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ABSTRACT

This dissertation focuses on a new thin-�lm semiconductor material for optoelec-

tronic applications such as solar energy harvesting and solid state lighting. The work

represents a detailed exploration of the optical and electrical properties of epitaxial

thin �lms of ZnSnN2 (ZSN), a member of the II-IV nitride family of compounds in

which cation ordering was predicted as a novel route to tuning the relevant optoelec-

tronic characteristics. It also represents the �rst attempt at quantum con�nement

in a ZSN isocompositional heterostructure using cation order/disorder as a control

parameter.

The increasing demand for alternatives to fossil fuels and the scarcity of cer-

tain metals commonly used in LED lighting, together highlight the need for earth-

abundant optoelectronic materials. This has led to the development of the II-IV-V

family of semiconductors�a wide variety of materials that enable access to the VIS/IR

portions of the electromagnetic spectrum. As a member of this family, ZSN is com-

posed entirely of earth-abundant elements and early theoretical investigations of it

predict compatibility with solar cell applications, with band gaps ranging between

1.0 eV and 2.5 eV, depending on the degree of cation ordering.

The methodology for synthesizing ZSN with speci�c properties was developed in

collaboration with a group at Western Michigan University, resulting in the �rst fully

ordered, orthorhombic ZSN �lms. We present original results on the optical and

electrical characterization of ZSN thin-�lms grown on (111) yttria-stabilized zirconia

(YSZ) via plasma-assisted molecular beam epitaxy (MBE). A key �nding is that the

band-gap of the material is correlated with cation ordering across a large portion of

xi



the infrared and visible spectrum. The degree of ordering was quanti�ed by an order

parameter, de�ned as S = rα + rβ - 1, where rα and rβ represent the fractions of Zn and

Sn cation sites occupied by Zn and Sn atoms, respectively. Values of S from 0.05 to

as high as 0.92 were achieved in this work, as measured using in-situ Re�ection High-

Energy Electron Di�raction (RHEED) and ex-situ X-Ray Di�raction (XRD). Optical

characterization included Photoluminescence (PL), Cathodoluminescence (CL) and

Di�use Re�ectance Spectroscopy (DRS). The CL results are the �rst evidence of

light emission from single-crystal ZSN thin-�lms. Another innovative aspect of our

work was to modify conventional DRS to enhance optical absorption contrast from

our thin-�lm samples, namely �waveguided di�use re�ectance spectroscopy� (WDRS),

providing vital data on how the band-gap depends on the degree of cation ordering.

Electrical measurements were carried out to explore fundamental properties rele-

vant to device fabrication�speci�cally mobility and carrier concentration. Hall mea-

surements reveal high carrier concentrations ranging from 3.37x1020 cm−3 to 2.08x1021

cm−3, while measured mobilities ranged from 1.27 cm2/Vs to 32.5 cm2/Vs. These re-

sults suggest that the density of carrier-generating defects, and perhaps a degenerate

population, may be responsible for the comparatively low mobilities, resulting from an

increased scattering cross-section and short mean-free-paths (10-100 nm)[1]. Further

re�nement of the growth parameters should help to reduce uncompensated charge

carrier concentrations, found to be mainly n-type in our samples.

The results, the �rst of their kind in many cases, highlight the importance of con-

tinuing the development of ZSN as a promising earth-abundant alternative to existing

III-V and II-VI compounds. In particular the correlation between heterovalent cation

ordering and materials characteristics of importance for potential optoelectronic ap-

plications is shown to be especially fruitful for future studies.
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CHAPTER I

Introduction

1.1 Motivation

1.1.1 The Importance of Semiconductors

Semiconductors are one of the foundational building blocks of the modern world.

Each day, billions of people use them in such a wide menagerie of applications, that

it's safe to say the research and discovery of semiconductors has ushered in what we

know as the �Digital Age� and the �Internet of Things.� Consequently, the versatility

of semiconductors extends beyond that of a single application for a single industry.

Indoor lighting, communications devices, computers, radios, TVs, medical equipment,

solar panels, and almost every type of sensor are just a few of the various applications

in which semiconductors are utilized to equip the world with the technology upon

which we rely, daily. Such versatility arises from the exploitation of their physical,

electronic and optical properties, which allow them to be tailor-engineered to the

needs of a particular industry as broad as lighting and microelectronics, and as speci�c

as earth-abundant, thin-�lm photovoltaics.

Lately, the solar energy conversion industry has been steadily growing in pop-

ularity because it seeks to directly address a number of global issues that will have

lasting impacts on the planet. Increasingly limited fossil fuels and climate change have

1



Figure 1.1:
Here numerous elements have been charted based on their dollar amount
per kilogram vs their crustal abundance[3].

sparked a societal paradigm shift in how we think about energy consumption, which

in turn has paved the way for the last 50 years of photovoltaic-based research. To

compound this issue, the diminishing supply of certain rare elements in conjunction

with their ubiquitous use across signi�cant and booming technological industries has

created cause for concern about these elements' long-term availability[2]. As a result,

the need for Earth-abundant alternatives has become acutely noticeable, particularly

in industries like optoelectronics where mass-production is the objective. The chal-

lenge is that the most common material being used in solar cells today, silicon, is

limited in energy conversion e�ciency to roughly 29% and can only be used for e�-

cient solar energy harvesting in its bulk form[4]. To address this need, scientists have

been implementing new methods to increase solar cell e�ciency in two main ways: the
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creation/discovery of new materials and the redesign of solar cell geometries. The lat-

ter has seen somewhat limited progress, in terms of the ability to mass produce more

e�cient cells, for two main reasons. The �rst is that the elements which constitute

these materials, like arsenic and cadmium, are toxic and require specially designed

infrastructures for handling and disposal. Secondly, many of the elements used in

the higher e�ciency cells, especially elements like indium, are rare and expensive, as

depicted in Figure 1.1, factoring heavily into the cost of production.

1.1.2 The Impact of Silicon

Silicon's renown is undoubtedly rooted in the fact that it is the second-most

abundant element in the Earth's crust�making up roughly 28% of it�and thus it's

also the second-most widely accessible material known to man[3]. In 1824 Jons Jacob

Berzelius, a Swedish chemist, discovered silicon by heating up chips of potassium in

a silica container, and then washing away the residual by-products[5]. Since then,

silicon has been researched, studied and tested rigorously so that better, more e�-

cient technologies can be created, many of which have already enhanced our lives.

Increasingly more electronic devices have been utilizing silicon for components like

transistors and microchips, and even outside of the electronics industry, silicon has

been used for products like lubricants, di�erent types of glass, medical implants and

more. Perhaps one of today's most important technologies still being developed and

iterated upon is the solar cell�over 90% of which are currently based on silicon[4].

1.1.3 The Solar Cell

The solar cell has quite a long history, starting in 1839 when French physicist

Edmond Becquerel built the world's �rst photovoltaic device[6]. Since then, many

other contributing milestones have been achieved; for example, in 1883 Charles Fritts

produced the �rst solid state photovoltaic cell using selenium-gold junctions[7], which
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achieved 1% e�ciency; in 1905 the Nobel Prize for Physics was won by Albert Ein-

stein for his paper in which he proposed a new quantum theory of light and a new

understanding of the photoelectric e�ect; and in 1954 Chapin, Fuller and Pearson re-

ported the �rst silicon-based solar cell, which converted sunlight with 6% e�ciency[4].

Though early production costs stymied broad commercialization of these silicon cells,

the prospect of remote power delivery spurred on research and development. Pre-

dictably, many of the advances in the microelectronics industry have bene�tted the

silicon-based solar cell and have helped drive it to its current prowess. In tandem with

silicon, other important discoveries have led to the broadening in range of materials

used to produce solar cells. Some of the more well-known of these include: various

transparent conducting oxides (TCOs)[8], gallium arsenide (GaAs), and later, copper

indium gallium selenide (CIGS)[9]. But silicon is not perfect. There are three main

factors that contribute to a material or element being compatible for use in solar

energy conversion: earth abundance, band structure, and conversion e�ciency.

1.1.4 Why Silicon Isn't the Anwser

1.1.4.1 The Shockley-Queisser Limit

In 1961, William Shockley and Hans J. Queisser[10] proposed that the maxi-

mum, theoretically-achievable e�ciency by a single p-n junction solar cell is 30%,

based on the second law of thermodynamics. This proposition countered previous

predictions, which were based on empirically-determined thermodynamic losses for

(then) current Si-based cells (see Figure 1.2). Instead, they believed the basis for

the �detailed balance limit� calculation rested on mathematically representing the

fundamental physical processes that occur on the atomic scale which lead to losses

and gains in the overall e�ciency. One of the most notable details that their work

outlined was the signi�cance of losses in e�ciency due to radiative recombination,

one that the semiempirical limit does not consider. Further assumptions include: the
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Figure 1.2:
Shockley and Queisser proposed the detailed balance limit as the max-
imum achievable e�ciency by any single p-n junction solar cell. For
band gaps of interest to photovoltaics, this maximum e�ciency is around
30%[10]. Here Xg is de�ned by the ratio: Egap/kBTsun, where kB is Boltz-
mann's constant.
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absorption of all photons with energy Ephoton > Eg, oblique incidence on one side

of a planar cell, 1:1 photon/e-h pair generation for photons with Ephoton > Eg, a

6000oC blackbody source and perfect collection of photogenerated electrons. These

considerations can be summarized by the fact that photons which exceed the mini-

mum energy for valence-conduction band transitions will lose their excess energy by

thermal excitation. Shockley and Queisser also predicted the positive e�ect that de-

fect minimization would have on the silicon crystal and inferenced this assumption

to be generally applicable to other materials. In its entirety, their work scrutinized

the e�ects of the all the processes involved in the photogeneration of excitons from

a thermodynamic standpoint, and is considered by many to be the most signi�cant

theoretical contribution to this �eld to date.

