams and Pennathur [30].
AFM is employed to investigate the topographical properties of the deposited films.
The section includes a description of the tuning fork and beam bounce configurations,
and their differences. The succeeding section 3.6, is an introduction to UV-VIS spec-
trophotometry. A technique employed to investigate the transmittance and reflectance
of ZnSnNy, and how this data can be interpreted through Tauc analysis. Section 3.7 is
based on a review article of Gilliland [31], and covers Photoluminescence Spectroscopy
(PL) and its relation to this work. The following section covers secondary ion mass
spectrometry (SIMS), employed to measure trace elements, i.e. Li and O, in the grown
films. The concluding section, section 3.9, is a description of ion-implantation and an
explanation as to how this technique allows us to alter the properties of the substrate.
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3.1 Sputter Deposition

Sputtering is a well-established thin film deposition technique, widely used in large-
scale thin film industry, that utilizes bombardment of a target material with an incident
beam of plasma ions. The incident ions sputter off target atoms and molecules, that
are ejected in the direction of a substrate. The target materials can be elemental or
compounds, and one can introduce reactive gases in the sputtering chamber to imple-
ment non-solid elements. By tuning the kinetic energy of the incident bombardment
particles, the sputtering rate can be altered, allowing for high control of the composi-
tion, crystalline quality and morphology of the complete film.

Target material

Plasma
° °
o )
°
°
° ®
P &

Figure 3.1: Schematics of a sputtering process involving Ar*-ions bombarding the target ma-
terial, resulting in the ejection of sputtered species in the direction of the substrate. Figure
adapted from Olsen [32].

3.1.1 Sputtering

The sputtering process is based on a plasma formed by an inert gas, typically Ar, passed
between two electrodes. The target material is placed on to a cathode surrounded by
a shield that acts as the anode. An applied voltage between these two terminals will
ionize the inert gas within the low pressure deposition chamber, forming a plasma
in front of the target material. the positively charged Art-ions are accelerated by
the applied voltage towards the negatively charged cathode, bombarding the target as
illustrated in Figure 3.1.

Since the plasma is electrically charged by definition, it can be confined using electro-
magnetic fields generated by a magnet, typically located behind the target, in a process
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termed magnetron sputtering. The Lorenz force (ﬁ 1) exerted on each charged species
by the magnetic field is defined as

Fy,=qix B (3.1)

where ¢ is the electric charge and v the velocity vector of the charged species, and B is
the magnetic field vector. F;, will have a direction perpendicular to ¥ and B causing
the species to travel in a helical motion with radius
mu

where m is the mass, v the velocity, ¢ the charge of the charged species respectively, and
B is the applied magnetic field. Given the direct relationship between particle mass
and the magnetic force acting on the particle, the magnetic field is adjusted so that
electrons are affected by it, while the heavier ions remain practically unaffected. This
results in a longer travel path for the electrons, increasing the probability of hitting,
and subsequently, ionizing an argon atom.

3.1.2 Sputtering and Plasma Characteristics

A plasma is a partially ionized gas and can be formed by heating or applying a voltage
to the said gas. When the voltage is high enough the gas will become conductive, and a
voltage arc forms between the anode and cathode in the chamber. This ionizes the gas,
and free electrons are emitted as a result. An inert gas such as argon is most often used
as the plasma forming species to prevent incorporation in the final film. The incident
ion energy has to be sufficiently large to sputter off a target atom. If the energy is
too high however the incident ions will be implanted into the target, and no sputtering
will occur. The Art-ions forming the plasma collide with the target material, knocking
of sputtered atoms and secondary electrons. These negatively charged electrons are
accelerated away from the target by the electric field, ionizing more argon atoms on
their way. The ionization rate from these secondary electrons increases further away
from the target, resulting in an increasing ion density, moving from the target to
the plasma. Moving even further away from the target, there is a build-up of positive
charge, shielding electrons from the electric field and thus lowering their kinetic energy.
This results in a region close to the cathode termed the dark space of the plasma, where
no optical emission occurs due to an insufficient excitation of the argon atoms. The
discussion above is valid for DC sputtering systems with a conductive target material.

3.1.3 Sputter yield and deposition rate

The sputter yield (S) is a key parameter in sputtering processes. It is defined as the
number of atoms ejected from the target material (Z,) per incident ion (Z;), and is of
great importance to the deposition rate.

Ze
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It is, however, not the only parameter that influences the deposition rate. Ion flux
towards the target and the ability of ejected atoms to travel through the plasma also
affects the growth rate of the sputtered film. The mobility of sputtered atoms at the
substrate surface is governed by substrate temperature and the binding energy between
the substrate species and the sputtered atoms. The kinetic energy of ejected target
atoms when they reach the substrate will also affect the mobility. The mobility at the
sample surface determines whether or not the adatoms settle at the most energetically
favourable position. The surface mobility of the adatoms is governed by the substrate
temperature and ion energy, which in turn is a product of target power and chamber
pressure. There is a threshold to both substrate temperature and ion energy, however,
beyond which the structural integrity of the crystal will suffer. If the substrate tem-
perature is too high, the deposited material can deteriorate. Likewise, if the target
power is inappropriately high, the structure will suffer continuous damage throughout
the deposition. Therefore, there is an optimum temperature and target power where
the surface mobility is suitable for different growth regimes [33]. If the surface mobility
is insufficient, the adatoms will bond at an unfavourable position, resulting in, e.g.
amorphous and porous films, by increasing the substrate temperature, and thus the
surface mobility, denser films are formed. This is because of a reduced shadowing effect
from other grains as well as an increased probability of an adatom finding a suitable
nucleation site. Depositions with high temperature and high target power result in
larger grain size. As this project aims to grow single crystalline ZnSnNy, high surface
mobility is of great importance.

3.1.4 RF Sputtering

In order to sputter insulating or low conductive materials, it is necessary to use an RF
(radio frequency) voltage source. When sputtering an insulating material, the ejection
of secondary electrons, in addition to target species, causes a build-up of positive charge
on the target surface, which eventually will extinguish the plasma. Therefore, an AC
signal at radio frequencies accelerates positive ions towards the target when the signal
is negative, and negative electrons when the signal is positive, eliminating a surface
charge build-up at the target. Because of the large disparity in the mobility of ions
and electrons, due to the significant difference in mass, the electrons contribute more
to the electron flow through the anode than ions contribute to the flow at the cathode.
This asymmetry means that the self-bias of the RF sputtering system is negative.

3.1.5 Reactive Sputtering

The composition of a sputtered film depends on the target material(s), but it is possible
to incorporate other elements by sputtering in a reactive atmosphere, a process termed
reactive sputtering. As an example, ZnO thin films can be grown either by sputtering
of a ceramic ZnO target in vacuum, or by sputtering a Zn metal target in an O-flow.
Reactive sputtering allows for a more flexible sputtering process, as it is possible to
alter the gas incorporation by adjusting the gas flow, rather than using compound
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targets with set compositions. The gas incorporation depends on partial pressures,
plasma characteristics and sputtering power within the chamber. Reactive sputtering
allows for the deposition of insulating materials in DC mode since only the target has
to be conductive. Reactive sputtering is an important technique in the development
of ZnSnN, thin films as ZnSnN, targets are currently unavailable. Therefore, reactive
co-sputtering of metal Zn and Sn targets in Ny flow is utilized in this work.

3.1.6 High-power Impulse Magnetron Sputtering

High-power impulse magnetron sputtering (HiPIMS) is a magnetron sputtering tech-
nique where the applied voltage is delivered in short, high power pulses, typically
two-three orders of magnitude greater than that used in conventional DC magnetron
sputtering systems [34]. The duration of these pulses is significantly shorter than the
interval between them, with pulse durations down to tens to hundreds of a microsecond,
and frequencies up to 5 kHz. Although the peak pulse power is high, the average power
is not damaging to the target nor magnetron.

Compared to conventional DC sputtering, HiPIMS yields a somewhat lower deposition
rate at similar powers. The average target power (Pp,,) is given by

Pavg - V;wglavg (34>

where V.4 is the average voltage and I,,, is the average current. HiPIMS has a
significantly higher V,,, than conventional DC sputtering at the same power, implying
that 1,4 is correspondingly low. The average current is closely related to the ion flux,
and a reduced ion flux towards the target reduce the deposition rate.

Due to the high applied voltage utilized in HiPIMS, free electrons can be accelerated
and become ionizing, releasing secondary electrons from neutral gas atoms. These
secondary electrons are accelerated and can ionize a second neutral gas atom. Thus
HiPIMS leads to a higher degree of ionization of the sputtered target material com-
pared to conventional DC and RF sputtering. The low-energy, high-flux ion irradiation
in HiPIMS allows for lower substrate temperatures, higher deposition rates, and pro-
duces films of uniform thickness with good adhesion to the substrate [35]. Since thin
film growth properties are directly influenced by the energy of the sputtered species,
HiPIMS allows for greater control of the thin film growth than conventional DC sput-
tering would. HiPIMS has tunable parameters that are inaccessible in DC sputtering
systems. Pulse width, frequency and peak current can be adjusted, which gives the
operator greater control of the deposition and allows for depositions of elements not
normally compatible with DC sputtering. HiPIMS leads to a higher degree of No-
ionization, allowing for greater incorporation of elemental nitrogen in the films. The
formation of No-bubbles incorporated in the structure are common for sputtered ni-
trides, as shown by Bazioti et al. [36]. Thin film growth by HiPIMS typically leads to
smoother and denser thin films [37, 38|. It is theorized that the energetic bombard-
ment of the growing structure is the source of this densification. As this work revolves
around the growth of nitrides, the degree of Ns-ionization is of critical importance.



24 Experimental Methods

Although ZnSnNj thin films grown by HiPIMS are relatively unexplored, Olsen et al.
[14] obtained single crystalline ZnSnN, thin films with an epitaxial relationship to ZnO
substrates employing this method.

All sputtering depositions were performed using the Polyteknik Flextura Cluster system
at MiNaLab. This system has two growth chambers, a load-lock for sample mounting,
an annealing chamber and an analytical chamber. The magnetron sputtering chamber
used in this study contains 5 sputtering sources, and allows for reactive and ordinary
magnetron sputtering with two DC sources, two RF sources and HiPIMS, employed
either individually or simultaneously. Metallic targets of Zn, Sn and Si were employed
in the reactive sputtering processes for the different thin films. In order to obtain Li
doped ZnSnN, films, a Li doped Zn-target with a Li concentration of 1 wt.% was used.
Nitrogen of 99.9999% (6N) purity was used in the reactive atmosphere, the Ar gas used
was 99.999% pure.

3.2 X-Ray Diffraction

X-ray diffraction (XRD) is a powerful characterization technique used to investigate a
wide range of structural properties of a material. The method is non-destructive and
can give information about material phases, the crystalline structure, the quality and
orientation of the structure, as well as strain. The technique utilize monochromatic
x-rays directed at a mounted sample and then detecting scattered x-rays. The atoms
that constitute a crystal structure align themselves in crystallographic planes, with an
inter-planar spacing djy;. According to Bragg’s law, an incident x-ray beam will be
scattered with constructive interference when

n\ = thkl sm(@) (35)

is satisfied, where \ is the wavelength of the incident x-ray, n is an integer and 6 is
the angle between the crystal plane and incident beam. For this relation to be valid
2d must be greater than, or equal to, A\. A demand that is satisfied for wavelengths in
the x-ray range of the electromagnetic spectrum. When an incident x-ray is scattered
by an atomic plane of spacing dpx; between planes, a phase shift of 2dsin(f) occurs for
any angle 6. From equation (3.5), this phase shift results in constructive interference
when 0 is equal to 2d(hkl). A visualization of this can be found in figure 3.2. To detect
this constructive interference, a detector is mounted opposite the x-ray source, at an
angle 6 relative to the sample surface.

The distance djy; is related to the hexagonal lattice parameters and the Miller indices
(hkl) of the crystal by

(3.6)

1 4 <h2+hk+k2) N 2
diy 3

a? c?
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Figure 3.2: Illustration representing diffraction in a crystal with atomic planar spacing of dpk;.
Incident z-rays with wavelength .

By implementation of equation (3.6) in Bragg’s law, it is evident that by scanning over
a wide range of angles (6), the lattice planes yielding constructive interference will yield
a peak in the resulting diffraction pattern.

2 2

2[4
in?20 = — |=(h? + hk + k* —
sin (h® + hk + k%) + c/a)?