1.1.4.2 PV E�ciency-Limiting Factors

One of the most important �ndings from the detailed balance limit is the sig-

ni�cance of addressing each of the atomic processes involved, including: e�cient

electron-hole pair generation and separation, current extraction, and minimization of

radiative and non-radiative recombination (which maximizes the open-circuit voltage,

and allows for higher power outputs). All these, in addition to the proper selection

of the material, must be taken into consideration to make most e�cient use of its

bandgap. Schockley and Queisser also suggested that dislocations in the material,

caused by impurities, decrease the carrier lifetimes and di�usion lengths (two im-

portant quantities for current generation and extraction). This turned out to be a

major factor in increasing cell e�ciencies, and has since been one of the top priorities

particularly for growth scientists who fabricate crystalline materials.
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1.1.4.3 Single-Crystal Silicon

Crystalline silicon cells currently make up >90% of the market, which alone speaks

to its versatility and relative ease of production. The well-known Czochralski method

of slowly drawing a crystalline seed out of a melt to create high purity silicon has

provided a low-cost method of mass-production and revolutionized the industry. Ad-

ditionally, intrinsic carrier concentrations as low as 1010cm−3 and mobilities as high

as 1400 cm2/Vs make it one of the best semiconductors we have available to us. The

issue with monocrystalline Si lies in the fact that it appears almost completely opaque

to a signi�cant fraction of the Sun's radiation (i.e., beyond the IR region). While this

implies a relatively large absorption coe�cient, much of the absorbed radiation gets

converted to heat due to its low band gap of 1.1 eV. This means long-wavelength

absorption must be prioritized to achieve the desired e�ciencies, which requires a

thicker absorbing layer and, thus, more material for production.

1.1.4.4 Amorphous Silicon (a:Si)

Amorphous silicon (a-Si) once emerged as a promising alternative to bulk silicon

for a few key reasons. It can be produced at low temperatures; it's used in thin-�lm

form, reducing material costs, and it o�ers higher optical absorption properties than

its bulk counterpart. However, these bene�ts come at a heavy price when consider-

ing the disadvantages. Amorphous silicon is relatively di�cult to dope, possessing

no long-range atomic order. Apart from this, it has dangling bonds which act as

recombination centers for carriers. These contribute negatively to its already sub-

par transport properties, with mobilities less than 0.01 cm2/Vs (140,000 times worse

compared to monocrystalline Si!), and the dangling bond density increases over time

causing it to degrade more quickly due to heat. All these factors subtract from the

overall conversion e�ciency, which nets to less than 10% as a result, and end up

inhibiting a-Si more than bulk, since these limiting properties don't allow for opti-
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mal integration with other technological advances like doping and the use of optical

concentrators.

1.2 Theory on Solids

1.2.1 The Periodic Table

All matter is made up of atoms, �the building blocks of the universe.� But these

building blocks are themselves made up of a three basic particles called protons,

neutrons and electrons.The number of protons in an atom determines its position in

the periodic table; so, if you take a proton out of a given element, say Carbon, then

you'll end up with a di�erent element, namely Boron. However, if you change the

number of electrons, its net charge changes, which a�ects how that element reacts to

its environment, or the material(s) with which it comes into contact. The periodic

table (see Figure 1.3) neatly presents all of these elements separated into rows and

columns. All elements in a given row (or period) have similar electronic con�gurations

in their outer (valence) shells, while all the elements in a given column have similar

chemical and physical properties. Beyond this, the elements can be separated into

classi�cations based on their physical properties and their location on the periodic

table. For instance, the noble gases are all in Group VIII and are inert in their natural

forms. Group I elements are known as the alkali metals, and are highly reactive with

most substances. Then there are elements that are not all in the same Group, but

share other similar properties: like the reactive non-metals, the metalloids, and the

transition metals. It is the combinations of elements in these last three categories

to which we often refer generally as semiconductors. As the name suggests these

materials may act as either a conductor or an insulator, depending on their physical

structure and the conditions to which they are exposed. They have higher electrical

conductivities than an insulating material like glass, but lower conductivities than
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Figure 1.3:
The Periodic Table. Rows are known as �periods,� and columns are iden-
ti�ed as �groups�[11].
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a metallic conductor like copper. While protons and neutrons make up the large

part of an atom's mass, the electrons and protons are what contribute to the atom's

charge and, as in all materials, it is these charged particles that give a semiconductor

its inherent electrical properties. Protons, which reside at the center of the atom

alongside the neutrons, are positively charged, while electrons which form a sort of

�cloud� around the atoms in orbitals are negatively charged. These layers, often

referred to as �shells,� are characterized by the the number of electrons that are

allowed to reside within it and amount of energy it takes to remove an electron from

it. In the most basic case, the Hydrogen atom houses one proton at its nucleus and

one electron in its shell. This electron shell is held very tightly to the center of the

atom due to the attractive force between the two (assumed) point charges, given by

Equation (1.1):

FE =
q2

4πε0r2
r̂, (1.1)

where r is the distance between them. As the atomic number is increased, the

total number of electrons within the cloud, and the amount that may reside within

each subsequent layer, increases rather slowly. This is governed by a combination of

the Aufbau principle, which ensures that lower energy orbitals get �lled �rst, and the

Pauli exclusion principle, which limits the number of electrons of the same spin-type

that can exist within a given orbital. This means that unless the number of electrons

within the atom coincides with the amount that may completely �ll the outermost

shell, or valence band, like in noble gases, vacancies will exist in the valence band

allowing for bonding with other atoms, so as to �ll this band.

10



1.2.2 Bonding

Chemical bonding is the glue that holds various materials together to constitute a

particular substance. They are the result of either the sharing or transfer of valence-

shell electrons between atoms. There are two types of chemical bonds that may occur:

covalent and ionic. As the name suggests, covalent bonds occur when two atoms share

the same electron(s). A common example for this is the water molecule (H2O), in

which two hydrogen atoms share their valence electrons with a single oxygen atom.

However, when one atom gives up its valence electron(s) and transfers it to another

atom then the two atoms form an ionic bond, of which the most commonly known

example is sodium chloride (NaCl)�or table salt. In this example, the sodium atom

gives up its single valence electron to the nearly-full, chlorine atom's valence shell.

This satis�es what is known as the Pauli Exclusion Principle, which states that no

two electrons within a particular atom may simultaneously share the same quantum

number or state.

1.2.3 Crystallinity, The Bravais Lattice, and Reciprocal Space

Most solids can be classi�ed into one of three general categories: amorphous,

polycrystalline, and crystalline. Within an amorphous solid, say silicon for example,

the atoms are arranged as an interconnected network such that the material has short

range order (largely preserving the tetrahedral silicon covalent bonding) but lacks long

range order that the crystalline form displays. This results in a large variation in bond

lengths between atoms, as seen in Figure 1.4, as is the case with amorphous silicon

(a-Si). Figure 1.5 shows a schematic of a polycrystalline solid, which contains atoms

that are arranged in a very speci�c order, but only in small, localized areas dispersed

randomly throughout the material. To clarify, the arrangement of atoms in one area

of the material may not look or be the same as the arrangement in another; so, we say

that the atoms have no �long-range order.� This type of crystallinity is particularly
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Figure 1.4: A schematic of the atomic structure in an amorphous solid.

common in lattice-mismatched materials or in materials with high in-plane strain.

For a material to be crystalline, like in Figure 1.6, this �long-range order� must exist,

so that the arrangement of atoms in one area of the material is identical to any other

area of that material. More speci�cally, there are two governing principles which a

material must follow to be classi�ed as crystalline: 1) the real-space locations of its

atoms (or groups of atoms) must repeat periodically such that they form a Bravais

lattice (of which there are 14 types); and 2) the resultant reciprocal lattice vectors of

said Bravais lattice must satisfy the plane wave equation such that:

eiK·R = 1. (1.2)

Here, R describes the real Bravais lattice and K is the set of all wave vectors that

create plane waves with Bravais lattice periodicity�the reciprocal lattice. Simply put,

this means that only certain waves with speci�c properties will be able to propagate
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Figure 1.5: A schematic of the atomic structure in a polycrystalline solid.

through the material. Sometimes these Bravais lattices are made up of sublattices of a

certain combination and/or spatial con�guration of elements, which in turn constitute

that particular lattice's unit cell. The unit cell is the most basic form of the crystal

structure; the one piece that gets repeated all throughout the material. In the case

of zinc tin nitride (ZSN), the subject of this thesis, there are two sublattices: one for

the cations and one for the anions. The cation sublattice is comprised of a two-atom

heterovalent basis made up of one group II element and one group IV element, while

the anion sublattice contains one group V element. These compounds can be more

easily realized by replacing the cation pairs from the analogous III-V semiconductor

coumpounds with the mixed cation pair previously mentioned. Another notable dif-

ference is that the ternary heterovalent cation compounds, such as ZSN, can take up

di�erent structures depending on whether the cations are ordered on their respective

sites, as opposed to the alloy-like random mixing of cations across their sublattice.
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Figure 1.6: A schematic of the atomic structure in a crystalline solid.

When the two types of cation (Zn and Sn) are randomly mixed the overall structure

resembles the hexagonal �wurtzite� structure of binary compounds like GaN.

The focus of this dissertation is to better understand the optoelectronic conse-

quences of this cation ordering in the II-IV nitride family of semiconductors. The work

presented here, resulting from a collaboration with faculty and students at Western

Michigan University (the Durbin group) has led to substantial progress over the last

few years, most of which has been published in a series of joint publications[12�15].

This same cation ordering leads to the arsenide and phosphide II-IV-V2 semiconduc-

tors having the chalcopyrite structure[16, 17], which can be thought of as structurally

equivalent to zincblende, but with ordered group II and IV cations. The II-IV-N2

compounds, being more ionic than their (zincblende) arsenide and phosphide coun-

terparts are analogous to the wurtzite III-Vs, and adopt a related orthorhombic crys-

tal structure, (Figure 1.7a), if the group II and group IV cations are ordered; and
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Figure 1.7:
A top-down, c-axis view of the (a) orthorhombic and (b) wurtzite struc-
tures with the respective unit cells outlined in green. Note the doubling
of the unit cell along the a-axis[18].

the structure reverts to wurtzite, (Figure 1.7b), if the cations are disordered[19].

Cation ordering is predicted to be favored (under equilibrium conditions) through

the replacement of group III atoms in the companion III-N by group II and group

IV atoms imposing stringent conditions on local charge neutrality. The theoretically

predicted range of zero-temperature band gaps for the family is 0.6 to 5.7 eV[20],

which, like the (Al,Ga,In)N family, spans the entire visible solar spectrum (as well

as near infrared and near ultraviolet wavelengths). In addition, and perhaps just as

importantly, the constituent elements are better classed as �earth-abundant� with the

crustal abundance of Sn almost two orders of magnitude larger than that of In, and

the occurrence of Zn more than three orders of magnitude larger than that of In (see

Figure 1.1). Thus, the importance of the II-IV-V family is that it provides an earth

abundant alternative to the well-known In/GaN series of alloys, one which is capable

of band gap tuning across the IR/Visible/UV spectral range, with direct band gaps

in many cases. The aspiration of this work as a whole is to achieve desirable elec-

tronic and optical properties that could be of value for new types of earth-abundant

semiconductors which exhibit favorable properties for optoelectronic applications.
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1.2.4 Band Gaps

The existence of a material's band gap can be attributed to two fundamental

concepts: (1) every solid has a unique energy-band structure created by its conduction

and valence band states�we derive the energy-dispersion relation, E(k), from this�and

(2) energy is quantized for electrons, meaning they may only occupy speci�c energy

states. The valence electrons can be approximated by the particle-in-a-box model

from quantum mechanics (delineated here in 1-dimension), where the solutions to the

Schroedinger equation are sine waves, given by:

ψn(x) = Asin(
2π

λn
x), (1.3)

with eigen energies,

En =
~2k2n
2m

(1.4)

using the boundary conditions imposed by the in�nite square well of width L: ψ(0) = 0

and ψ(L) = 0. From here, one �nds that energy is quantized and that only for

speci�c values of n (0 and all positive integers) will the Schroedinger Equation be

satis�ed. This directly correlates to the band structure of the material, as it is a

graphical representation of these allowed states. In metals, we start with the free-

electron gas model, in which ions are pinned and valence electrons are free to move

about, while still obeying the Pauli exclusion principle[21]. Here the valence and

conduction bands overlap each other or have an extremely low separation, allowing all

electrons in the half-�lled conduction band to participate in conduction. In insulators

and semiconductors however, there exists a notable separation between the highest,

occupied valence band states and the lowest, nominally unoccupied conduction band

states. Within this region, there are no available states for electrons to �ll and thus
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it is known as the energy band gap, expressed in terms of its width(energetically).

For insulators this separation is too large for electrons to cross, typically > 5 eV, but

most semiconductors fall within the range of 0.67 (Ge) - 3.5 (GaN) eV. This allows

semiconductor electrons to be easily excited into the conduction band by means of

thermal excitation, without causing physical degradation to the material, as compared

to an insulator.

At this point, it's important to note that in a crystal any given energy band,

whether a valence band or conduction band, is associated with a momentum-like

vector, k . This is a direct consequence of Bloch's theorem which states that a quantum

particle moving through a periodic potential has a wavefunction of the form

ψn(x) = eik·xunk(x). (1.5)

From this we get the E(k) dispersion relation for a given material, which is the

identifying ��ngerprint� of its crystal geometry. Of course the quantum particles

themselves are what actually inherit this momentum. The states within each band

always �ll upward, starting with the lowest energy states in that band. At some

speci�c crystal momentum, or k-value, the energy band reaches either its maximum

(VBM), for the valence band, or its minimum (CBM), for the conduction band. In

materials like GaAs, where these two bands' k-values coincide at their respective

maxima/minima, a direct band gap exists. Here only a photon of energy E ≥ Egap

is required for excitation. Alternatively, the VBM may not coincide with the CBM

at the same k-value, leading to what is called an indirect band gap. In such a case a

phonon, a quanta of kinetic motion, is required to provide the momentum needed for

an electron to be excited into the conduction band.

For solar energy harvesting, the consequences of this relationship are critical to the

correct choice of the material. Indirect-gap semiconductors usually require more ma-
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terial due to a longer absorption length (microns) because of the need for momentum-

conserving phonons in the absorption process; direct gap materials on the other hand

are compatible with thin �lm technology (with an active-layer thickness of microns or

less). According to calculations presented in [18], the theoretical band-gap of ZnSnN2

is direct and in the vicinity of 1-2 eV, depending on whether the cations are ordered

(2 eV) or disordered (1.12 eV). The motivation for this dissertation is the prior lack

of detailed experimental evidence of this as well as a desire to explore, for the �rst

time, the optoelectronic response of this material system in both single layers and

quantum-con�ned structures.

1.3 Theory on Light

1.3.1 The Photo-Electric E�ect

One very well-known phenomenon, the photo-electric e�ect, which was �rst ob-

served by Heinrich Hertz in 1887 and subsequently explained by Einstein in 1905,

provides a good mental picture for, and is strongly correlated to, the way a solar cell

works. Hertz' goal, in the experiment in which this phenomenon takes place, was to

observe the nature of light and, in particular, whether or not an interaction existed

between light particles (photons), and the electrons which reside freely upon the sur-

face of metals. To measure this interaction, he placed a piece of metal foil very close

to a closed electric circuit, through which no current was �owing, but also through

which he was able to measure any subsequent �ow of current. He then directed a light

source of variable wavelength, and thus energy, at the piece of metal foil. Somewhat

to his surprise, a measureable current began �owing through the adjacent electric

circuit. In fact, and perhaps less surprisingly, the higher energy photons, ultraviolet

(UV) light, produced higher currents within the electric circuit. It turns out that

since the free electrons in metals aren't bound to positive charges, like they usually
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are in other materials, you can eject them from the metal itself, provided you do

supply enough energy for the electrons to overcome what's known as the work func-

tion of the material. The work function, φ, is the amount of energy needed to pull

an electron out of a material. To make an analogy, one could imagine a �sh tank

partially �lled with water. If you were to gently place a tennis ball on top of the

water, so that it �oats, you wouldn't cause any splashing. But if you were to throw

that tennis ball as hard as you could against the surface of the water, you'd make a

mess by splashing water out of the tank. By this analogy, if the water represents the

electrons which reside on the surface of the metal, and if the tennis ball represents the

incident photons, then the distance between the surface of the water and the top of

the tank would represent the work function, and speed with which you throw the ball

would represent the energy of the photons. The lower the water level within the tank,

the more energy is needed to eject electrons from that material, or in this analogy to

splash water out of the tank. Incidentally, the physics of the photo-electric e�ect is

not to far removed, conceptually, from how solar cells can harness energy from our

sun, the main di�erence being the means by which the electrons are extracted from

the material.

In semiconductors, electrons that are used for energy transfer are loosely bound

to the valence, or outer-most, "shell" of their respective atoms. It costs some �nite

amount of energy to remove these electrons from the atom and then excite them to

a higher-energy state. Once they have entered this higher-energy state, they may be

extracted from the material and utilized for energy transfer, for example, to generate

electricity for powering homes and/or electronics. One of the challenging aspects of

making this work, however, is that electrons prefer to occupy lowest-energy states

available. As such, they will readily give up the energy that was given to them, by

the incident photons, as heat in order to occupy that lower energy state. So in order

to make the solar cell actually e�ective, often times a bias, whether "natural" or
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external, is applied to the cell geometry to encourage the di�usion and/or drift of

these electrons from one side of the material to the other, without recombining with

an atom (where the lower energy states usually reside). This causes a �ow of negative

charge in one direction, which is called a current, and in this case more speci�cally a

photocurrent. To extract this photocurrent, however, it is necessary to connect this

cell to a external circuit.

1.3.2 P-N Junctions

In electronics, current is driven by an electromotive force cause by a di�erence

between two electrostatic potentials; this is commonly referred to as a voltage. But

once the circuit is completed current may �ow in either direction, which is generally

unfavorable to most electronic devices. This reverse current can decrease performance,

inhibit or distort a desired signal, or it may even completely destroy the device. To

mitigate this, engineers came up with the diode, which acts like a kind of �waterfall�

to the electrons and allows current �ow in only one direction. A p-n junction is a

stack of semiconductors that have di�erent charge �ow properties based on the type

of dopants in each material.

1.3.2.1 Intrinsic Semiconductors

To understand what a p-n junction truly is, it's best to start with explaining what

the nature of an intrinsic semiconductor. For the sake of concreteness, let us consider

Silicon (Si) as our material. In a Silicon atom there are four valence electrons, which

participate in the tetrahedral bonding between the other Si atoms surrounding it.

These electrons are con�ned to the valence band and have no motivation to cross the

energy gap into the conduction band�hence intrinsic silicon is non-conductive, at low

temperatures where thermal excitation is not possible.
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1.3.2.2 P-type / N-type

When atoms of a di�erent species, say Boron (B) from Group III, are introduced

into the silicon, suddenly there are fewer electrons available to participate in bonding,

causing a surge in electron vacancies, which we call �holes,� to appear at the top of the

valence band. These holes are able to �move� around freely within the valence band

as if they were positive charges and are the majority carriers in a p-type material.