1 |3 (3.7)

3.2.1 /260 Scan

Given the amount of information one can obtain by exploiting diffraction and Bragg
reflections, XRD is one of the most powerful tools within crystallographic character-
ization techniques. To register the Bragg reflections and their intensity, the x-ray
source and a detector is mounted on two separate, mobile arms, forming a constant
radius hemisphere encapsulating the sample. A simple illustration of a 6/20 setup is
shown in figure 3.3. Because the distance between the sample and the source/detector-
hemisphere is constant, any variations in measured intensity stem from interactions
between the sample and the beam. Two distinct /20 scans are presented in this work.
A wide survey scan between 20° and 100° in order to locate all reflections and their
higher order replicas, and a high-resolution scan of the expected (0002) reflection of
ZnSnNj at 32.65°. [39]

A 0/20 scan results in a plot of registered counts vs. 6, with peaks corresponding to
crystal planes parallel to the substrate surface, i.e. the (0001) growth direction. The
position, height and width of these peaks contain information about the structural
characteristics of the sample material. Peak positions and their higher order replicas, as
discussed previously, contain information about the interplanar spacing between atomic
layers, and thus can be used to distinguish materials and phases. The width of a Bragg
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Figure 3.3: The 0/20 scan experimental setup. The angle between the sample plane and the
source (0) is equal to the angle between the sample plane and the detector. The incident and
diffracted x-ray beams are described by the vectors Ky and K respectively.

reflection peak determines the spread in interplanar spacings for that reflection. In
all real materials, there are defects present, all of which affect the interplanar spacing
to some extent, which again can be related to crystallite grain size. As a result of
lattice mismatch in heteroepitaxially grown thin films, i.e. ZnSnN, grown on ZnO,
either tensile or compressive strain may build up in the crystal structure. This strain
is relieved at a critical thickness, typically for sample thicknesses of some tens of nm,
for example in the form of dislocations.

3.2.2 Rocking Curve Scan

A rocking curve (w) scan is conducted by locking the detector at an intensity maximum
of a Bragg reflection. The incident x-rays are then scanned over a set of angles corres-
ponding to the 20 values of said Bragg reflection. The tilt of the sample is denoted by
w, and is related to the surface normal. w is described by

The w scan returns an intensity plot as a function of tilt. Since the detector is fixed
at a specific Bragg reflection, a w scan of a perfect crystal will only return a signal
when w = 0. If there are tilted lattice planes present in the crystal, however, these
tilted planes will give rise to constructive interference at an angle w # 0. This implies
that a signal for w # 0 corresponds to a reflection of a lattice plane, not parallel to the
sample surface, as illustrated in figure 3.4 (a). The scattering vector, Cj, is shifted from
the surface normal for such reflections, whereas Cj is normal to the sample surface for
the entirety of a 6/20 scan. A wide w peak may indicate disruptions in the parallelism
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Figure 3.4: a) Illustration of how tilted lattice planes are detected in a w scan, b) representation
of the ¢- and w-axis in an XRD experimental setup.

of the atomic planes in the crystal. Tilt may form as a result of crystal defects, in
particular dislocations. Dislocations can again be the result of the crystal relieving
strain caused by lattice mismatch with the substrate. A high value of full width at half
maximum (FWHM) of the w peak can be interpreted as a significant amount of tilted
lattice planes, oriented in a set of angles. The FWHM of a w peak can therefore be an
indication of the dislocation density in the thin film.

3.2.3 Phi Scan

A ¢ scan is done at a specific Bragg reflection with 6/260 held constant, rotating the
sample stage 360° around the c-axis (¢-axis) of the crystal. The purpose of such a scan
is to determine rotational symmetries in the crystal structure. In the case of hexagonal
wurtzite, a six-fold rotational symmetry would manifest itself in a spectrum as six
distinct peaks, each separated by 60°. Whereas the 6/26-scan is employed to determine
lattice planes parallel to the growth direction in this work, the ¢-scan identifies planes
that are not normal, nor parallel to, the c-axis. An illustration of the w- and ¢-axis
can be found in figure 3.4 (b).

All XRD measurements were done by a Bruker AXS D8 Discover utilizing a Cu x-ray
source with characteristic wavelengths k,; = 1.5406 A and koo = 1.54444 A. The koo
signal was filtered out by a Ge (220) double bounce monochromator. An instrumental
broadening of 0.0008° has to be accounted for in the measurements.
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3.3 Hall Effect Measurement

Hall effect measurements is a technique that measures the resistivity of a sample. The
setup requires at least four ohmic contacts, e.g. at the periphery of a symmetrical
sample. This configuration is termed the van der Pauw method, and illustrated in
figure 3.5 (a). The sample has to meet four criteria for the van der Pauw method to
be valid: i) the contacts are placed on the edges of the sample, ii) the contact area is
at least one order of magnitude smaller than the sample, iii) the sample surface is free
of holes and isolated islands, iv) the sample is flat and of homogeneous thickness.

3.3.1 Hall Effect Theory

An illustration of a Hall effect measurement is shown in figure 3.5 (b), and is conducted
to determine the resistivity of a material. Given the resistivity, it is possible to calculate
carrier concentration and mobility. Without any external interference, the electrons
will travel from contact 1 to contact 4 with a velocity related to the current magnitude

1
= n_Aq
where n is the carrier concentration, A is the cross sectional area of the sample, ¢ is
the elementary charge and I is the current.

(3.9)

14

As electrons with charge ¢ moves through an applied magnetic field normal to the
sample surface, B, there is a Lorentz’ force, Fp, acting on the electrons

F,=qix B (3.10)
This force pushes the electrons perpendicular to the current and magnetic field, in
the case of figure 3.5 (b) where the electrons move from terminal 4 to 1, towards
terminal 3. This leads to a build-up of electrons at terminal 3, which in turn generates
an electric field E. This field and its associated force, F, counteracts Fj and an
equilibrium between the forces is reached, effectively preventing further build-up of
charge at terminals 2 and 3. An expression for E at this equilibrium point can be
found through the two forces associated with the electric fields counteracting each
other, Fgp = Fp. Fy is related to the electron velocity, v, through equation (3.10).
Combining equation (3.10) with equation (3.9) an expression for E can be found,

I
EFE=—B 3.11
g (3.11)
By integrating this field over the width of the sample, W, we get the associated Hall

voltage, Vg

WIB IB
nAq — qnt

w
Vi = / EdW = WE = (3.12)
0

From V} it is possible to calculate the Hall coefficient, Ry, the sign of which is determ-
ined by the polarity of the sample (negative implies electrons are the majority carrier,
positive implies that holes are the majority carrier).
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Figure 3.5: a) Example of a van der Pauw setup, with ohmic contacts, labeled 1-4, at each
of the four corners of the sample. b) lllustration of a Hall effect measurement. A current
1s applied between contacts 1 and 4, and the voltage drop is measured over contacts 2 and 3.
A magnetic field, B, is applied uniformly over the sample, the direction of which is in the
negative z-direction.

Vit
Ry = — 3.13
"= IB (3.13)
Ry is an important factor as it is related to the carrier concentration through
r
n= 3.14
TR (3.14)

where r is a Hall scattering factor, as the expression assumes that the limiting mobility
scattering mechanisms are independent of energy.

3.3.2 The van der Pauw Method

The van der Pauw method is a technique employed to measure the resistivity and Hall
coefficient of a material. The resistivity (p) is related to carrier concentration (n,p)
and mobility (u,,) through

1
== q(nfin + piy) (3.15)

where ¢ is the elementary charge, n and p is the electron and hole concentrations, and
iy and p, is the mobilities of electrons and holes, respectively. For an n-type material,
n >> p, and the expression is simplified to o ~ gqnu,. Similarly for p-type materials,
where p >>n, o ~ qpp,.

The measurements are carried out by applying a current I between two contacts while
measuring the voltage drop V' over the remaining contacts. For example, one can apply
a current between contacts 1 and 2, and measure the voltage drop between contacts 3
and 4. The resulting resistance can be expressed as
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Vi—V;
I1p
Similarly, if a current is applied between contacts 1 and 4 and a voltage drop is measured

over 2 and 3, the measured resistance is

R34 = (3.16)

Vs =15
Iy

Riy03 = (3.17)

By measuring the resistance for all equivalent geometries, and reversing the current,
two average resistances can be calculated

_ Rio34 + R3a12 + Ro1 a3 + Raz o

Ry 1 (3.18)
R R R R
Ry — 23,41 1 114123 1‘ 32,14 1+ 111432 (3.19)
With R; and Ry known, one can calculate the resistivity through the relation
Tt Rl + R2
= ——F 3.20
P n(2) 2 (3:20)

where ¢ is the sample thickness and F' is a sample specific uniformity factor. In the
special cases where the sample is circular or square, F' = 1, therefore it is expedient to
make the samples as symmetrical as possible. The van der Pauw method is a powerful
technique because measurement of the resistance and Hall coefficient of the mater-
ial makes resistivity, mobility and carrier density easily obtainable through equations
(3.14) and (3.20).

The determination of electrical properties of the sputtered ZnSnNj is critical in mater-
ial optimization for solar cell applications, as these are imperative physical properties
in such a component. The conductivity of a semiconductor is proportional to both
carrier concentration and mobility, thus directly related to the current density of a
potential pn-junction. Equally interesting is the temperature dependency of the car-
rier densities and mobilities, which can be evaluated through temperature-dependent
Hall (TdH) measurements. During a TdH measurement, the temperature is lowered,
thus "clearing" the conduction band of electrons. As the temperature is increased,
a series of Hall measurements are conducted, and it is thus possible to register the
temperature at which the carrier concentration increase. There are typically two main
scattering mechanisms that limit carrier mobility in a semiconductor, phonon scatter-
ing and tmpurity scattering. The dominating mechanism depends on the temperature
of the material. For lower temperatures, ionized impurities in the crystal structure will
dominate, as lattice vibrations are a direct consequence of thermal energy in the ma-
terial. The temperature dependency of the carrier density can indicate defect energy
levels of certain defects, such as Li;. TdH measurements can be challenging, however,
as the current passing through the sample may heat the sample if the resistance is too
high.
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The Hall measurements of this thesis gave been conducted with the Lakeshore 7604
Hall effect measurement system at MiNaLab, which allows for both room temperature
measurements, as well as temperature dependent measurements in the range of 20-300
K, with an applied magnetic field strength of 1.0T. The measurements were carried
out in an inert He atmosphere.

3.4 SEM EDS

Scanning Electron Microscopy (SEM) is a form of microscopy that utilize a focused
beam of electrons to form an image. The implementation of electrons rather than light
allows for magnifications up to 200 000 times and can gather information about the
relative composition within a sample, as well as the surface topography. This section
is based on the textbook of Goldstein [29].

SEM conducts a raster scan of the surface, using a series of electromagnetic lenses to
manipulate the electron beam. The focused electron beam interacts with the sample-
atoms producing back scattered- and secondary electrons. Secondary electrons is a
product of ionization, whereas back scattered electrons are primary electrons which
have been deflected by an atomic nucleus of the sample material. The frequency of
which back scattered electrons are created depends on the mass of the nucleus of the
sample. These emitted and scattered electrons are then analyzed by a detector, and
it is possible to construct a digital image of the sample surface. Typically, heavier
elements tend to produce more back scattered electrons than lighter elements because
of their bigger nuclei. Thus, areas with heavier elements appear brighter than areas
with lighter elements in an SEM generated image. Since the finely tuned electron beam
is sensitive to electric fields, the sample has to be conductive to prevent a build-up of
charge at the sample surface.

3.4.1 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDS) is a characterization technique often
used in tandem with SEM to gather compositional data of a sample. When an incident
electron from the electron beam hits an atom in the sample, the incident electron en-
ergy, if sufficiently high, can excite an electron out of its shell, leaving an empty state.
When an electron of an outer shell decays back to its initial energy state, the excess
energy is released as a photon. The energy difference in electron shells close to the
atomic nucleus corresponds to photons in the X-ray range of the electromagnetic spec-
trum, thus X-rays are emitted. A detector can measure these X-rays, and characterize
them by their wavelength.

Given the numerous energy states electrons can occupy in an atom, there is several
possible transitions that can occur. Every element has a characteristic emission profile,
making it possible to identify the different elements of a sample. This emission profile
is used to calculate the ratios of constituents in the sample, with precision between



32 Experimental Methods

® . /}o
.\0...0 .‘\0\\("\)..0
[ o o [ ® ®
® e O o ® °® e O | o o
L B P L B A
® ®

Figure 8.6: Illustration of X-ray emission as a result of an incident electron knocking an
electron out of its energy state.