Conversely, if an atom of another species, this time say Phosphorus (P) from Group

V, is introduced there are suddenly more electrons available, creating a surplus of

negative charge carriers. These extra electrons are no longer con�ned to the valence

band, nor are they responsible for bonding, but instead are able to freely move about

the material and participate in conduction. These electrons are the majority carriers

in an n-type material. When these two types of materials are brought together to

form a p-n junction, the free electrons and holes recombine leaving behind a region of

positively and negatively charged ions near the interface between the two materials.

This so-called �space charge� region creates a built-in electric �eld which rejects any

further �ow of charges. This is the basis upon which the p-n junction diode works.

It is the goal of solar cells to utilize this diode functionality by exploiting the

band gap of the p-type material to generate electron-hole pairs via sunlight with

intention that the adjacent n-type material will capture and conduct the electrons

away from the interface and onto the external circuit components. Solar cells can

either be made out of two di�erent materials (heterojunction) or out of the same

material (homojunction). One of them, the p-type, has more vacancies in the valence

shells, and the other, n-type, has more occupancies. In the traditional cell, the n-type

dopants, also called the "donors," give up the electrons from the valence band to be

excited by photons and transfered to the p-type material, doped with "acceptors." By

stacking these two materials, you can create a gradient in the energy bands, causing

the carrieers to �ow in speci�c directions depending on a few factors like the built-in
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voltage, or VB, for instance. This motion of charge from one material to the other

introduces another nuance that is essential to understanding how a solar cell works�

carrier density. Carrier density can be understood as the amount of charge per unit

volume that is able to be transferred between materials. To clarify, carrier density is

not the same as charge density. Where charge density is the total amount of charge

within a given volume, carrier density is the amount of transferable charge per unit

volume.

1.3.3 The Solar Spectrum

The spectrum of solar light incident on Earth's surface is known as the terrestrial

solar spectrum and is unique to our planet. From basic physics, it is known that the

ideal radiator is a black body, which emits all of its energy according to Bose-Einstein

statistics, giving the well-known Planck blackbody radiation spectrum shown in black

in Figure 1.8. Though this model is only an approximation and does not account for

absorption by the atmosphere, our Sun's terrestrial spectrum providentially shares the

same general shape as the blackbody's. In particular, the terrestrial solar spectrum

happens to include all the wavelengths within the visible light spectrum in the portion

that also has its highest intensities. This means that the majority of the total number

of photons entering the atmosphere are within the visible spectrum, though infrared

and some ultraviolet (UV) photons also permeate the atmosphere. The energy of a

photon is given by:

Ephoton =
hc

λ
, (1.6)

where h is Planck's constant, λ is wavelength, and c is the speed of light. Between

Equation 1.6 and Figure 1.8, we discern that semiconductors of a certain band gap

could be useful for the absorption and/or emission of visible-range photons. More-
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Figure 1.8:
This �gure shows the solar radiation spectrum for direct light at both
the top of the Earth's atmosphere (represented by yellow area) and at
sea level (red area). The sun produces light with a distribution similar
to what would be expected from a 5778 K (5505 ◦C) blackbody, which
is approximately the sun's surface temperature. These curves are based
on the American Society for Testing and Materials (ASTM) Terrestrial
Reference Spectra, which are standards adopted by the photovoltaics in-
dustry to ensure consistent test conditions and are similar to the light
that could be expected in North America. Regions for ultraviolet, visible
and infrared light are indicated[22].
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over, the high-intensity wavelengths of terrestrial solar energy can be converted into

electricity, by either direct-, or indirect-band gap semiconductors.

1.4 Recent Work & Development

Zinc-tin nitride is a relatively new material, having only been realized within the

last ten years. Here some of the major milestones marked in the development of ZSN

are noted and brie�y discussed.

It was �rst proposed in 1984[16] as a potential solution to the looming energy

crisis, along with the family of ternary nitride compounds. Some of the earliest work

performed in the study of zinc tin nitride explored theoretical calculations in den-

sity functional theory (DFT) to estimate the band structure, electrostatic potential

and lattice constants. Punya et al. [20] did this using the local density approxi-

mation (LDA). Since publication of that report, several important milestones have

been achieved in the investigation of the physical nature of this material. In 2012,

Feldberg et al. synthesized the �rst �lms, grown by plasma-assisted molecular beam

epitaxy (MBE), and identi�ed the two crystal structures to which ZSN conforms�the

orthorhombic phase and the wurtzite phase. In situ RHEED measurements were

made which catalyzed the experimental investigation of the crystal structure and op-

tical properties of ZSN[18]. In 2013, several groups contributed to the investigation

of the fundamental properties of ZSN. Various approaches were taken ranging from

band gap calculations using di�erent software packages, to the use of di�erent types

of synthesis techniques, to the probing of the optical band edge through various ex-

periments. Punya et al. calculated the band o�sets between ZnGeN2 and ZnSnN2 in

relation to III-V compounds ZnO and GaN using DFT[23]. Though this had been

investigated to some degree in their previous work[20], the 2013 study focused on

acquiring a more accurate understanding of the band structure by using the (QS)GW

approach, a di�erent method for calculating the bulk portion of the material, and the
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previously used LDA at the interfaces. This study further corroborated the notion

that II-IV-N2 materials were indeed viable for use in light-emitting diodes (LEDs)

and in photovoltaics such as solar cells. Soon Lahourcade et al. [24] would synthesize

ZSN on sapphire and GaN substrates via radio frequency (RF) magnetron sputter-

ing. The crystal structure was determined to be orthorhombic by X-ray di�raction

with calculated; the group also performed spectroscopic ellipsometry to obtain an

estimated band gap of 2.0 eV (extrapolated from 1.8 eV absorption onset), which

contradicted their calculated result of 1.42 eV (at zero Kelvin), using the hybrid

HSE06 functional. This discrepancy was attributed to a phenomenon known as the

Burstein-Moss E�ect in which some conduction band states are partially �lled, push-

ing the absorption edge higher, thus increasing (blue-shifting) the apparent band

gap. Hall measurements found electron mobilities to be low, considering the band

gap (approx. 10 cm2/Vs or lower), which was attributed to extremely high carrier

concentrations, ranging from 1019 cm−3 to 1021 cm−3. Later, Quayle et al. [25] synthe-

sized polycrystalline �lms of ZnSnN2 by plasma-assisted VLS. SEM images depicted

a somewhat rough, fragmented �lm of ZSN on top of a smooth Zn-Sn alloy. Further

study and analysis included X-ray di�raction (XRD)and photoluminescence (PL) of

said �lms and ultimately led to some of the �rst experimental values for the opti-

cal band gap of ZSN�around 1.7 eV +/- 0.1 eV. This seemed to somewhat agree

with previous predictions made by Punya et al. [20] in 2011 and by Feldberg[18] in

2013, except that the crystal structure discerned by the XRD in this study exhibited

a wurtzitic pro�le, as opposed to the orthorhombic pro�le associated with a band

gap of that size. This sparked what has now become an ongoing debate over which

band gap should be expected for the orthorhombic structure versus for the wurtzite

structure, not dissimilar to the earlier controversies over the band gap of InGaAs.

Still later in 2013, Feldberg[18] synthesized the �rst single crystal ZSN thin �lms.

Though they were unable to detect a di�raction pattern at 22.1o�a signature of the
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orthorhombic structure�they still con�rmed growth of the two di�erent possible crys-

tal systems for this compound. Signi�cant 2014 studies included the theoretical work

done by Chen[26] and the adjacent experimental work by Narang[27] on ZSN alloyed

with germanium(Ge) via RF sputtering. Together, these studies explored both the

phase stability of ZSN and the bandedge shift of the ZSN through Ge alloying, which

discerned a minimum band gap of 2.0 eV for ZnSnxGe1−xN2 (when x = 1).

Perhaps the most interesting distinctions between all of these experiments are the

di�erences in growth methods and how that appears to have a�ected experimentally

determined band gaps. As a result, many researchers have been scrambling to verify

and understand the nature of ZSN�its band structure and electronic and absorption

properties�for its two crystal structures. Unfortunately, the newness of the material

and variability of growth methods and parameters have, thus far, contributed more

questions than �nality. Although many other groups have begun the exploration and

characterization of ZSN, my colleagues and I have taken a unique approach to the

growth of this material through MBE, with a focus on single crystal thin-�lms, and

have performed optical and electrical experiments on these �lms. Based on this study,

we maintain that the single-crystal, orthorhombic ZSN structure yields a band gap

closer to 2.0 eV as predicted by Punya et al. [20], and that wurtzite structures yield

a band gap closer to that predicted by Feldberg et al. [18] of 1.0 eV, and perhaps

most interesting of all, that the band gap can vary in between these two extremes

depending on the degree of cation ordering.

In more recent developments, Senabulya was able to isolate which growth condi-

tions allowed for a stable, orthorhombic crystal structure in ZSN on YSZ substrates[12].

The structure was �rst probed with RHEED measurements[28], then veri�ed via high-

brilliance XRD measurements which were used to create 3D reciprocal space maps,

called �pole �gures,� of the crystal structure within the samples. This paved the way

for Makin et al. [13] to not only stabilize the growth conditions themselves, but also to
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explore the growth space and decipher the correlation between the individual growth

conditions and the resultant crystal structures. This has placed the PAMBE growth

method in an advantageous position, as a ZSN �lm can now be relatively �ne-tuned

both in stoichiometric composition and in crystal structure. The two major com-

ponents still missing for better understanding the nature of this epitaxially-grown

material were detailed optical and electrical probing of its properties. With these,

a more well-rounded characterization of this material can be gained as well as the

phenomena at work which a�ect it. The next two chapters will detail the epitaxial

growth of ZSN as well as the characterization techniques used to probe its optical

and electronic properties.

1.5 Overview of the Proceeding Chapters

The remaining chapters will proceed as follows:

-Chapter II will �rst brie�y discuss the signi�cance of ZnSnN2 as it pertains to

the thin-�lm PV industry. Mention of the various methods that have been used

to date will be made, and a detailed description of this dissertation's MBE growth

experiments will be given, ending with a discussion of our �ndings.

-Chapter III will review the overarching concepts for each of the characterization

methods used, as well as what can be learned from each technique. The order in

which the characterization was completed will be implemented for the sake of conti-

nuity. They include: Re�ection High-Energy Electron Di�raction (RHEED), X-Ray

Di�raction (XRD), Di�use Re�ection Spectroscopy (DRS), Photoluminescence (PL),

and Hall E�ect measurements.

-Chapter IV will detail the setup of each of the experiments and results obtained

from each experiment will be presented, as well as the conclusions that may be drawn

from each. Here the novel contributions of this work to the �eld will be highlighted

and discussed.
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-Chapter V will summarize the major �ndings of this dissertation as well as any

novel contributions that have been made to the �eld, mentioned in the preceeding

chapters. Finally, a brief discussion about the signi�cance of this work to the future

of the project will be given, along with suggestions for how these experiments can be

enhanced and iterated upon so that progress can be made in the �eld toward under-

standing the nature of ZnSnN2 and where it stands in the context of the renewable

energy market.
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CHAPTER II

Growth Methods

This chapter details the material ZnSnN2 as it pertains to various growth meth-

ods that have been used. Afterward, a description of this project's MBE growth

experiments will be detailed, including the setup and discussion of our �ndings.

Many of the details relating to growth have already been submitted and accepted

for publication[12, 13, 15]. It should also be noted that the subject of collaborator R.

Makin's doctoral thesis was the growth of and characterization of cation disorder in

II-IV nitrides. Most of the samples studied in this dissertation project were grown in

Prof. Durbin's MBE lab at Western Michigan University. The author of this disser-

tation worked in collaboration with R. Makin and K. York to fabricate many of the

samples that are the focus of this dissertation.

2.1 A New Material for a Sustainable Future

A fundamental reason behind the creation of the thin-�lm photovoltaics industry

was to provide a means to lessen the cost of solar cell production by reducing ma-

terial costs generally associated with bulk materials like silicon and gallium arsenide

(GaAs). While the development of thin-�lm photovoltaics has since largely been a

success[29], there still exist some major roadblocks which must be overcome for them

to truly begin to outpace the use of bulk materials in commercial devices. One of
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those roadblocks, to which gallium arsenide also succumbs, is toxicity. Cadmium tel-

luride (CdTe) is one of the two most prominent thin-�lm photovoltaics which has seen

signi�cant developments in the PV industry, the second being copper indium gallium

diselenide (CIGS), which incorporates two low-abundance elements in its stoichiom-

etry (indium and gallium). It is a direct bandgap material whose bandgap of ∼1.45

eV is well-suited for the conversion of the relevant portion of the solar spectrum into

electricity. It has a high optical absorption (roughly 105cm−1), p-type conductivity,

and can be deposited by a myriad of di�erent processes including, but not limited

to, sputtering, thermal evaporation, and chemical vapor deposition[29]. Cadmium,

however, is a carcinogenic byproduct of copper and lead mining which poses signif-

icant health risks from long-term exposure. Although much work has been done to

re�ne the processes by which it is produced and recycled in order to mitigate human

exposure to Cd, the impact on the rate of its development as a thin-�lm technology

has undoubtedly had a slowing e�ect as a result.

The prospect of using ZSN thin-�lms as photovoltaic devices sees a signi�cant

advantage here, as it is entirely comprised of non-toxic, earth abundant elements, as

discussed in Section 1.1.1. This nulli�es any need for development of special infras-

tructures for the procurement and recycling of the consituent elements. As a result,

zinc tin nitride has become of increasing interest to many photovoltaic scientists in

recent years. Next we go into detail on the nature of its crystal structure.

Zinc-tin nitride forms crystals meaning that the overall crystal structure has long-

range order with the cations distributed over their respective sublattice. This long-

rang order can be quanti�ed with an order parameter, S, which can vary from 0

(randomly distributed) to 1 (completely ordered)[15]. This feature is very important

to enabling tunability of the bandgap while maintaining the overall integrity of the

crystal structure. The two di�erent structures arise based on the locations of the two

metals�zinc and tin�on the sublattice, which are determined by the order parameter
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Figure 2.1:
In (a) the orthorhombic structure is depicted. Black and blue atoms
represent the Zn and Sn cations, respectively, con�gured in a perfectly
ordered state, corresponding to S=1. Note the doubling of the unit cell
along the orthorhombic a-axis. In (b) the cation species are not restricted
to speci�c sites and are denoted by the black atoms. This represents the
wurtzite structure, in which the random distribution of cations on the
sublattice corresponds to S = 0[15, 18].

S, de�ned as S = rα + rβ − 1. For this study, rα is the fractional occupation of Zn on

Zn-sites and rβ is that for Sn on Sn sites. It is also important to note the requirement

that rα = rβ = r, which results from the �lms being stoichiometric.

The more naturally occurring con�guration of ZSN is known as the wurtzite struc-

ture which is characterized by its hexagonal symmetry. In this state, the distribution

of the two cations is randomized and the crystal is said to be in the �disordered phase�.

As the sublattice becomes more ordered, eventually Zn atoms only occupy Zn sites

and Sn atoms will only occupy Sn sites, forming the othorhombic structure; this is

referred to as the �ordered phase.� This is depicted in Figure 2.1.

As part of a previous study[12], it was found that the e�ects of this ordering

result in a contraction of the basal plane in conjunction with an expansion in the

out-of-plane direction, by 0.65% and 5.7%, respectively. Additionally in that work,

31



it was con�rmed that orthorhombic substrates, like (001) LiGaO2 (LGO), that are

well-lattice matched to the zinc tin nitride cation sublattice are able to support this

orthorhombic structure during single-crystal growth. These studies demonstrated

that various substrates could be used to grow the �lms of the orthorhombic phase of

ZSN, including LGO and YSZ, the latter case requiring the growth conditions to be

tuned to achieve the desired structural phase transition.

2.2 Molecular Beam Epitaxy

Though other methods have clearly been used [24, 25, 27], the sole focus of this

project was the application of molecular beam epitaxy (MBE) for the growth of

ZnSnN2 thin-�lms. One of the advantages of using an MBE system is that the

stoichiometry of the material can be precisely optimized by applying the appropriate

set of growth parameters. Here we will discuss each parameter and the role it plays

in the growth of the �lms. A few of the disadvantages that come along with such

precise control over the stoichiometry include: the need for ultra-high vacuum (on the

order of 10−9 Torr), relatively high substrate temperatures (typically >350◦ C), long

growth times (depending on the material), and the tedious amount of upkeep and

monitoring needed by the system, both during and outside of growth experiments.

Several ZnSnN2 thin-�lms were grown via plasma-assisted molecular beam epi-

taxy (PAMBE) using a Perkin Elmer 430 molecular beam epitaxy system in con-

junction with standard e�usion cells, with thicknesses ranging between 10 and 100

nanometers and with variations in crystallinity between polycrystalline and single-

crystal. All �lms were grown under the guidance of the Durbin Group using Dr.

Steve Durbin's MBE system, located at Western Michigan University (WMU). An

approximate schematic of the vacuum chamber and its components is shown in Fig-

ure 2.3 (exact geometry altered for clarity). The quality of the resulting �lms was

determined by taking a line scan across RHEED images produced just after growth
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and directly correlating pixel brightness to the intensity. This allowed for a su�-

ciently accurate analysis of the RHEED streak thickness, which is directly related to

the level of defects and impurities (or lack thereof) within the crystal.

Figure 2.2:
a) Here the growth space of ZnSnN2 was been mapped as a function of
the Zn:Sn �ux ratio, substrate temperature, and the nitrogen pressure.
The scale on the right represents the volume of the unit cell (Å3), cal-
culated from lattice constants which were obtained via XRD. b) shows
the projection of the 3D map in a) onto the Zn:Sn �ux and substrate
temperature plane[13].

To achieve the desired degree of ordering, tunable parameters included: the ra-

dio frequency (RF) power, the N2 �ow rate, N2 pressure, the Zn:Sn ratio (which is

alterable by modifying the Zn and Sn �uxes), the substrate temperature, and the

vacuum pressure of the system. A slight change in any of these may cause slightly or

drastically varying results between growth runs. That being said and since it is gen-

erally understood that no two growth runs can be precisely the same, we considered

it bene�cial to focus on 2-3 parameters as variables and to make as few adjustments

as possible outside of those parameters. This allowed for a more detailed study[13]

of the e�ects of speci�cally chosen parameters on the growth space of the material.

In that study, the growth space was mapped as a function of the nitrogen pressure,

metal �ux ratios, and substrate temperature (see Figure 2.2). Next, a detailed ac-

count of the process that precedes the growth of a thin-�lm is given, which will provide
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Figure 2.3:
An approximate schematic of the MBE chamber used in the growth
experiments[13].

valuable insight to the interpretation of some of the data which will be later explained.