0.1 — 0.5 wt.%. It is not possible, however, to measure trace amounts of elements, e.g
doping concentrations.

The emission profile of heavier elements is easy to distinguish, as there are several X-
ray intensities associated with each element. Distinguishing between lighter elements
such as nitrogen and oxygen can be challenging. Lighter elements (atomic number
11 or less) only have one characteristic wavelength, making it difficult to distinguish
their signals from other overlapping elements. Another complicating factor is that of
fluorescence yield. Defined as the fraction of ionization events resulting in characteristic
X-ray radiation rather than Auger electrons, the fluorescence yield is lower for lighter
elements. Thus, elements of low atomic number produce less characteristic X-rays,
complicating the identification of e.g. nitrogen in ZnSnN,. The electrons involved in
the X-ray emission process in lighter atoms are also affected by the bonding conditions
of the material; their energy can thus be shifted, altering the X-ray fingerprint of the
element.

SEM EDS measurements were employed in this work in order to determine the com-
position of the grown films, especially the cation ratios, as these are predicted to affect
the carrier concentration of the material [17, 18]. In addition to this, SEM EDS allows
us to examine the surface of the films in greater detail than an optical microscope
would. All SEM EDS measurements presented in this thesis were undertaken employ-
ing the JSM-IT300 SEM at MiNaLab with a LaBg filament. This electron microscope
is equipped with a ThermoFischer UltraDry EDS detector, used for compositional ana-
lysis. A working distance between 11-12 mm and an acceleration voltage of 10 keV was
employed.

3.5 Atomic Force Microscopy

This section is based on the textbook of Rogers, Adams and Pennathur [30]. Atomic
force microscopy (AFM) is a form of scanning probe microscopy used to perform topo-
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Figure 8.7: Schematic of a tapping mode Atomic Force Microscope. The tuning fork resonates
at its resonant frequency, tapping the sample surface in its extended state.

graphical measurements of a sample. With resolutions between 0.1 - 1 nm, AFM is a
powerful tool when investigating the topography of deposited thin films. The working
principle of AFM is to sweep a probe over the sample surface, measuring the force
between the probe and sample surface. There are generally two main configurations to
consider, related to AFM. i) The most common one being the beam bounce technique,
which relies on a probe connected to a cantilever, on which a reflector is situated. A
laser is directed at the reflector, which is then reflected onto a photodetector. The
movement of the probe as it is swept across the sample surface will be translated to
the reflector, which will divert the laser beam onto the position-sensitive photodetector.
ii) a tuning fork configuration, illustrated in figure 3.7, where the probe is mounted on
a tuning fork vibrating at its resonant frequency.

In general, there are two main operating modes associated with AFM; contact mode
and tapping mode. In contact mode, the probe is in contact with the sample at all times
during a raster scan. In tapping mode the probe resonates at a set frequency, tapping
the sample surface as it is rastered across the surface. One advantage of tapping mode
AFM is that it is a semi-contact mode, meaning that it is less destructive than a full
contact mode scan. Another advantage is that the phase change of the cantilever is
sensitive to height differences, this is ideal for imaging of e.g. grain boundaries, which
can be obscured by variations in topography.

The tapping mode probe can be mounted on a tuning fork sensor, with the probe set
at one of the prongs, with the base fixed. A compensating mass is attached to the
opposite prong to maintain the resonant frequency of the tuning fork. The tuning fork
works as the frequency determining element of an oscillator of constant amplitude.
The amplitude of the oscillations is altered when the tip passes over elevations or
depressions in the surface topography, leading to a change in frequency. The probe
height is adjusted so that the resonant frequency is restored, it is this height change
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that is recorded and converted into a topographic image.

AFM was employed in this thesis in order to investigate the surface topography of
the grown films. High resolution raster scans of the surface might reveal columnar
growth typical for grown nitrides, as well as the width and depth of potential surface
pits in this. AFM performed in this work was done using a Nanonics Imaging SPM
Multiview - 2000, utilizing a Cr coated tuning fork probe in tapping mode, with a
resonant frequency of 32.24kHz.

3.6 UV-VIS Spectrophotometry

When investigating candidates for novel PV materials, an understanding of their in-
teractions with light is crucial. Light waves can interact with semiconductors in four
different ways; transmission, reflection, absorption and scattering. UV-VIS (ultravi-
olet - visible light) spectroscopy measures how much of an incident beam of light is
transmitted, reflected and absorbed as a function of wavelengths.

Beer-Lambert’s law relates the intensities of incident light on to a sample, to transmit-
ted light through the following equation

I, = Tye o4 (3.21)

assuming no scattering processes occur in the material. Where I; and I, are the in-
tensities of the transmitted and incoming light, respectively. a()\) is the wavelength
dependent transmission coefficient, and d is the sample thickness. During a transmis-
sion measurement, a monochromatic light beam is focused on a sample. The sample
itself is mounted on the perimeter of an integral sphere, the inside of which is covered in
a highly reflective material. Even though the Beer-Lambert law assumes no scattering,
some portion of the light will be scattered in the material. The reflective interior of the
integral sphere assures as much as possible of the transmitted light reach the detector,
often mounted at the top or bottom of the integral sphere.

For reflection measurements, the sample surface is mounted towards the centre of the
integral sphere. The incident beam travels through an aperture before it enters the in-
tegral sphere, and light reflected by the sample is directed back into the integral sphere
illustrated in figure 3.8. This specific setup is termed direct reflectance measurement
and suffers from specular reflection obscuring the results. In addition to ordinary re-
flectance measurements, diffuse reflectance will be conducted, assuming a direct band
gap in ZnSnNs.

(1 _ R)2 e—ad

I'= 1 _ R2¢ 20d

~ (1 — R)%*e (3.22)

where T is the percentage of transmitted light, R is the percentage of direct reflected
light and d is the thin film thickness. Equation (3.22) is simplified for high absorption.
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Figure 3.8: The experimental setups of a) transmission and b) direct reflection measurements.

3.6.1 Tauc Analysis

Through analysis of the transmittance and reflection data, one can estimate the optical
band gap of the material. The absorption coefficient («) is closely related to the optical
band gap from the equation

[a(B)w)'/"™ = C(hv — E,) (3.23)

where «(F) is the absorption coefficient for an incident photon with energy E, hv is the
photon energy, C' is a structure dependent constant, E, is the band gap and n is 1/2
or 2 for direct and indirect allowed transitions, respectively. To determine the optical
band gap, (hya)% is plotted as a function of photon energy. By linear extrapolation
of the resulting graph, one can estimate the band gap to be where the extended graph
cross the abscissa [40]. This extrapolation has an associated deviation, commonly
named the Urbach- or absorption tail, which is usually governed by structural disorder,
surface passivation and localized states [41], [42]. This method is termed Tauc analysis,
and the band gap acquired through this analysis is often underestimated. An important
limitation of this method is the necessity of a linear region in the (hva)z plot, as this
is not necessarily the case.

Transmittance and reflectance measurements by UV-VIS photospectrometry were un-
dertaken in this work to investigate the absorption onset of the grown ZnSnNs films.
Linear extrapolation of the absorption onset is used in estimates of the optical band
gap of the material, a property of ZnSnNj still under investigation. The UV-VIS pho-
tospectrometry in this work was done with a Shimadzu SolidSpe-3700 DUV spectro-
photometer with wavelengths between 300 nm to 1500 nm and a step size of 0.1 nm.

3.7 Photoluminescence Spectroscopy

PL measurements presented in this thesis have been conducted by Dr. Augustinas Ga-
leckas. This section is based on the review article of Gilliand [31]. Photoluminescence
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(PL) spectroscopy is based on the optical excitation of charge carriers in a semicon-
ductor, and the monitoring of the emitted photons as these excited charge carriers
decay back to their initial energy state. The energy distribution of these photons can
reveal information of the radiative recombination mechanisms involved, e.g. involving
defects. The photoluminescence is dispersed by a spectrometer, after which it is detec-
ted. Once an electron is optically excited, there are several recombinatory mechanisms
that can occur. Recombination mechanisms can be divided into two groups, radiat-
ive and non-radiative. The electron-hole recombination of a direct semiconductor is
a radiative process, emitting photons as excited charge carriers decay to their initial
energy state. The emission of Auger electrons, where an electron is ejected instead
of a photon, is a non-radiative recombination process. It is the radiative processes
that are examined with PL. With both an electron and a hole present, band-to-band
recombination is possible. An electron at the CBM can recombine with a hole at the
VBM, emitting a photon with energy corresponding to the band gap energy. In some
materials, the excited electron-hole-pair can form a quasi-particle called an ezciton. An
exciton form when an electron is excited to an energy state above the CBM, creating
an EHP which is attracted to each other through coulombic forces. The exciton has no
net electric charge, as the charges of the electron and hole cancel each other out. As
the exciton can move freely in the crystal lattice, it can transport energy even though it
is not electrically charged. In a perfect material, the main signal from PL spectroscopy
stems from free-exciton recombination. With defects and impurities present, however,
recombination centers can exist within the band gap. The position of which depends on
the chemical identity and charge state of the defect at hand. Donor and acceptor levels
lie near the CBM and VBM respectively. Thus, PL is utilized in this work to gain the
optical emission profile of ZnSnN,, to identify possible band-to-band recombination.

PL measurements were undertaken in this work to investigate the optical emission prop-
erties of stoichiometric ZnSnN, at different temperatures. PL measurements presented
in this work were undertaken in vacuum at 10 K and 300 K employing a 325 nm
wavelength He-Cd cw-laser with a power density <1 Wem™2. The emission was ana-
lyzed with a Horiba Jobin Yon iHR320 imaging spectrometer system coupled with an
Andor iXon888 Ultra EMCCD.

3.8 SIMS

The SIMS measurements presented in this thesis have been conducted by Prof. Lasse
Vines. Secondary Ion Mass Spectrometry (SIMS) is a characterization technique used
to identify and quantify the concentrations of different elements in a material. With
detection limits in the range of parts per billion (ppb), it is one of the most sensit-
ive elemental and isotopic analysis techniques. The working principle of SIMS is a
bombardment of a sample with primary ions (often Ar™, Ga™, C's™ or O7), sputtering
secondary ions, neutral atoms and molecules of the sample surface. SIMS only measure
the sputtered secondary ions, accounting for approximately 1% of the total sputtered
material. SIMS is associated with two operational modes; dynamic and static SIMS.
Dynamic SIMS mode, which is employed in this work, use a high primary ion flux to
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remove several atomic layers, investigating the bulk composition and in-depth analysis
of trace elements in the sample as a function of depth. Static SIMS use a low flux of
primary ions to analyze the sample surface exclusively.

An ion source generates the primary ions, which are passed through an electromag-
netic filter, removing unwanted ions. To reduce the influence of external particles, the
sample is under a high vacuum. The primary ion beam is passed through a series of
electromagnetic lenses and can be deflected using a deflector. Several approaches exist
to detect secondary ions, including a magnetic sector analyser, a quadrupole, and a
time-of-flight. In the work presented in this thesis, a magnetic sector analyser has been
used. In this case, the sputtered secondary ions are accelerated towards an electro-
static sector analyzer equipped with two curved metal plates at different potential for
energy filtering. To analyze the mass of the secondary ions, a magnetic sector analyser
is used. The secondary ions are passed through a magnetic field perpendicular to their
velocity vector, accelerated by a potential difference. The path of the ions will be
curved by the magnetic field as they are electrically charged, and the radius of this
curve is dependent on the ionic mass. The magnetic field is then adjusted so that only
the desired ions are passed through a slit, where they are registered by a detector. A
mass spectrum can be acquired through variation of the magnetic field in the magnetic
sector analyzer. By slowly increasing the magnetic field, ions of different mass will pass
through the analyzer slit. A depth profile is obtained by keeping the magnetic field
strength constant, thus only ions of a certain mass are allowed to pass through to the
analyzer. The intensity of a certain signal (ionic counts per second) is measured as a
function of time, which can be converted to concentration vs. depth.

As Li doped ZnSnNjs films are of interest due to the carrier suppressing possibilities of
the Lig, defect, an understanding of the Li distribution in the films would be beneficial.
The high detection limits of SIMS make it possible to acquire Li depth profiles, as well
as concentrations. In order to acquire concentrations, however, a reference sample of
known doping concentration at specific depths is needed. Such a reference is often
made by ion implantation. In addition to this, SIMS allows for superior thickness
measurements compared to that of stylus profilometry.

SIMS measurements were done by a Cameca IMS-7f microanalyzer equipped with a
Duoplasmatron (O3) and a Cs primary ion source, a magnetic sector analyzer, an
electrostatic sector analyzer and secondary ion detectors.

3.9 Ion-Implantation

Ion implantation in this work was performed by senior engineer Viktor Bobal at MiN-
alab. Ton implantation is a technique used to introduce impurities into a material. The
process relies on ions accelerated by an electrostatic field striking the surface of a target
material. By monitoring the ion current it is possible to control the ion dose precisely,
often in the range of 10"em =2 to over 10®¥cm=2 [6]. With ion energies commonly in
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the range of a few keV to several MeV, it is possible to control the penetration depth
of the ions.

The introduction of impurities in the crystal lattice will alter the resistivity of the
implanted material, the effect of which is determined by the charge of the incident
species, as well as ion flux and ion energy, as shown by Johra et al. [43].

A consequence of ion implantation is that of substrate damage, and increased lattice
parameters are commonly seen in implanted materials. When the high energy ions
strike the substrate, they collide with substrate atoms transferring energy. If the energy
transferred during a collision event is sufficiently high, the target atom may be kicked
out of its lattice position, creating a Frenkel defect pair. Some displaced substrate
atoms have enough energy to produce additional displaced atoms, causing considerable
substrate damage. Depending on the dose, ion energy, substrate binding energy and
substrate temperature, the damage can be substantial, even rendering the substrate
amorphous.

This work will include nitrogen and phosphorous implanted ZnO. The implantation of
N and P is done to form an insulating top-layer on the ZnO substrate. Specifically, box-
implantations were made. That means that, e.g., N was implanted with two different
doses using two different energies in order to form this layer. By forming this layer, we
maintain the wurtzite ZnO surface for epitaxial growth of ZnSnNsy, while it is possible
to measure the electrical properties of the thin film. The P and N implanted ZnO
was annealed at 800°C and 1150°C in an oxygen atmosphere for 60 minutes to reduce
the implantation damage and restore the substrate surface for epitaxial growth. The
temperature of the annealing step was chosen to be high enough to restore the surface,
and low enough to prevent diffusion of the implanted element. The implantation was
done using the NEC Tandem Accelerator at MiNaLab, with a terminal voltage of 1
MV. For both P- and N-implantation, the ions were implanted with doses of (i) 1 x
10 em™2 with an energy of 36 keV and (ii) 2 x 10 ¢cm™2 with an energy of 180 keV.
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Process Development

In order to control the depositions and optimize the sputtering parameters, a signific-
ant amount of process development was conducted. Reactive co-sputtering with both
RF and HiPIMS sources yield a wide parameter space for process development. To in-
vestigate which parameters alter specific properties in the deposited films, a systematic
iterative process in which a single parameter was tuned at a time, often increasing or
decreasing within a series of depositions, was conducted. Because of the high cost of,
and significant workload associated with, single crystalline implanted ZnO, the process
development was performed mainly on Si and c-Al,O3 substrates. Si was used as it is
a cheap and available substrate, as well as conductive, allowing for SEM EDS meas-
urement of the deposited films. c-Al;O3 was employed for electrical characterization
through Hall effect measurement, due to its insulating properties. The lattice constants
of ¢-AlyO3 is not ideal for growth of Zn-IV-nitrides, however. Thus the crystal quality
of the deposited ZnSnN, was sub-optimal, likely due to the large lattice mismatch.
Through development on cheaper and more available substrates, we were quite certain
of the compositional and electrical properties of the recipes, allowing for deposition
of entire series on implanted ZnO substrates. All samples developed in this work is
presented in table 4.1.

When [ entered the project, a recipe for stoichiometric films had already been de-
veloped. It was clear however, that the carrier density of the stoichiometric films were
too high, and likely degenerate (n > 10**cm™3). In theory, there are two prevailing
routes to reduce the carrier density of the films. 4) reduce the incorporation of ex-
trinsic impurities, e.g. Oy defects which works as double donors, and i) altering the
stoichiometry of the films, more precisely the Zn/(Zn+Sn) ratio. First principle cal-
culations predict that the cation antisite defects Zng, and Sny, acts as acceptors and
double donors, respectively [17, 18]. Thus, by making the films Zn-rich, the carrier
concentration should be suppressed in two distinct ways,
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through the implementation of acceptors and the reduction in double donors. A non-
negligible amount of O in the films were confirmed by SIMS, thus reduction in O
incorporation was prioritized in the first half of the work.

4.1 Reducing Oxygen Incorporation

In principle, the Polyteknik FLEXTURA cluster allows for a reduced incorporation of
O compared to conventional sputtering instruments as the deposition chamber is under
constant pump-down and the base pressure is in the range of 107® — 10~ mbar. The
only gasses present in the low-pressure environment should ideally have been Ny and
Ar. The Ar is supplied by an industrial grade Ar flask, rendering this unlikely to be
the source of contamination. The Ny-source however, was the house gas at MiNaLab,
which was connected directly to the FLEXTURA cluster system. As we saw this as a
potential source to the O contamination, we connected the house gas to a purifier to
remove as much O from the house gas as possible. This was not as effective as theorized,
however, with carrier densities in the deposited films still > 102°cm=3. To ensure that
the Ny supplied to the chamber was of desired purity, a 6N-flask was connected directly
to the cluster system. If the Ny-supply was the source of contamination, the carrier
density should have been reduced noticeably. This was not the the case.

Most nitrides are also reactive, oxidizing the surface when exposed to air. This may
affect the electrical characterization of the ZnSnN, films. We therefore developed a
procedure in which the deposited films were covered with a Si3Ny capping layer in-situ.
This capping layer complicated the characterization process, obscuring thickness meas-
urements obtained through stylus profilometry and rendering compositional analysis
by SEM EDS challenging. The insulating nature of the capping layer made Hall effect
measurements challenging. To overcome this, Al-contacts had to be deposited on the
substrate and covered with Kapton tape before the film was to be deposited. The Al
contacts were deposited using the Angstrom e-beam evaporator located in the clean
room at MiNaLab. Figure 4.1 explains the entire deposition process, with contacts and
capping layer. SIMS confirmed the capping layers to be approximately 50 nm thick.

Room temperature Hall effect measurements of the capped ZnSnN, discussed above,
showed no noticeable decrease in carrier density. This meant that the source of contam-
ination most likely was located within the cluster system. This lead us to disconnecting
the O-supply from the cluster system completely. This combined with a high purity
Ny supply, bake-out and flushing procedures of the deposition chamber and capping
layer on the films, reduced the O-content in the film, confirmed by SIMS. Interestingly,
even though the O-concentration was reduced significantly, no equivalent reduction in
carrier density was observed. This implies that other defects, e.g. the Sng, antisite
has a greater contribution to the degenerate nature of ZnSnNjy in our experiments.
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Figure 4.1: Illustration of the capping layer deposition in seven steps. 1) The P-implanted
ZnO substrate is covered with an aluminium mask, exposing the corners, 2) Al contacts were
deposited onto the substrate, 3) the mask is removed, revealing the exposed substrate with Al
contacts in the corners, 4) part of the contacts are covered with kapton tape, 5) ZnSnNs (red)
is deposited, 6) SisNy capping layer (blue) is deposited, 7) the tape is removed exposing the
contacts.

4.2 Non-stoichiometric Growth

The second prevailing route to non-degenerate ZnSnNs thin films is non-stoichiometric
growth [16, 44]. The goal was to deposit a series of samples with an increasing
Zn/(Zn+8Sn) ratio, incorporating Zng, antisite acceptors, and reducing the amount
of Sny, antisite donors. Using the recipe for stoichiometric films as a template, we
tuned the Zn- and Sn-target powers to alter the Zn/(Zn+Sn) ratio of the ZnSnN, thin
films. Initially, the HIPIMS Zn-target power was increased, while all other parameters
remained unaltered. Compositional analysis by SEM EDS confirmed the Zn/(Zn+Sn)
ratio of these films to be overwhelmingly Zn-heavy, with a Zn/(Zn+Sn) = 0.78. Thus,
the RF Sn-target power was decreased. With reduced sputtering power on the RF
Sn-target, fewer Sn atoms should be sputtered off and deposited, creating films with
Zny,,Sn;_,Ny composition. The cation ratios of the comparatively low RF Sn-target
power deposited samples were Zn-rich, but the Zn/(Zn-+Sn) ratio remained excessive,
above 65%. As it proved difficult to lower the RF power further while maintaining a
stable plasma, we reduced the HiPIMS frequency by 10% while the RF target power
remained low. This resulted in a series with steadily increasing Zn incorporation. The
data suggests, however, that the N incorporation was affected by the lowered Sn power,
implying nitrogen poor films. Due to SEM EDS’ limited ability to detect lighter ele-
ments however, there are significant uncertainties associated with these N values, and
we assume that the films have sufficient nitrogen incorporation. As a consequence of
the reduced sputtering power the sputter yield decreased as well, resulting in thinner
films. This is illustrated in figure 4.2. To account for this we prolonged the deposition
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times in parallel with the decreasing power. Hall effect measurements were conducted
on N implanted ZnO and c-Al;O3 substrates to investigate the non-stoichiometric effect
on the electrical properties. XRD measurements was undertaken on ZnSnN, deposited
on ZnO substrates to investigate the structural properties of the thin films.
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Figure 4.2: Thin film thickness of two separate Zn-rich series of constant (blue) and extended
(green) deposition times. The extended series, Li-doped in table 4.1, was measured by SIMS,
the constant series was measured by stylus profilometry.

4.3 Development of Li-doped ZnSnN,

In addition to non-stoichiometriy as a means to lower carrier concentration, doping the
ZnSnN, films with Li was of interest. Acceptor doped ZnSnNj is yet to be properly
investigated besides first principle calculations. Attempts to find literature reporting
of Li doping ZnSnN, was unsuccessful, although Ba-doped ZnSnN, has been reported
by Chinnakutti et al. [45]. An additional argument for a Li doped series, is that it
proved difficult to maintain the structural integrity of the hexagonal wurtzite ZnSnNj,
investigated through XRD, for off-stoichiometric samples. In order to lower the carrier
densities to an acceptable level, while preserving the crystal quality, a process for
doping the ZnSnN, films with Li was developed. The Liz, defect is theorized to act as
an acceptor in ZnSnNs, effectively lowering the majority carrier density.

A new Zn-target doped with 8.69 at.% (1.00 wt.%) Li was installed at the HiPIMS.
This should have resulted in a uniform Li distribution through the film as long as the
sputtering process remained stable. A new series with identical deposition parameters
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as the non-stoichiometric series presented in table 4.1 was thus deposited. As with
the non-stoichiometric series, the Li-doped series was deposited on Si substrates for
compositional analysis by SEM EDS, and ¢-Al,O3 and P implanted ZnO for electrical,
optical and structural characterization through Hall effect, UV-VIS and XRD meas-
urements, respectively. SIMS results confirmed substantial Li-incorporation. The film
thickness was measured utilizing a stylus profilometer and SIMS.

Reducing the carrier concentration of deposited ZnSnNy is crucial for the material to be
fit for solar cell applications. It was therefore of high priority for this work. The many
possible contributions to the degenerate state of ZnSnN,; made the process development
difficult and time consuming, however, as each deposition series had to be thoroughly
examined for the project to proceed.



Chapter 5

Results and Discussion

The development of ZnSnNj for solar cell applications require an understanding of
the native properties of the material. We have therefore grown stoichiometric, single
crystalline ZnSnNsy thin films as a basis for further material exploration. However,
the stoichiometric ZnSnN, films were heavily n-type, limiting the material’s applicab-
ility in a potential tandem cell arrangement. Thus, potential donors and acceptors
were investigated through oxygen reducing measures, non-stoichiometric growth, i.e.
Zny,Sn;_ Ny, and Li-doping to gain an understanding of the charge carrier origins of
ZnSnN,.

5.1 Stoichiometric Thin Films

The study of ZnSnN, in the context of a solar absorber requires an understanding of
the intrinsic properties of the material, e.g. the optical band gap. Hence, development
of stoichiometric single crystalline ZnSnNj is explored. Stoichiometric ZnSnN, was
deposited on N-implanted ZnO, c-Al,O3 and Si substrates, labeled A, By, C, and
D,. The sputtering parameters are presented in table 4.1. As the II-IV-nitrides are
considered as a potential earth-abundant alternative to the group Ill-nitrides, ZnO was
chosen as a substrate for heteroepitaxial growth, due to its low lattice mismatch with
ZnSnN,. AIN, GaN and InN all tend to grow in a wurtzite crystal structure [46], and it
is thus expedient to obtain this crystal structure for the novel II-IV-nitrides for further
exploration between the two material groups, i.e. heteroepitaxy. All four stoichiometric
samples had a good Zn/(Zn+Sn) ratio determined by SEM EDS, between 0.48 and 0.49
. The corresponding N-content are presented in table 4.1, at ~57 at.%. Within the
accuracy of SEM EDS however, these films are expected to be stoichiometric.