2.2.1 Growth Details

Prior to initiating the growth, the Knudsen cells (or K-cells) must be heated,

shown in Figure 2.4. K-cells are e�usion evaporator sources which contain the indi-

vidual metals being used for growth. E�usion is the process by which gas escapes

from a container through a hole that is signi�cantly smaller than the mean free path

of the molecules in motion�which means the metals must �rst be vaporized into a

uniform gas within the cell crucible chamber. For zinc and tin, this requires that each

K-cell be heated to above 300◦C and 1000◦C respectively, so that a uniform stream
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of metallic gas �ows from each crucible chamber, through their respective aperture

plates (each of which have a set number of apertures), into the growth chamber, and

onto the substrate at a constant and measurable rate. This �ow rate is determined

by the molar mass of the gas, the pressure in the growth chamber on the other side

of the aperture plate, and the number of apertures through which the gas may �ow,

and it is given by:

Qeffusion =
∆PANA,√

2πMRT
, (2.1)

where ∆P is the pressure di�erence between the growth chamber and the crucible

chamber, A is the area through which the metal vapor di�uses, NA is Avogadro's

number, M is the molar mass, R is the ideal gas constant, and T is the absolute

temperature. Because zinc has a low sticking coe�cient, the ratio between the rate

of adsorption and the rate of desorption, a Zn overpressure must be applied to the

growth environment in order to maintain the desired growth rate (roughly 130 nm/hr)

at which stoichiometric �lms can be grown[13]. This means that the temperature of

the Zn source must be adjusted to provide a su�cient �ux, causing more zinc to be

used up as compared to the tin. As a side note, it is very common for MBE systems

to have more K-cells attached to the system than are used for a single growth (see

Figure 2.3), (generally 3-4 depending on the size of the system), since many growth

scientists work on multiple types of material growths. Before growth, each of these

K-cells is closed o� from the growth chamber by shutters, labeled in Figure 2.3,

which prevent the metals from prematurely adsorbing onto the substrate. To gain an

accurate estimate of the thickness of the thin-�lms, the metal �ux must be measured

for both metals. To do this the substrate is �rst averted from the K-cells, then the

quartz crystal microbalance is lowered into the chamber, and �nally the shutters are

opened individually for �ux measurements (see Figure 2.6).
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Figure 2.4:
This picture shows the interior of a K-cell. In particular, the heating
element and circular grill upon which the crucible sits, are shown.

The quartz crystal microbalance consists of a quartz-crystal oscillator set to os-

cillate at a speci�c frequency; when the shutter to the metal gas is opened, mass is

added to the crystal which changes this oscillation frequency by a small amount. The

rate of change quickly stabilizes over the course of about 10 to 20 seconds, and the

individual frequencies are read out by a computer, where the average change in fre-

quency is then calculated and recorded. After the metal �ux measurements have been

taken and the anticipated growth rate has been calculated, the crystal microbalance

is retracted from the growth chamber.

The next step is to create an active-nitrogen rich atmosphere within the growth

chamber by producing a nitrogen plasma with a source that creates energetic N2 gas

species. To begin this process, the nitrogen �ow rate must �rst be determined which

is based on the desired stoichiometry. To do this, an inductively-coupled Oxford

Applied Research HD25 RF plasma source was �tted with a 256-hole aperture plate

and equipped with electrostatic ion removal and an inline �ow controller. To operate,

the radio frequency (RF) power is slowly raised to 100W while its impedance is
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Figure 2.5: This picture shows a plasma source outside its housing.

simultaneously matched, so that the power being produced by the system is not

re�ected back into the power supply. The RF power display is shown in Figure 2.7.

After 100W was reached on the power source, the N2 �ow valve (which allows gas

�ow from the container) was opened and the leak valve (which lets the gas into the

growth chamber) was loosened. It is important to note that this step takes place

after the RF power is brought up to a minimal operating power so that the nitrogen

in the environment is only active nitrogen (albeit a small amount in comparison).

During the opening of the leak valve, the vacuum pressure must be monitored so that

a su�ciently low-pressure environment is maintained with the �ow of nitrogen into

the growth chamber�roughly 5x10−9 Torr. After this has been done, the RF power

must be brought up to create the plasma, while maintaining a minimal re�ected

power through impedance matching. Once the power is su�ciently high, a nitrogen

plasma strikes, shown in Figure 2.8, which causes a spike in the amount of active-
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Figure 2.6:
The two positions of the quartz crystal monitor are depicted here, high-
lighted by the red bar to denote relative heights with respect to each other.
The inset shows the QCM in the lowered position, used for �ux measure-
ments, while the outset depicts the raised position, when the QCM is not
in use.
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Figure 2.7: This picture shows the forward and re�ected power displays.

nitrogen present in the environment, and inducing a pink-colored, high-brightness

mode plasma emission. The charge-coupling of this active-nitrogen to the RF power

causes a large amount of the power to be re�ected back into the system, so the power

must be immediately reduced and impedance-matched using a set of knobs, so that

the nitrogen plasma is maintained while minimizing the re�ected power�generally

down to 150W, assuming �high-brightness mode� plasma was struck at a higher RF

power. With the growth environment fully prepared, the N2 shutter is brie�y closed

while the sample holder is turned back around, exposing the substrate to the K-cells

and the plasma source. Finally, the substrate growth orientation is set and veri�ed via

RHEED, and all three shutters�Zn, Sn and N2�are primed for simultaneous opening

to start growth.

2.2.2 Notes on Film Growth

Under normal circumstances corresponding to the growth of traditional III-V semi-

conductors, there exists only a single cation on the cation sublattice. Consequently,

one can simply vary the metal �ux to optimize the growth rate. Because there are two

metals present on the cation sublattice in this ZnSnN2 system, varying the �uxes of
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Figure 2.8:
This picture shows the nitrogen plasma which has been struck. Generally,
the �high-brightness mode� mentioned is much brighter than this and
imposes unfavorable conditions on the system which must be addressed
immediately; thus no HBM is shown.

both zinc and tin creates a much more complex situation. To minimize this complex-

ity, the metal �uxes were held constant at conditions where previous runs had resulted

in monocrystalline �lms. The substrate temperature was also held constant and was

chosen with the same motivation, namely to achieve high quality, monocrystalline

�lms. Films were grown at varying nitrogen �ow rates to determine the optimal pa-

rameters for which the growth of the orthorhombic phase of ZnSnN2 would be most

ordered. Re�ection high-energy electron di�raction (RHEED) was employed in-situ

to monitor �lm quality, crystal structure, and �lm thickness approximation during

growth. Note that for some runs, circular streaks may appear during RHEED anal-

ysis, due to the isotropic nature of inelasticallly scattered electrons o� the surface

of the substrate lattice. These streaks, referred to as �Kikuchi lines�, are generally a

desirable condition and are indicative of coherent di�raction conditions.
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2.2.3 Application Potential of ZSN Quantum Well Structures

A quantum well is a 2-dimensional structure that consists of a low-band-gap ma-

terial con�ned between two high-band-gap materials. Of particular interest to this

dissertation, the bene�t to growing a quantum well lies in its ability to con�ne the

electron wave function, which allows for a more controlled optoelectronic response

from the material. It is important also to point out that the versatility of the II-IV-V

compounds provides a very interesting and useful way to fabricate QW structures.

Additionally, this type of structure is well-suited to the growth of ZSN using MBE,

due to the ability to select the band gap using the same chemical constituents, while

altering the cation ordering within the layers of the �lm that is being grown. For

instance, the low gap can be used for the well region while the high gap is used for

the con�ning layers on either side of the well. Best of all, the MBE growth parame-

ters can easily be changed to fabricate the well layer and the con�ning layers, all in

a single growth run. This iso-compositional quantum well is highly unusual and is

made possible by the allotropic nature of the ZSN system. Another example of this

is the case of BN which can exist in either a hexagonal phase or a cubic phase[30].
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CHAPTER III

Characterization Methods

This chapter will review some of the overarching concepts for each of the charac-

terization methods used, as well as what can be learned from each technique. Topics

will be discussed in the general order that the experiments were conducted. They

include: Re�ection High-Energy Electron Di�raction (RHEED), X-Ray Di�raction

(XRD), Di�use Re�ection Spectroscopy (DRS), Photoluminescence (PL), Hall Ef-

fect, and Cathodoluminescence (CL) measurements.

3.1 What is Di�raction?

One of the most striking features of waves is how they tend to interact with

objects within their path. Particles like electrons and photons, which have wave-like

attributes, abide by these same principles and may be exploited to characterize a sam-

ple of interest. RHEED and XRD, which utilize electrons and photons (respectively),

both take advantage of this wave-like behavior and are commonly used in materials

characterization. Di�raction is the bending of a wave around an object within that

wave's path. A simple yet pertinent example of this is depicted in Figure 3.1, where

a plane wave of some wavelength λ encounters a single slit of width d while moving

from left to right. The wavefront penetrates the slit, resulting in a di�erence in path

lengths as the wave continues through the slit to impinge on a screen. This di�er-
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Figure 3.1: A schematic of single-slit di�raction.

ence in path lengths from the slit to the point P causes constructive and destructive

interference to occur; thus, when observing the screen behind the slit the observer

will see a pattern of bright and dark fringes, which delineates the constructive and

destructive interferences, respectively. The spacing of these fringes depends on the

distance L between the slit and observation screen, and on the width d of the slit.

Mathematically, we can locate the centers of the dark spots by measuring the angle θ

between two lines: one originating at the slit's center and extending to center of the

observation screen, C, and the other extending to the point of interest, P. With a few

extra steps, we can come to the conclusion that a smaller slit increases the spacing

between the fringes, while a larger slit decreases the fringe spacing.

On the atomic scale, there are a few key di�erences compared to the simple optical

example illustrated in Figure 3.1. Most importantly, high-energy electrons and pho-

tons share the trait that their wavelengths are su�ciently small for them for interact

with the spacing of the atoms in a solid.
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3.1.1 RHEED

Re�ection High-Energy Electron Di�raction, or RHEED, is often used to charac-

terize crystalline materials in-situ during and/or immediately after growth, prior to

removal from the growth environment; this is referred to as in situ characterization.

By exploiting the wave nature of electrons, accurate analysis of a material can begin

prior to any other characterization methods. Perhaps one of the best advantages of us-

ing a RHEED system is the opportunity for analysis of the �lm during growth which,

if taken advantage of early enough, allows for on-the-�y adjustments to the growth

conditions without having to fully restart the growth or change out the substrate.