5.1.1 Structural Analysis of Stoichiometric Films

The crystal quality of the thin films was evaluated through XRD measurements. The
crystalline quality of a film will affect the optoelectronic properties of the material.
Structural defects can, as an example, contribute to a larger Urbach tailing in Tauc
analysis [41, 42|, act as non-radiative recombination centers [47, 48], as well as limit the
carrier mobility in the material [49, 50]. Hence, we aimed to reduce the uncertainties in



46 Results and Discussion

. T .
—— C5 - ZnSnN,
—— N:ZnO reference

(0002) ZnSnN2
(0002) ZnO
(0004) ZnSnN,
(0004) ZnO
|

Intensity [arb. units]

20 30 40 50 60 70 80

20[°]

Figure 5.1: 0/20 survey scan of a stoichiometric ZnSnNs thin film (sample Cs) deposited on N-
implanted ZnO. The lower spectrum represents an equivalent measurement on a N-implanted
Zn0O substrate, as reference. Peaks labeled (*) are related to the sample stage of the XRD
equipment.

determining fundamental properties of ZnSnNs, e.g., the optical band gap, by growing
single crystalline thin films on ZnO substrates. ZnO was chosen as a substrate as its
lattice parameters match those of ZnSnN, closely, with a lattice mismatch of ~4.2%
[15]. However, ZnO is conductive at room temperature, and obscures any electrical
characterization of the deposited films. Thus, the ZnO substrates were implanted as
described in section 3.9.

As a result of ion implantation, the lattice constant of a material is generally increased,
this effect is reduced by a post-implanting annealing step [51]|. A reference 6/26 survey
scan was undertaken on an N-implanted ZnO substrate, presented in figure 5.1. The
resulting spectrum displays two distinct peaks at 34.4° and 72.6°. These peaks corres-
pond to the (0002) plane and its (0004) higher order replica, as expected for (0001)-cut
single crystalline ZnO. The 6/26 survey scan of stoichiometric ZnSnN, presented in fig-
ure 5.1 exhibit two additional dominant reflections located at 32.4° and 68.0°, related
to the (0002) plane of wurtzite phase ZnSnNs, and its (0004) plane replica. The re-
maining peaks in the spectrum are related to the ZnO substrate or the sample holder,
labeled with (*). The absence of other ZnSnNs-related diffraction peaks indicates
wurtzite ZnSnN, with a close to epitaxial relationship to the ZnO substrate, and that
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Figure 5.2: ¢-scan displaying the (1124) reflections of sample Cs, with a separation of
60° implying six fold symmetry.

no secondary phases have been formed during growth. The (0002) ZnSnN, FWHM
was calculated to be 0.05° indicating a relatively uniform lattice spacing throughout
the crystal. The interplanar atomic distance, dpx;, which corresponds to the c-lattice
constant, is calculated from the positioning of the (0002) reflection at 34.44° and found
to be ¢ = 0.554 + 0.005 nm. To further examine the crystallographic properties of
the ZnSnN, thin films, ¢-scans were conducted, shown in figure 5.2. Figure 5.2 shows
the rotational symmetry of the (1124) reflection of ZnSnN,. Six distinct reflections,
separated by 60°, strongly indicates a six-fold symmetry and thus hexagonal struc-
ture. Similar scans were undertaken for the (1014) reflection, also exhibiting six-fold
symmetry (see figure A.2 in appendix A). Hence, combining the 0/26 reflections and
the six-fold symmetry equal to the wurtzite ZnO substrate, strongly indicate that
ZnSnNs is grown in the hexagonal wurtzite crystal structure with an epitaxial rela-
tionship to the substrate.

To further examine the crystal quality, a rocking curve (w)-scan was conducted. With
20 fixed in the (0002) reflection of ZnSnNy at 32.44°, 6§ was scanned from 15° to 18°.
This scan symmetry is equivalent to tilting the sample, and thus the tilt of the (0002)
planes can be evaluated. For a bulk, single crystal, the resulting diffraction results in
a sharp and narrow peak. Broadening of the diffraction peak measured with a w-scan
may indicate disruptions in the parallelism, termed tilting, of the atomic planes, which
again may be caused by structural defects, e.g. dislocations. Thus, the FWHM of the
diffraction peak measured with a w-scan can be used as an indication of the disloca-
tion density in the thin film. Depending on which diffraction peak is evaluated, an
estimation of the upper limit of different types of dislocations can be made. Thread-
ing dislocations (TDs) are a typical feature of nitride thin films, as they are extended
defects that can emerge from imperfections at the interface between the substrate and
the grown film [52]. There are generally three distinct TDs associated with ITI-nitride
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Figure 5.3: Rocking curve scan in the a) (0002) reflection for the stoichiometric series and b)
the (1124)- and (0002) reflections of sample Cs.

semiconductors; screw-TDs, edge-TDs and mixed type TDs, with corresponding Bur-
ger’s vectors b,=<0001>, b,=1/3<1121> and b,,=1/3<1123>, respectively [53]. As
the edge-TDs tend to extend in directions normal to the growth direction, they will
not affect an w-scan in the (0002) plane. Screw- and mixed type-TDs however, can
cause tilting of lattice planes, and thus broadening in the resulting diffraction peak
of a w-scan in the (0002)- and (1124)-reflections, respectively. The Cg sample (0002)
plane w-scan presented in Figure 5.3 (a), has a FWHM of 0.05°. The upper limit screw
threading dislocation density (ps) can thus be estimated through the equation [54], [55]

52
Ps = 1 3502

(5.1)

where (3, is the FWHM of the (0002) reflection acquired through a w-scan, ¢ is the c
lattice parameter of ZnSnN, assumed to be equal to the Burgers-vector along the c-axis.
A FWHM of 0.05° corresponds to an upper limit screw threading dislocation density
ps = 1.9 x 107em™2. The w-scans detect lattice plane tilts with respect to a certain
axis only, thus edge threading dislocations (p.), perpendicular to the c-axis, were not
estimated through this technique, as it requires measuring lattice planes normal to the
sample surface, which is not possible with the current instrumentation at MiNaLab.
An assessment of these types of defects can be made, however, given that p. > ps is
typical for III-nitrides [56], we assume that the same holds true for ZnSnN,. With this
regard, the actual dislocation densities of the thin films are likely to be higher than
reported in this thesis. This is further supported by a higher FWHM of an w-scan
of the (1124) reflection, which can be used to estimate an upper limit of mixed-type
TDs, i.e. both edge- and screw-TDs, presented in figure 5.3 (b). As a result, the
total dislocation density in the ZnSnNs is expected to be higher than estimated with
equation (5.1). Recent work carried out by Olsen et al. [14] includes cross sectional



5.1 Stoichiometric Thin Films 49

transmission electron microscopy (TEM) images of sputtered ZnSnNy grown epitaxially
on ZnO substrates. The image displays screw-TDs emerging from the ZnO substrate,
propagating through the grown film. The TEM analysis reported a total dislocation
density in the range of 1x10'° - 5x10'° cm~2, substantially higher than those obtained
through XRD measurements. Screw threading dislocations may be a result of the
crystal releasing strain due to lattice mismatch with the substrate and is commonly
seen in heteroepitaxially grown nitride films [57] along with misfit dislocations.

20.00 nm a)

-20.00 nm

Figure 5.4: Topographical images of a sample Cs, displaying surface defects, manifested as
pits. The raw data collected by the tuning fork SPM was processed in the WSxM software,
applying parabolic flattening.

Topography

Topographical analysis of the sample surface was undertaken applying a tuning fork
scanning probe microscope. The acquired topographical data was processed using the
WSxM software [58], applying a simple parabolic flattening and increased contrast to
enhance the recorded features. The smoothness of the films was estimated employing
root-mean-square (RMS) roughness analysis. The thin film displayed in figure 5.4 (a,
b) are distinctly flat with an RMS of a) 1.03 nm and b) 1.51 nm, with pits included
in the measurements. Excluding these features, the RMS roughnesses are that of a)
0.83 nm and b) 0.61 nm. Smooth film surfaces are a common feature for thin films
grown by HiPIMS [59], and are normally desirable. The pits displayed at the sample
surface are up to 2 pum wide, and range from 1 nm - 10 nm in depth. Surface pits
are a common feature in grown IIl-nitride films [60, 61, 62|, and often attributed to
dislocations. The pits displayed in figure 5.4 may therefore be a result of threading
dislocations propagating through the crystal, acting as nucleation sites for growth in
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different orientations. The growth rate in these alternative directions might be lower
than that of the (0002) direction, causing pits. Further examinations of the pits have
to be undertaken to conclude on the cause of this feature, however. There there are no
clear signs of columnar growth, a characteristic feature of sputtered III-nitrides [63, 64].

5.1.2 Electrical Properties of Stoichiometric Films

In order to optimize ZnSnN, for solar cell applications, control of the electrical prop-
erties of the material is imperative. If the carrier density is too high, typically >10 '
cm 3, a potential pn-junction will not be feasible, as the resulting depletion region may
probe almost exclusively the substrate. Hall effect measurements were undertaken on
the stoichiometric series to work as a reference for future material explorations. The
measurements were conducted using a magnetic field strength of £1.027" measured at
room temperature, and sample specific information such as thin film thickness was
accounted for. The stoichiometric ZnSnN, samples had average carrier concentrations
exceeding 10*°em =3, indicating a degenerate semiconductor.
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Figure 5.5: Plot of the carrier density and mobility at room temperature obtained through Hall
effect measurement of the stoichiometric samples.

Their corresponding mobilities ranged from 12.0 em?/(V's) to 13.5 cm?/(V's) and the
resistivities from 9.23 x 10™* Qcm to 1.74 x 1073 Qem, in good agreement with values
previously reported for stoichiometric ZnSnNjy [16, 65]. The electrical data for the four
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stoichiometric samples are presented in figure 5.5, and they are reasonably uniform
as expected for samples of similar growth conditions, and thus also cation ratios. The
measured mobilities are relatively low compared to the electron mobility of 38 cm?/(V's)
in high quality ZnSnN, grown on ZnO by Gogova et al. [15]. The dominating mobility
limiting scattering effect in ZnSnNy at room temperature, is predicted to be caused by
neutral impurities, as reported by Hamilton et al. [66].

From the room temperature Hall effect measurements presented, it is evident that the
stoichiometric ZnSnNs thin films are not suitable for solar cell applications in their
current state, with carrier densities exceeding 10%° cm™3.

5.1.3 Optical Properties

The light absorbance of ZnSnN, was investigated through UV-VIS transmittance and
diffuse reflectance measurements performed by Dr. Galeckas. An estimate of the
optical band gap of stoichiometric ZnSnN, was made through Tauc plot analysis for
direct allowed transitions of transmittance data, presented in figure 5.6 (a). Figure 5.6
(a) displays the absorption coefficient plotted for all measured photon energies, with
an inset zoomed in around the absorption onset region of ZnSnN,. Diffuse reflectance
data analysed with the Kubelka-Munk method [67] is presented in (b). All of the
measurements have additional base lines added for a more precise evaluation of the
data [68], accounting for present Urbach tailing in the absorption onset of ZnSnNj [41].
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Figure 5.6: Direct allowed transitions evaluated through a) transmittance data displayed in
a Tauc plot, with linear extrapolation of the linear Tauc-region. Inset displays the absorp-
tion onset of ZnSnNay, with added baseline. b) Diffuse reflectance measurement, applying the
Kubelka-Munk method. Adapted from Olsen et al. [14].

Three perforated lines display the linear extrapolation performed on the linear regions
of the three graphs, all crossing the added base line close to 1.7 e€V. The spectrum
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displays a broad absorption tail of mixed nature between 2.1 eV - 3.0 eV, with contribu-
tions from N-implanted ZnO, the ZnSnNj, epilayers and unspecified defects. The light
transmitted through the sample has undergone interactions with both the ZnSnN, thin
film as well as the ZnO substrate, which is in the order of 1000 times thicker than the
thin film. Hence, the measured light will naturally have contributions from both. This
is evident in figure 5.6 (a), where the absorption onset of ZnO is observable at 3.12
eV, whereas the absorption onset of ZnSnNs is fairly vague. The approximated ab-
sorption onset of ZnSnN, indicate E; ~ 1.7 eV for all measured samples. Due to the
large influence of the N-implanted ZnO substrate, there are relatively large uncertain-
ties related to the estimated band gap employing transmittance measurements. A
way to reduce this uncertainty is to employ diffuse-reflectance measurements. Diffuse-
reflectance measurement is the measurement of light which is reflected at an angle
independent of the angle of incidence, i.e. reflected within the thin film. This ex-
cludes signals caused by specular reflection, allowing more precise measurement of the
ZnSnNs thin film.

Diffuse-reflectance measurements, also performed by Dr. Galecksas, are presented in
figure 5.6 b), displaying three graphs with associated linear extrapolations. The band
gap estimate presented in figure 5.6 (b) can be seen to be in good agreement with the
band gap estimates obtained from the transmittance data, thus reducing the uncer-
tainty of the band gap estimates significantly. The estimated E, might on the other
hand be affected by the high carrier concentration measured by Hall effect (see fig
5.5) for the stoichiometric ZnSnN, series. For semiconductors with such high carrier
concentrations, a blue shift of the absorption onset is expected, as a result of the
Burstein-Moss effect [21, 22|. The high number of charge carriers in the conduction
band will occupy states so that carriers in the valence band require additional energy
>F, to be excited. Thus, we expect that the fundamental band gap of stoichiometric
ZnSnNj is lower than the estimated E, of 1.6 - 1.7 eV. Reducing the carrier density
should in principle reduce this blue shift, which can be measured through transmittance
and reflectance data.

Photoluminescence

Photoluminescence (PL) measurements were undertaken by Dr. Galeckas in a vacuum
at 10 K and 300 K. An optical emission profile of the ZnSnN, was thus obtained,
presented in figure 5.7. There is a considerable decrease in the measured intensity in
the visible region of the electromagnetic spectrum, between 10 K and 300 K. However,
the emission profile of ZnSnNs is relatively low compared to that of the ZnO substrate.
The resulting emission profile is therefore heavily influenced by the substrate, and a
majority of the measured intensity in the high photon energy region (3.5 - 2.5 V) is
most likely contributions from ZnO. This region has three distinct peaks at 300 K,
accentuated by three fits in the figure. These peaks are possibly related to defects
in the ZnO substrate. There is no significant near-band emission (NBE) apparent for
ZnSnNs in figure 5.7. This may be attributed to the relatively high dislocation density
of the films as evaluated through XRD measurements, common in III-nitrides [57].
Dislocations and other structural defects may serve as non-radiative recombination
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Figure 5.7: Photoluminescence emission spectra at 10 K and 300 K for sample Bs. 2Xeszc
marks an instrumental error excluded from the figure. Adapted from Olsen et al. [14].

centers in the material, thus reducing the total emission profile of the ZnSnN, thin
films. Compositional ratios of Zn, Sn and N, as well as O donors has been proven to
affect the photoluminescence of ZnSnNs. One can thus tune the PL as a function of
Zn, Sn, N and O content [69].

5.2 Off-Stoichiometric ZnSnN, Growth

The large carrier concentrations in the stoichiometric ZnSnNs thin films renders them
possibly degenerate and unfit for solar cell applications. Thus, non-stoichiometric
growth was investigated as an approach to reduce the carrier concentration. The
Zn/(Zn+Sn) ratio of ZnSnNj has been predicted from theoretical calculations to affect
the carrier concentration, as Zng, antisites are acceptors and Sny, antisites are double
donors in ZnSnN, [16]. Shifting the cation ratio toward Zn-rich conditions has thus
proven to be a viable route to suppress the carrier concentration down to 2.7x10'7
cm ™3 [16, 44]. Even though non-degenerate ZnSnN, has been successfully grown, the
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reported mobilities associated with these carrier concentrations are generally quite low,
<10 cm?/(Vs). We therefore aimed to grow non-stoichiometric ZnSnN, thin films of
high crystal quality with reduced carrier concentrations and increased carrier mobilit-
ies. A series of non-stoichiometric ZnSnNs films, and their deposition parameters are
presented in table 4.1, with a denotation "NS". The non-stoichiometric samples has
cation ratios Zn/(Zn+Sn) = 0.55, 0.66, 0.77.

Parallel to the strategy for reducing the carrier concentration by non-stoichiom- etric
growth, the incorporation of impurities, such as O, was analysed. O is a common
impurity in deposited nitrides, and Oy acts as a donor. The nitrogen gas purity
was enhanced, as described in section 4.1, to reduce the incorporation of O in the
ZnSnNs films. A second non-stoichiometric series was deposited with a 50 nm thick
SisN, capping layer in-situ to prevent surface oxidation, denoted by "NS, cap". All
of the presented samples were deposited on Si substrates for compositional analysis
by SEM EDS as well as SIMS and thickness measurements. For structural, optical
and electrical evaluation, P-implanted ZnO and c-Al,O3 was used as substrates. The
capping layer complicated compositional analysis through SEM EDS. No deposition
parameters were altered in the O-reducing measures however, and we assumed the
composition of the films to be comparable to a series deposited prior to the O-reducing
measures. Because the Zn-content increases within each series the non-stoichiometric
samples are referred to as stoichiometric (Ayg), Zn-rich (Byg), Zn-richt (Cyg) and
Zn-rich* (Dyg) throughout this section for a more descriptive notation of the samples.
Likewise for the capped samples A g .qp ( capped stoichiometric), Byg cqp (capped Zn-
rich), Cngcap (capped Zn-rich™).

5.2.1 Structural Analysis

Stoichiometric wurtzite ZnSnN, was deposited epitaxially on N-implanted ZnO, and
it was desirable to replicate these results for the non-stoichiometric samples in order
to make a direct comparison between the series. All non-stoichiometric samples were
investigated through XRD analysis, and both 6/26- and w-scans were employed.

The 6/20 scans for the non-stoichiometric series are presented in figure 5.8. Sample Byg
displays a sharp peak identified as the ZnSnNj (0002) reflection, indicating a uniform
lattice plane spacing throughout the crystal. It is evident, however, that the crystal
quality is compromised by the increasing Zn-content of the films, as both the intensity
and peak-position of the (0002) reflection change. From sample Byg, it is evident
that by increasing the Zn/(Zn+Sn) ratio even further, reduces the intensity of the
(0002) reflection, while the peak position shifts towards lower 20 angles. In addition,
the Dyg 0/26 scan displays a reflection at ~ 97°, a peak not associated with wurtzite
ZnSnN,. This peak has been cross-referenced with databases and is not related to
metallic Zn or Sn, nor ZnzNs or SngN,. The peak could originate from the sample
stage, but this is unlikely to be the case, however, as no previous /26 scans have
displayed this reflection. A high resolution /26 scan around the two (0002) reflections
of ZnSnNy and ZnO, presented in figure 5.9 (a), reveals a shoulder at the ZnO (0002)
reflection. The peak is located at 34.26°, and is seemingly unaffected by the increasing
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Figure 5.8: 6/20-scan of ZnSnNy with increasing Zn content, from stoichiometric (Ans), Zn-
rich (Bns), Zn-richt (Cng) and Zn-richt™ (Dys). The (0002) and (0004) reflections of
ZnSnNo are marked by lines at 32.65° and 68.35°, respectively.

Zn content. However, it is not present for sample Byg. This peak may correspond to
the (321) plane of body-centered cubic ZnsN,, which has a Bragg reflection peak at
34.28° [70, 71]. There are no clear indications of orthorhombic ZnSnNs, as this phase
displays peaks at 30.65° (200), 32.61° (002) and 34.78° (201) [39]. No other reflections
related to wurtzite ZnSnNj is apparent in figure 5.8.

For the evolution of the (0002) reflection when increasing the Zn-rich conditions, there
are two evident trends of decreased intensities as well as an apparent shift towards lower
values of 26. From figure 5.8 it is evident that both the (0002) and (0004) reflections
are shifted towards lower 26 values as the Zn/(Zn+Sn) ratio increase. Focusing on the
(0002) reflection, Figure 5.9 (a) shows the 0/26 scan in the range of 30.5°- 35.5°, the
peak intensity of sample Dyg is three orders of magnitude lower than that obtained
by the stoichiometric films, indicating a dramatic decrease in crystal quality. The
reduced intensity implies that the increased Zn-content compromises the single crys-
talline properties we observed for stoichiometric ZnSnNj epilayers. The (0002) peak
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Figure 5.9: a)8/20 scan of non-stoichiometric series, ranging from 30.5° - 85.5°. b) Evolution
of calculated FWHM of the peaks located in the range 31 - 33 °. An instrumental broadening
of 0.0008° has been accounted for.

shift towards lower values of /26 correspond to an increased average interatomic plane
spacing, which may stem from tensile strain in the crystal, pushing the atomic planes
apart. With peak positions of Byg = 32.61°, Cyg = 32.26° and Dyg = 31.46, the
calculated lattice constants ¢ are 0.548 nm, 0.555 nm and 0.568 nm, respectively. The
significant shift in peak position for sample D yg might also imply that this peak is not
related to wurtzite ZnSnNs.

Notably, the peak position of the stoichiometric sample A yg has shifted towards higher
values of 26, indicating a decreased lattice constant, c. Located at 32.57°, this sample
has a lattice constant ¢ = 0.549 nm, 0.05 nm less than the calculated ¢ of the stoi-
chiometric series discussed in section 5.1. This might be a result of ion implantation of
the ZnO substrate with P instead of N, but further investigation of the subject has to
be made in order to conclude with this. The broadening of the peaks is evaluated by
the FWHM, and is presented in figure 5.9 (b). The increased FWHM is an additional
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Figure 5.10: 0/20 survey scan of the capped non-stoichiometric series.

indication of reduced crystal quality, thus our attempts at growth of highly crystalline
wurtzite ZnSnNy, with reduced carrier concentrations caused by non-stoichiometry,
were less successful than we aimed for.

The structural properties of the capped non-stoichiometric series were investigated
through XRD measurements. A wide /20 survey scan was conducted for the entire
series, presented in figure 5.10. The stoichiometric sample displays a high intensity
Bragg reflection at 0/20 = 34.45°, with a FWHM of 0.13°, related to the (0002) plane
of wurtzite ZnSnN,. Besides the (0004) higher order multiple of the (0002) reflection,
all other peaks can be related to the substrate or the sample stage. The high intensity
of the (0002) peak confirms growth in the c-direction, although the reported intensity
is significantly lower than those presented in figure 5.1. The FWHM may indicate that
there are large disruptions in the interatomic spacing of the crystal. A w-scan (not
shown here) was conducted in the (0002) reflection of sample Apg. The scan returned
a broad peak of low intensity. If the material is polycrystalline, this might be indicative
of crystallites oriented in different directions, i.e. not perpendicular to the substrate
surface.

The 6/20 scan for the non-stoichiometric samples with capping layer in figure 5.10
shows no sign of the wurtzite ZnSnNy (0002) Bragg reflection for the two non-stoichiometric
samples. This is a further suggestion that an altered cation ratio disrupts the crystal
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growth, resulting in reduced crystal quality. There are no signs of other phases present
that are not related to the substrate or sample stage. It could be that high-quality Zn-
rich ZnSnNj, require a higher substrate temperature, increasing the surface mobility.
Further process development is required to investigate this behaviour.

5.2.2 Electrical Properties

Non-stoichiometric samples, i.e. Zn-rich ZnSnN, were grown to fabricate non-dege-
nerate ZnSnN, thin films. The hypothesized increase of Zng,- and reduction of Snzy,-
antisites could in principle reduce the carrier density, as demonstrated by Fioretti et
al. |16]. The electrical properties of the non-stoichiometric series were investigated
through Hall effect measurements on P-implanted ZnO. Results of the aforementioned
Hall measurements are presented in figure 5.11. Sample Ayg and Byg both inhabit
carrier densities > 102°cm ™3, indicating degenerate state. However, a slight decrease in
carrier concentration for the Zn-rich samples can be seen, with a carrier concentration in
sample Dy g below 3x10*cm ™. Indeed, the carrier reducing effect of non-stoichiometry
is more apparent as the Zn content increase. There is an obvious decrease in carrier
density for sample Cyg.
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Figure 5.11: Plot of the carrier densities (blue squares) and mobilities (red circles) for the
non-stoichiometric series as measured with Hall effect measurements.