When paired with software packages like KSA 400, developed by k-Space Associates,

Inc., it becomes an even more powerful tool for providing key insights on the e�ects

of various growth conditions, as well as contributing vital information to predictions

on growth rates. RHEED patterns usually include both the specularly re�ected beam

(by total external re�ection) and di�racted beams. The �rst may not be visible to

the detector depending on the physical location and orientation of the sample on the

substrate holder, but when oriented correctly, the specular beam appears as a small

bright dot; the di�racted beam carries the information about the sample's surface

structure, with only the uppermost two or three atomic layers typiclaly contributing

to the RHEED pattern, depending on the angle of incidence.

RHEED images, like the one in Figure 3.2, are the �raw data� of any RHEED

experiment. But to obtain them, a relatively high current, 1-2 A, must �rst be

passed through a tungsten �lament which has a low work function. The electrons are

then drawn from the tungsten �lament into a beam (focused down via a combination

of electrostatic and magnetic lenses) by means of an anode positively-biased at a

high voltage, generally between 10 and 30 kilovolts (kV). The electron beam is then

di�racted by the atoms at the surface of the sample (which is mounted on a heated

wafer holder), and re�ected o� at a low (< 1◦) angle of incidence, resulting in both a
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Figure 3.2:
This RHEED pattern was captured with a CCD camera during an early
attempt at the growth of ZnSnN2 before the correct growth conditions for
a smooth, epitaxial �lm were established. The spotty appearance of the
RHEED pattern indicates the presence of 3D crystallites on the surface.
The phosphor screen actually luminesces as the emission of green light
from the electron interaction.(See Figure 3.3)

specular and a di�racted beam. To preserve the clearest possible resolution, the focal

point of the beam is chosen to be at the detector�a phosphor screen (see Figure 3.3)

which luminesces upon electron interaction. Finally, a charge-coupled device (CCD)

camera detects the light emitted from the phosphor screen, is digitized and fed into

a computer which reproduces the data as an image using the KSA 400 RHEED data

acquisition software.

As a result of the high accelerating voltages used, these electrons have very high

energy and are only able to interact with the top few layers of atoms before they are

re�ected o� of the surface of the growing �lm. Consequently, RHEED is extremely

surface-sensitive and it is imperative that the substrate surface is clean before growth,

otherwise the RHEED data acquired (if any) may not be reliable. Predictably, one of

the foremost characteristics visible in RHEED data is the roughness (or smoothness)

of the sample. Typical values for the surface roughness in MBE growth of these
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Figure 3.3:
An image of a RHEED pattern using a phosphor screen as a detector.
Electron interaction causes the screen to luminesce. In this image, one
can see both specular and di�racted beams.

�lms are ∼ 0.5 nm, as determined from Atomic Force Microscopy (AFM) images.

At the beginning of the growth, the deposition of atomic layers can be witnessed as

an oscillation of streak intensities in the RHEED pattern. The completion of each

monolayer leads to a minimum (or maximum) of the di�racted intensity, depending

on whether the intensity is measured at a Bragg or anti-Bragg position. Typical

growth rates are 0.2 monolayers per second. In Section 1.2.3, the periodic nature of

crystal structures was discussed. It is this periodicity, or lack thereof, which causes

the di�racted beam to appear as a series of either streaks or dots, depending on the

actual surface structure. With this information the smoothness of the �lm can be

deduced along with whether the �lm is single-crystal or polycrystalline. Each resulting

di�raction pattern is unique to the surface structure of that material. When a surface

is terraced but otherwise very smooth, the di�racted beams will appear as streaks,

denoting a lack of pronounced 3D structures (e.g., crystallites) protruding from the

surface in the growth direction. This type of qualitative analysis is typically used to

�prescreen� a substrate prior to initiating growth. After growth has been initiated,

additional information about the �lm growth and its structure can be obtained from
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the RHEED pattern, including the spacing between rows of atoms on the surface,

the coherence length of the surface atomic structure (determined from the transverse

width of the RHEED peaks) and, most importantly, a quantitative measure of the

order parameter.

3.1.2 Determination of the Degree of Ordering in ZnSnN2

As shown by Makin et al. [15] a quantitative measure of the degree of cation

ordering in ZSN can be expressed as an order parameter, S, de�ned as

S = rα + rβ − 1, (3.1)

where rα is the fraction of Zn sites occupied by a Zn atom and rβ is the fraction of Sn

sites occupied by a Sn atom. Thus S = 0 corresponds to randomly occupied cation

sites and S = 1 corresponds to a fully ordered cation arrangement. S is commonly

measured by a scattering experiment, either with x-rays or electrons (RHEED)[31],

such that |Fhkl| = AS + B, where |Fhkl| is a structure factor that is sensitive to the

cation ordering. A is a constant representing the atomic scattering factors of both

Zn and Sn atoms, and B is a constant representing the atomic scattering factor of

nitrogen atoms. |Fhkl| is chosen to be that of a superlattice re�ection, |F210| in this

case.

For x-rays |F210| includes geometric corrections for the polarization of the x-ray

beam, incident on the (210) planes at an angle of θ:

|F210|2 =
E210F

2
002[

1+cos2 2θ002
2 sin 2θ002

]e−2M002

E002[
1+cos2 2θ210
2 sin 2θ210

]e−2M210
, (3.2)

where |E210| is the integrated intensity of the (210) superlattice re�ection, and Mhkl

is a Debye-Waller factor to correct for the e�ects of atomic vibration. The superlat-

tice structure factor is normalized to a re�ection (002) that is insensitive to cation
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ordering.

For electrons (RHEED), the order parameter is similarly determined from the

integrated intensity ratio of the (210) and (002) re�ections. We obtained excel-

lent agreement between the values of S determined by both x-ray di�raction and

by RHEED[15]. RHEED was particularly useful for this study because the RHEED

pattern is readily available during growth of the thin �lms and it was immediately

apparent to what extent each sample was ordered by visual inspection of the RHEED

pattern along the (210) zone axis.

3.1.3 X-Ray Di�raction

3.1.3.1 An Historical Synopsis

In 1895, German physicist Wilhelm Roentgen discovered an invisible type of ra-

diation with exceptionally short wavelengths, in comparison to visible light. These

mysterious �X-rays�, as they were dubbed, were electromagnetic by nature and could

easily penetrate most objects. Though they were not well understood at the time,

their utility was immediately capitalized upon as a means to see through or inside of

normally opaque materials, including broken bones within the body or cracks within

a metal casting. The capacity to see minute details inside of a material without

physical deformation it was a major breakthrough not only for scienti�c discovery,

but also for more accurate diagnoses and analytical studies in medicine. But the

extent of the resolution achievable by X-rays far exceeds the millimeter-scale (10−3)

generally seen in medicine. In 1912 the true nature of X-rays was con�rmed which

led to the discovery of di�raction by crystals. This opened up an entirely new basis

and methodology for material analysis. Today, using X-ray di�raction, scientists can

study structural phenomena on the atomic scale of angstroms (10−10m).
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Figure 3.4:
This is a generalized depiction of the di�erence between bremmstrahlung
and K-α X-ray emission spectra. The unmarked peak to the left of the
K-α peak is an example of a K-β peak and is also characteristic of the
target metal[32].

3.1.3.2 X-ray Production

X-rays are produced in one of two ways: 1) when highly energetic electrons decel-

erate as they collide with a metal surface, known as �bremsstrahlung radiation,� or

2) when electrons radiatively relax from high-energy atomic orbitals to a low-energy

orbitals, also known as �K-α radiation.� In the former method, electrons are de�ected

by the strong electric �elds produced within atoms by high-Z nuclei in metals, like

copper or molybdenum. The maximum energy is released when an electron is fully

decelerated by a single collision. Some of the electrons experience multiple collisions

before releasing all of their energy; thus emitting gradually less and less per collision.

This results in a continuous spectrum, similar to white light in the visible regime,

whose total energy �depends on the atomic number of the metal target, Z, and the

tube current�[33]. However, in the latter method which was used for this study, the

collision causes inner-orbital electrons within the metal atoms to be ejected, open-
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Figure 3.5:
A Bird's eye view of the Advanced Photon Source facility at Argonne
National Laboratory[36].

ing up vacancies that can be �lled by outer-orbital electrons. This movement from

a higher to lower energy state releases energy in the form of electromagnetic radi-

ation of precisely the energy di�erence between the two orbitals. In contrast, this

results in very sharp peaks in energy spectrum at much higher intensities than in

bremmstrahlung radiation[32]. See Figure 3.4.

3.1.3.3 The Advanced Photon Source (APS)

The Advanced Photon Source (APS) at Argonne National Lab (ANL) is this

hemisphere's leading producer of high-brilliance, high-energy X-rays. Year-round,

thousands of experiments are conducted at the facility for a wide variety of research

projects, ranging from improvements to fuel-injector e�ciencies[34] to studying how

certain plant viruses replicate[35], originating from multiple institutions that span

across various disciplines and industries. Researchers prize this brilliance so much

because of the level of precision that is achieveable with such high-energy photons.
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Figure 3.6:
A basic schematic of a linear accelerator showing the electrons (blue)
accelerating through a series of RF cavities which produce electric �elds
of alternating polarization.

3.1.3.4 The Linear Accelerator (LINAC)

At the heart of the APS lies the linear accelerator (LINAC), depicted in Figure

3.6, which �rst emits the electrons via thermionic emission, by heating a tungsten

cathode up to 1100oC. Next these electrons are accelerated to relativistic speeds

(99.999% of the speed of light) by a series of alternating electric �elds to an energy

of 450 MeV before being further accelerated by the booster synchrotron to 7 GeV

(99.999999% of the speed of light) in less than one second. The electrons are then

injected into a 1104-meter circular storage ring, which consists of over 1000 electro-

magnets that focus the beam and minimize divergence, all housed within a concrete

enclosure inside the experimental hall�the circumference of which would surround the

White Sox's stadium, in Chicago! Insertion devices provide researchers with access

to this storage ring via 35 di�erent beamline sectors tangentially situated around the

circumference(see Figure 3.7).