After the significant reduction in carrier concentration from sample Byg to Cyg, the
evolution is more subtle when increasing the Zn-richness towards sample Dyg, with
only a minor decrease. Due to the poor crystal quality of the non-stoichiometric
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ZmSnN, films, it is difficult to make a direct comparison to the stoichiometric ZnSnN,
epilayers presented in section 5.1.2. Whether the reduced carrier density is due to the
off-stoichiometry of the films or structural changes, is grounds for further investiga-
tion, but taking into account the increasing Zn/(Zn+Sn) ratio, it indicates a reduction
in Sny, antisites. Also presented in figure 5.11 is the measured carrier mobilities
for the non-stoichiometric series. With mobilities in the range of 14 - 16 cm?/(V's),
samples Ayg, Bys and Cyg, although comparable to, still exceed those of stoichiomet-
ric wurtzite ZnSnN, presented in figure 5.5. Sample Dyg is an outlier in this plot,
with carrier mobility of 58.3 em?/(V's). This discrepancy could be an indication of a
potential phase change due to the high Zn content of the sample, however, this has not
been confirmed by XRD.
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Figure 5.12: Plot of carrier density and carrier mobility of the capped non-stoichiometric
series. Notice that the Zn content of the samples increase from left to right.

The capped non-stoichiometric series was also analysed with Hall effect measurements,
both at room temperature and in a temperature range of 20 K - 300 K. The measured
carrier densities and mobilities at room temperature are presented in figure 5.12. The
capped stoichiometric film has a carrier concentration > 10?°cm—2, and the two capped
non-stoichiometric films have reduced carrier concentrations of ~ 1.7 x 10%cm™3. The
carrier mobilities range from ~35 cm?/(Vs) for the stoichiometric sample, to ~100
cm?/(Vs) for the Zn-rich™ sample Cyg cqap. Similar to the non-stoichiometric series, the
crystal quality of these films are low, and a direct comparison between the series can
not be made, but they display the same trend of reduced carrier concentration with
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Figure 5.13: Temperature dependency of a) carrier mobility and b) carrier density in stoi-
chiometric and Zn-rich films deposited with capping layer. The dashed lines in (a) illustrates

the T2 - and T_%-dependency in the low- and high-temperature domain, respectively.

increasing Zn-content, indicating that a reduction in Sng, /Zng, antisite ratio has been
achieved.

The temperature-dependent Hall measurements (TdH) is presented in figure 5.13 (a, b).
The two plots show the temperature dependence of (a) mobility and (b) carrier density
in the range of 20 - 300 K. Interestingly, the carrier density of the stoichiometric film in
the low temperature domain exceed the room temperature data. As the temperature
increase, the carrier density decreases, a trend that continues to T ~120 K. This beha-
viour is apparent for both the stoichiometric and non-stoichiometric films. The origin
of this behaviour is not clear, although it has been observed in deposited III-nitrides
as well, such as GaN grown by HVPE [72]. It is theorized that a degenerate layer
forms at the GaN /substrate interface caused by high-density stacking faults due to
lattice mismatch between the grown material and substrate, interfering with the meas-
urements. As the temperature increases further, the carrier density starts to increase.
This behaviour is expected, as more electrons are thermally excited to the conduc-
tion band at higher temperatures. The carrier mobilities for both the stoichiometric
and non-stoichiometric samples exhibit classic semiconductor behaviour, although the
peaks are slightly asymmetrical. In the low-temperature regions, mobility is limited
by scattering between charge carriers and ionized impurities, with a temperature de-
pendency o T%, illustrated by dashed lines in the low-temperature region of figure
5.13 (a). As the temperature increase, the effect of ionized impurity scattering weans
off, as the average thermal speeds of the carriers increase with temperature. Thus, the
carriers spend less time in the vicinity of the ionized impurities, reducing the amount
of scattering in the crystal. After a certain point, phonon scattering effects dominate,
and the temperature-dependency of the mobility for higher temperatures is o T_%,



5.2 Off-Stoichiometric ZnSnN, Growth 61

illustrated with dashed lines in the high-temperature region of figure 5.13 (a).

The asymmetry of the mobility is possibly related to the increase in carrier density at
lower temperatures. As the mobility limiting factor in the low temperature domain is
dominated by ionized impurities, the increase in carrier concentration may be a result
of ionization events in the crystal. However, the asymmetry of the mobility plots are
likely to be affected by additional mobility limiting events as well, such as electron-
electron interactions and neutral impurities. The Zn-rich sample has a maximum carrier
mobility of 216.76 cm?/(Vs) at 119 K, compared to a maximum 46.37 cm?/(Vs) at
140 K for the stoichiometric sample. Although comparable TdH measurements on
ZnSnNjy could not be found in the literature, mobilities above 70 cm?/(Vs) is in general
considered exceptional for ZnSnNy thin films.

The electrical results indicate that the carrier density can be improved by non-stoichiometric
growth. It is evident, however, that the carrier density is still far too high for any prac-
tical solar absorbing applications. This coupled with the fact that maintaining superior
crystal quality is a challenge for non-stoichiometric ZnSnNs films, suggest that further
optimization of the growth process is necessary to obtain the targeted electrical prop-
erties.

5.2.3 Optical Properties

UV-VIS photospectrometry was conducted on the non-stoichiometric ZnSnNs thin films
deposited on P-implanted ZnO and ¢-Al;O3 to measure the transmittance- and direct
reflectance properties of the thin films. The resulting data was used to estimate the
optical band gap of the material by Tauc analysis. The absorption coefficient (a(hv))
of the different thin films was plotted as a function of photon energy, hr, presented in
figure 5.14. An extrapolation of the linear region in the graphs yields an estimate of
E,. The estimated band gaps are 1.9 eV, 1.5 eV and 1.4 eV for samples Ans cap, Bns,cap
and Cngcqp, respectively. In the context of reduced carrier concentration between the
stoichiometric and non-stoichiometric films, an apparent redshift in absorption onset
can be observed. This shift may be attributed to a reduced Burstein-Moss shift [21, 22],
as the redshift corresponds well with reduced carrier concentrations obtained by Hall
effect measurements. A change in crystal structure could also be the source of this
trend, as we were unable to confirm the crystal structure of the non-stoichiometric
samples through XRD analysis. The disruption of ~1.4 €V is an instrumental feature
caused by a change of source in the instrument.
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Figure 5.14: Tauc-plot of the measured transmittance and direct reflectance for capped non-
stoichiometric ZnSnNo. Notice how the shift towards lower Eg, correspond with reduced carrier
density.

5.3 Charge carrier control by Lithium Doping

The prevailing route for reduced carrier concentration in ZnSnNj is non-stoichiometric
growth, as discussed in section 5.2. Unintentional donor doping by O-incorporation
during growth has also been discussed, see section 4.1. However, the measures taken to
reduce this unintentional doping have not resulted in a significant reduction in carrier
concentration. A conventional route for electrical control in semiconductors is doping.
By doping ZnSnN, with shallow acceptors, the acceptors may act as compensating
defects, effectively reducing the charge carrier concentration. Li has been identified
as a shallow acceptor in ZnSnNj [18], and therefore, Li-doped ZnSnNj thin films were
deposited on Si, P-implanted ZnO and c¢-Al,O3. A Zn-target doped with 1 wt.%,
that is ~8.69 at.% Li, was employed in order to incorporate Li in the ZnSnN, films
during growth. All samples were deposited with a 6N nitrogen supply, the oxygen
supply completely disconnected from the cluster system and a SizN, capping layer
deposited in-situ. A series similar to that presented in section 5.2 was deposited,
creating a stoichiometric sample, and three samples of increasing Zn content. Because
structural analysis by SEM EDS is complicated through the addition of a capping layer,
a series was deposited on Si substrates without a capping layer, purely for compositional
characterization. The subsequent films deposited with capping layers were assumed to
be of similar stoichiometry.
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Figure 5.15: Plot displaying the Li concentration of samples Ar;, Br;, Cri and Dr; as a
function of depth, obtained through SIMS measurements.

To evaluate whether or not Li was incorporated successfully in the ZnSnNs thin films,
SIMS measurements, conducted by Prof. Vines, were performed on the samples. SIMS
depth profiles of “Li are presented in figure 5.15. The variations in the Li signal up to
~50 nm from the surface can be interpreted as the capping layer, while the Li-doped
ZnSnN, material can be identified as the plateau ranging from ~70 nm outwards, and
the substrate surface is therefore at the depth in which the signal decrease rapidly. This
allows for a precise measurement of thin film thickness. The thin film thicknesses are
denoted tyy,, in figure 5.15. A Li-implanted ZnSnN, sample was used as a reference
to convert the SIMS signal into absolute concentrations of Li. The Li-distribution
profiles presented in figure 5.15 are fairly uniform throughout the thin films for all
samples, except Cr;. Cp; has a gradually decreasing Li profile as a function of film
depth, but the reason for this distribution is not clear. It could be due to instabilities
of the plasma during depositions, but this is not confirmed. The Li content seems to
increase slightly throughout the deposition series, with the stoichiometric sample, Ay;,
displaying the lowest intensity, and Dy, the highest, which follows the Zn-content in
the films, as expected.

5.3.2 Structural Analysis

The structural properties of the Li-doped ZnSnN, thin films were investigated by XRD
analysis. Thin films deposited on P-implanted ZnO substrates were investigated. A

wide /26 survey scan was conducted for all four samples of the series, presented in
figure 5.16.
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Figure 5.16: 0/20 survey scan of the Li-doped series. The (110) Bragg reflection of wurtzite
ZnSnNy is marked with a dashed line.

The measured crystal quality is lower compared to the ZnSnN, epilayers presented in
section 5.1. In particular, samples A;; and Cy; inhabit a Bragg reflection at ~32.6°,
which may be attributed to the (0002) plane of wurtzite ZnSnNy. The signals are low
in intensity, however, and are fairly broad with FWHM values of 0.4°, indicating low
crystalinity. Sample Cy; inhabits a feature of ~33.4°, apparent in a high resolution
/260 scan presented in figure A.1 found in appendix A, the origin of which is uncertain,
as metallic Zn and Sn, nor Zn3zN, or SnzN, has any lattice planes corresponding to this
reflection. The entire series displays an emerging shoulder on the (0002) reflection of
the ZnO substrate, fairly consistent over the series at ~34.25°. The /26 survey scan
reveals a Bragg reflection at ~ 54.0°, for samples A;, Br; and Dy, possibly related to
the (110) plane of wurtzite ZnSnNs, situated at 54.2° [39]. Determination of this peak
is difficult however, as both cubic Snz3N, and cubic ZnsN, has Bragg reflections in the
vicinity of 54°, located at 52.58° and 52.93°, respectively [70], [71]. As this series is
Zn-rich, the presence of SnsN, seems unlikely. If this reflection is indeed related to
the (110) plane of ZnSnNj, this might imply that Li-incorporation causes a change in
growth direction, a feature that should be explored further.

To summarise the /26 scans of the Li-doped series; there are two reflections of interest,
located at 32.6° and 54.25°, respectfully. These reflections might imply that wurtzite
ZnSnN; and /or cubic ZnzNy is present in the films. Presently there is insufficient evid-
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ence in order to conclude with growth of hexagonal wurtzite ZnSnNy thin films. Even
if wurtzite ZnSnN, is present in the films, the low intensities and high FWHM of the
reflections at 32.6° indicate poor crystal quality, and a direct comparison between this
series and the stoichiometric ZnSnNy epilayers presented in section 5.1 is not feasible.

5.3.3 Electrical Properties

The Li-doped series was grown in order to reduce the charge carrier concentration, thus
electrical characterization of the ZnSnNj is of particular interest. The introduction of
shallow acceptors could potentially lower the carrier density to a suitable level for solar
cell purposes [18]. Li-doped ZnSnN, thin films deposited on ¢-AlyO3 and P-implanted
ZnQ substrates were measured by both room temperature- and temperature dependent
Hall effect. Temperature-dependent Hall effect measurements measure the temperature
dependency of charge carriers in ZnSnNs,, and can therefore give indications of the
effects of extrinsic defects within the energy range measured. The room temperature
Hall measurements are presented in figure 5.17 (a, b).
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Figure 5.17: Results from room temperature Hall effect measurements displaying plots of a)
carrier density and b) carrier mobility of the Li-doped ZnSnNy films compared to undoped films
of similar composition from the non-stoichiometric series discussed in section 5.2.

From figure 5.17, there is an evident reduction in carrier density for sample Aj;, of
1.16 x 10" cm™3, compared to an undoped reference, Ayg cop. Although a significant
reduction in carrier concentration can be observed for the stoichiometric sample (Ap;)
compared to the reference sample, the effects of Li-doping do not follow the same trend
as the undoped samples. There is an apparent decreasing trend throughout the series,
however, with a slight decrease in carrier density for samples By;, Cr; and Dy;. This
relates well to the measured Li-concentrations presented in figure 5.15, but can also
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Figure 5.18: Temperature dependency of a) carrier density and b) carrier mobility in sample
Arp; and c¢) carrier density and d) carrier mobility in sample Br; compared with measurements
of undoped reference samples. The dashed lines in the mobility plots are fits to illustrate the
T2 and T 2 dependency of the low- and high-temperature domains, respectively.

be related to the increased Zn-content in the films, as discussed for the undoped non-
stoichiometric samples. The mobilities measured at room temperature is presented
in figure 5.17 (b). The mobility of sample Ay, is higher than the undoped reference
sample. The mobility is reduced from sample A;; to sample By;, a behaviour opposite
of that displayed by the undoped films, which has an increasing trend in carrier mobility
with increasing Zn content. This increasing trend is recognized in samples By;, Cr; and
Dy;, where the Zn content increase further.

To evaluate how the electrical properties of the Li-doped series vary with temperature,
TdH measurements of the samples were conducted. A series of measurements were per-
formed in a temperature range of 20 K - 300 K. The results of these measurements are
presented in figure 5.18. Significant sample heating due to high resistivities prevented
reliable TdH measurements for samples C; and Dy;. The carrier concentration profiles
of the Li-doped samples are similar to the non-stoichiometric samples, presented in fig-
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ure 5.13 (a) and (c), with a decreasing trend as the temperature increase. The decrease
is most notable in sample By;, with a dramatic decrease in carrier concentration until
T ~120 K. As the temperature increase further the carrier concentration increase, as
expected due to thermal excitation of electrons. Due to the implementation of Li, and
thus possible Liz, acceptors, if on a substitutional Zn-site, a sudden drop in carrier
density at a certain temperature could have been an indication of the activation en-
ergy of said defect. No such behaviour can be observed from figure 5.18. The carrier
concentration of sample Ay, is one order of magnitude lower compared to its undoped
reference sample. The carrier reducing effect of Li-doping is less evident for sample By,
compared to an undoped reference sample, as seen in figure 5.18 (¢). The temperature-
dependent mobility of sample Ay, is consistently higher and more symmetrical than its
undoped reference. The temperature-dependent mobility of sample By; is consistently
lower than its reference sample. As was the case for the non-stoichiometric samples,
the temperature-dependent mobilities has a distinct asymmetry. This asymmetry is
most pronounced for sample By;, further indicating a relationship with the high car-
rier concentration for low temperatures. The reduced mobility of By; compared to its
undoped reference may be explained by an increase in ionized impurities caused by
increased acceptor compensation. However, the increased mobility in Ay; can not be
explained by the introduction of acceptors

5.3.4 Optical Properties

The introduction of Li, and possibly Liz, acceptors, has reduced the carrier concentra-
tion. The optical properties of the Li-doped series were thus evaluated through trans-
mittance and direct reflectance measurement, utilizing UV-VIS spectrophotometry.
The resulting data is presented as a Tauc plot in figure 5.19. The resulting graph
shows a redshift in the absorption onset of ZnSnNy, compared to the undoped refer-
ence samples, with sample Cy; as an outlier. The observed redshift may be explained
by a reduced Burstein-Moss effect |21, 22|, caused by the reduced carrier density. The
discrepancy of Cp; might be attributed to the abnormal Li-distribution confirmed by
SIMS measurements, presented in figure 5.15. The data presented in figure 5.19 is
measurements done on P-implanted ZnO substrates. Measurements conducted on
ZnSnNs grown on ¢-AlyO3 substrates (which can be found in appendix B) inhabits the
same behaviour. Hence, faults in the experimental setup are unlikely to be the cause of
this disagreement. Moreover, the shift cannot be explained by the Burstein-Moss effect
as the carrier density of sample Cy; is comparable to the rest of the Li-doped samples. It
might be explained by structural differences, however, as sample Cy; is the only sample
in the Li-doped series that did not display a reflection at 54° in the /20 scan in figure
5.16. This is purely speculative, and the cause of this feature remains uncertain.
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Figure 5.19: Tauc plot of Li-doped series deposited on P-implanted ZnO. Band gap estimates
are based on linear extrapolation of the linear region of the absorption onset.

Summary

From the presented results it is evident that stoichiometric wurtzite ZnSnN, can be
grown heteroepitaxially on ZnO substrates, which allows for possible implementation
in existing III-nitride systems. However, measured carrier concentrations >10?cm 3
for the stoichiometric samples imply that carrier reducing measures has to be taken for
the material to be fit for solar cell applications. Non-stoichiometric growth, i.e. Zn-rich
films, reduced the carrier concentrations to some extent. However, the crystal quality
of the non-stoichiometric films was reduced significantly, hence a comparison between
the non-stoichiometric and stoichiometric films are difficult. Li-doping of ZnSnN, was
successful, and reduced the carrier concentrations of the films. However, we were not
able to reproduce the superior crystal quality of the stoichiometric series in the Li-
doped samples. The results presented in this chapter indicate that ZnSnN,; may be
suitable as a tandem cell material. There is a clear trend between reduced charge
carrier concentration and estimated optical band gap, a feature that may be explained
by a reduced Burstein-Moss effect.
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Conclusion

Stoichiometric ZnSnNs thin films were grown with a heteroepitaxial relationship to N-
implanted (0002) ZnO substrates. Extensive XRD analysis including 6/26-, w- and ¢-
scans were employed to investigate the structural properties of the samples. 6/260 peak
position implies an interplanar spacing of ¢ = 0.554 nm. Evaluation of w peak FWHM
of the (0002) reflection was used to estimate the upper limit screw threading dislo-
cation density, ps—1.9x107 cm™2. ¢-scans of the stoichiometric ZnSnN, films show a
six-fold rotational symmetry in the crystal, confirming a wurtzite crystal structure.
Topographical analysis of the sample surface through AFM revealed surface pits, a
feature typical of nitride films. The optical properties of the ZnSnN, were investigated
through transmittance and diffuse reflectance measurements. Tauc analysis and the
Kubelka-Munk method yielded approximations of E;, ~ 1.6 eV - 1.7 €V, respectively.
Room temperature Hall effect measurements of the stoichiometric series confirmed car-
rier densities > 10%*°cm ™2 for all samples, possibly related to Oy- and Snyz,— donor
defects. The corresponding Hall mobilities lie in the range between ~12 - 13 cm?/(Vs).

Two non-stoichiometric series were developed to lower the carrier concentration of the
material by creating Zn-rich ZnSnN, films. One of the series was capped with a SigN,
layer in-situ to prevent surface oxidation, possibly lowering the formation of O y-donors.
It is evident from XRD analysis, however, that the off-stoichiometry compromises the
structural properties of the material, and wurtzite ZnSnNy could not be confirmed for
any of the samples comprising this series. Room temperature Hall effect measurement
of the non-capped samples implies a significant reduction in charge carriers caused by
the increased Zn-content, ranging from 3.5 x10%°cm™2 for the stoichiometric film to
1.7 x10Y¥em =2 for the Zn-rich films. Temperature dependent Hall effect measurements
showed that the stoichiometric and Zn-rich samples have a decreasing trend in carrier
density with increasing temperature. The carrier concentration increase again as the
temperature goes above ~ 100 K. The origin of this behaviour is unclear. The optical
properties of the capped non-stoichiometric series yielded E, estimates of 1.9 eV, 1.5
eV and 1.4 eV for the stoichiometric, Zn-rich and Zn-richt samples, respectively. A
probable origin of this redshift is the increased Zn-content and thus decreased carrier
concentration, reducing the Burstein-Moss effect.
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The third, and last series presented in this work, was deposited with a Li-doped Zn-
target, resulting in Li-doped ZnSnN, thin films. SIMS data confirms a uniform Li-depth
profile for all samples, increasing throughout the series. A Bragg reflection located at
54°, not apparent in any previous scans performed on ZnSnNy, was observed for samples
Ap;, B and Cp;. This peak may correspond to the (110) plane of ZnSnNj, and could
indicate a change in growth direction caused by the implementation of Li in ZnSnNj.
A carrier reducing effect is evident in the Li doped ZnSnN,, with room temperature
carrier concentration of 1.16 x10"cm™2 in the stoichiometric sample, compared to the
undoped reference of 3.4x10*°cm=3. The carrier density has a slight increase for the
Zn-rich sample, a decreasing trend is apparent for the Zn-rich™ and Zn-rich** samples,
in good agreement with the Li-concentrations determined by SIMS measurements. The
temperature dependence of the carrier density is similar to that observed in the non-
stoichiometric series. The carrier density decrease as the temperature increase to T
~ 120 K. From 120 K - 300 K, the carrier density increase steadily for both the
stoichiometric and Zn-rich Li-doped samples. Temperature-dependent mobility plots
display a behaviour similar to that observed in the non-stoichiometric series. The
mobilities increase with increasing temperature, from 20 K - 150 K, where phonon
scattering effects limit the mobility of the material. The mobility curve is asymmetrical,
with a steeper increase in the low-temperature region. Estimated band gaps are 1.6
eV, 1.6 eV, 1.8 ¢V and 1.6 eV for the stoichiometric, Zn-rich, Zn-rich™ and Zn-rich™"
samples, respectively. A shift in absorption onset compared to the stoichiometric series
is evident, possibly related to an effective reduction in carrier concentration due to Li
incorporation (for the stoichiometric sample) as well as increasing Zn-content (for the
non-stoichiometric samples).

We have demonstrated that stoichiometric ZnSnNy can be grown with single crystal-
line quality by reactive co-sputtering employing HiPIMS and RF sputtering sources.
Through non-stoichiometric growth and Li-doping, we have confirmed that the elec-
trical and optical properties of the material can be controlled. Therefore, further
material exploration should be conducted in order to optimize the material for solar
cell applications.

Suggestions for further work

This work has investigated the structural, electrical and optical properties of ZnSnNs thin
films grown by reactive co-sputtering with HiPIMS and RF-sputtering sources in a ni-
trogen atmosphere. The material has been explored in the context of potential solar
cell applications, specifically as a top cell material in a tandem solar cell configuration.
A challenge of ZnSnNs in this regard, is the highly n-type nature of the native mater-
ial, and reducing the carrier density further, while increasing the mobility should be a
priority in further work.
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As the non-stoichiometric films suffered from reduced crystal quality, a direct com-
parison to the single crystalline stoichiometric series was difficult. Further process
development should be considered in order to investigate the native properties of non-
stoichiometric wurtzite ZnSnN, films.

This work has shown that the carrier concentrations of the ZnSnNy thin films can
be reduced through Li-doping. It is unclear, however, to what degree this reduction
was caused by non-stoichiometry or the introduction of Li, as the ZnSnNy was doped
through the utilisation of a Li doped Zn-target employed at the HIPIMS. Thus, the Li
concentration was directly related to the Zn-concentration, creating non-stoichiometric
films in the doping process. The FLEXTURA cluster system allows for co-sputtering
of 5 sources simultaneously, therefore it is possible to install a Li-doped Zn-target at a
separate source while maintaining a pure Zn-target at the HiPIMS source. This allows
for greater control of the Li concentrations in the finished films while maintaining a
stoichiometric cation relationship.

Similarities in band gap and crystal structure between the I1I-nitride and Zn-IV-nitride
semiconductors allows for a wide range of possible exploration of the two material
groups [10]. A potential ZnGe;_,Sn,Ny alloy should be developed, and a possible
band bowing effect as a function of Ge/Sn ratio should be explored. Similar studies on
[II-nitride alloys has been successful, i.e. Wu et al. grew wurtzite In;_,Ga,N through
molecular beam epitaxy (MBE) and reported a band gap bowing between ~ 0.8 eV
and ~ 1.7 eV, with x = 0.0 - 0.5 [73].
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Appendix A

Structural Analysis

This appendix includes XRD scans not presented in the final thesis.

Intensity [arb. units]
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Figure A.1: High resolution 0/260 around the (0002) Bragg reflections of hexagonal ZnSnNo
Zn0.



76 Structural Analysis
—_ T T T T T T T T T
ﬂ =

£ b Cq(1014)

>

o

| -

S,

=

=

e

Q 34°
'}

<

il il

150, 200 250 300
¢ [°]

350
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Appendix B
Optical Analysis

This appendix includes Tauc plots not presented in the final thesis.

ZnSnN, thin films on c-sapphire substrate
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Figure B.1: Tauc plot of the Li-doped series deposited on c-Alp O3.
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