3.1.3.5 What We Can Learn From XRD

Due to the wave-nature of photons, X-rays retain their characteristic information

while bending around objects in their path [see Section 3.1]; in the case of XRD, these
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Figure 3.7:
Beamlines are located tangentially to the storage ring and are divided into
35 di�erent sectors accessible to scientists for research at each insertion
device[37].

objects are atoms within a crystal lattice. With these high-energy photons, one may

conduct di�raction peak experiments, which result in θ − 2θ plots of photon inten-

sity, which provides information about the lattice constants and structure factor of a

crystalline or polycrystalline material. By spreading the beam out in one direction,

a series of areal scans may be taken to map the reciprocal space along a particular

(hkl)-direction. When stacked and rendered properly, these 2D scans can generate 3D

reciprocal space maps (3D RSMs), which can then be used to accurately determine

the type of crystal structure present, based on the symmetries and associated Bragg

peaks, given the constructive and destructive interference rule sets for a particular

space group.

For this project, X-ray di�raction was used to verify the structures and lattice

constants of ZSN thin-�lm's[12] and to quantitatively measure the associated order

parameter, S, for each �lm[13], as described in Section 3.1.2. These experiments

assisted in providing and corroborating the expected values for the band gaps of

wurtzite and orthorhombic �lms, which will be discussed later as a comparison to the
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values experimentally determined in this dissertation.

3.2 Spectroscopy

Spectroscopy is the study of how a material responds to a given type of radiation.

The data acquired from spectroscopic experiments are often presented in the form

of a spectrum that shows how the measured quantity changes as a function of the

probing wavelength. The source of the radiation may vary depending on the type

of experiment being conducted and the quantity of interest being measured. For

this project, where determination of the optical band-edge is the main interest, the

spectroscopy techniques employed utilized light sources from a broadband lamp, for

di�use re�ectance, and stimulated emission (a laser) for photoluminescence. Ener-

getic electrons were also used to excite optical emission from several samples in a

technique referred to as "cathodoluminescence" (CL). These types of techniques are

often referred to as pump-probe experiments, which entail �pumping� a sample with

light or electrons and using a detector to �probe� the light that emanates from the

sample as a result of that pumping.

Optical spectrometers, like the ones used in this experiment, detect the intensity

of light as a function of wavelength after it has been re�ected o�, or transmitted

through, a material of interest. In short, di�use re�ectance spectroscopy (DRS) is

able to determine how a semiconducting material responds at each wavelength to a

light source of many wavelengths and thus to measure the optical band-gap[38, 39].

The wavelength (or energy) corresponding to the band-gap is denoted by a sharp

drop in the re�ectance at shorter wavelengths where strong absorption of the incident

light occurs (see Figure 3.8). To perform DRS, optical spectrometers take advantage

of the wave nature of light by splitting the detected light into many wavelengths

using a di�raction grating to create a spectrum that is indicative of the material's

response. When one compares this re�ectance spectrum to that of the incident light,
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Figure 3.8:
Here a re�ectance spectrum for wurtzite sample WPI91A is depicted.
This illustrates the absorption of photons whose energies exceed the op-
tical band gap of the ZSN thin �lm (∼ 1.3 eV in this case).

it is possible to discern fairly precisely (within about 0.1 eV) the location of the optical

band gap energy.

3.2.1 Di�use Re�ectance Spectroscopy

Di�use Re�ectance Spectroscopy, or DRS, provides a way to probe the optical

response of a thin �lm by di�usely re�ecting broadband light from the back surface

of the �lm. The light enters the front surface of the �lm and the di�usely scattered

light is transmitted through the �lm from the back surface. For a wave or particle to

be di�usely re�ected, it should be re�ected at an angle di�erent from which it was in-

cident upon the surface, that is, non-specularly. By characterizing the re�ected light,

one can gather information about the surface's absorptive and re�ective properties.

If a material re�ects perfectly di�usely, it is said to be Lambertian, meaning that the

re�ected light is re�ected in equal proportion in all directions on the same side of the
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Figure 3.9: A traditional di�use re�ectance schematic.

surface as the incident light. While much of a surface's re�ectivity has to do with

surface roughness, it should also be noted that just because a surface is well-polished

doesn't mean it will re�ect just like a mirror. Mirrors re�ect close to 100% of inci-

dent light, thus there is little or no di�use re�ection from them. However, consider a

polished gray slab of marble which provides a re�ection. In this case, the marble still

appears gray to you because some of the light is being di�usely re�ected. As shown

in Figure 3.9, di�use scattering occurs due to scattering that happens BELOW the

surface of the material. Incident light penetrates the surface and scatters o� of other

interfaces that lie beneath the polished (or unpolished) surface. The deeper the light

penetrates, the more di�usely it will be scattered, because there are more scattering

centers it will encounter upon its return to and out of the surface as a re�ected ray.

There are two important interfaces to take note of: the air-sample interface as well

as the sample-substrate interface. At both of these interfaces, some of the incident

photons get re�ected back toward the surface of the sample. Throughout the travel

time of the photons which make it all the way through the material to the back
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surface, there exists a chance that some of these photons will still be absorbed by the

material during their return path toward the sample surface. This is also depicted in

Figure 3.9.

3.2.2 A New Method: Waveguided Di�use Re�ectance Spectroscopy

Most samples of our very thin �lms (100 nm or less) showed only weak absorption

edges when measured via the traditional method, while others didn't show any. As

the experiment evolved, certain known issues began to surface as likely factors for the

low or complete lack of signal from the �lms. One of these early issues was that the

area of the beam spot was too large resulting in low incident light intensity. While

the original setup contained an optic �ber coupled to a �xed collimating lens, this

was soon modi�ed to instead include a microscope lens, which reduced the spot size

to roughly 1 mm in diameter. However this complicated the experiment since the

sample would now have to be situated at the proper focal length to avoid loss of

incident intensity due to beam divergence. This created the need for �ne control of

the sample placement, upon which the setup was further modi�ed to include a 3-axis

sample-mounting plate with thumbknob micro-adjusters. Due to the new small spot

size, it would be more di�cult to obtain good spatial coverage of the sample.

To achieve this coverage we devised a novel approach, which we refer to as Waveg-

uided Di�use Re�ectance Spectroscopy (or WDRS), that was speci�cally designed for

DRS measurements on extremely thin �lms (< 100 nm). By focusing a beam of broad-

band light into the sample at below the perceived critical angle, we could minimize

specular re�ections, while still acquiring multiple internal re�ections o� of the sample

surfaces for spectroscopic study with various spectrometers spanning the visible and

IR regions. Other minor adjustments were made to this new setup including: the

blackening of the mounting surface (for the sample) to reduce external scattering,

and the vertical placement of the detection �ber to minimize detection of stray light
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Figure 3.10: A waveguide di�use re�ectance schematic.

(see Figure 3.10).

The end result was that WDRS spectroscopy was demonstrated, but it is still

di�cult to setup in a controlled environment, due to various issues including very

small sample thickness (<100 nm), Fabry-Perot e�ects, etc. However, the bene�ts

to this technique are as follows: it makes band edge measurements possible at low

spectral re�ectivity, it provides greater probabilty of photon absorption than at higher

incident angles, it creates much longer path lengths for photons within the plane of

the �lm, and overall it improves contrast above and below the optical band gap. To

summarize, Waveguided DRS is based on the premise of utilizing the two surfaces of

the �lm as a waveguide so that multple points of glancing angle internal re�ection are

created so that the path length for absorption is maximized compared to the normal

single-pass geometry of DRS.
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3.2.3 Photoluminescence

Photoluminescence spectroscopy is the study of a material's emissive properties

upon exposure to light. When some types of material, for example semiconductors,

absorb light, the incident photons can cause electron transitions from lower-energy

states to higher-energy states within the material if the photons have su�cient en-

ergy. It is not, however, energetically favorable for the electron to stay in this new

state, and so it quickly (within femtoseconds) transitions down to some lower-energy

state. When electron-hole recombination occurs a photon may be emitted, and we say

that the material luminesces. This phenomenon is commonly used in spectroscopy to

probe either the band edge of or defect states within the gap of semiconducting ma-

terials. In a basic photoluminescence spectroscopy experiment there are three major

components: the light source, the sample of interest, and the detector. Photolumi-

nescence is a photonic pump-probe experiment, which means that the photons are

used as the energy source to cause some type of perturbation, or change, within the

sample. Quantum mechanically, photoluminescence (or PL), is a 3-step process that

requires the absorption of photons by a material's valence band electrons, the conse-

quent excitation of those valence band electrons into the conduction band, and the

subsequent spontaneous emission of new photons as a result of the conduction band

electrons relaxing back down to the valence band or some other lower-energy state.

Fermi's Golden Rule which governs the transition rates states that

2π

~
| < f ∗|Ĥ ′|i > |2δ(Ef − Ei − E), (3.3)

where Ĥ ′ is given by the Hamiltonian of the electric �eld of the incident photons,

i and f are the initial and �nal states, respectively, and E is the amount of energy

absorbed from the incident photon by the valence band electron. The occupation

probablilities for the initial and �nal states ff (E) and fi(E) are given by the Fermi-
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Dirac distribution function which represents the probability that an electron exists

in a given energy state. This perturbation causes the light to be re�ected with a

"new signature" as compared to its spectrum prior to sample interaction. In a linear

process, the incident photon energy must be greater than the transition energy that

one is probing. The PL light is incident on a photodetector, digitized, and then

usually read out by a computer for spectral analysis. While this is a more generalized

explanation of a photoluminescence setup, the details on the speci�c setup employed

for this project will be spelled out later, in Section 4.2.3.

Thermalisation is the process by which one object interacts with another, bring-

ing it to thermal equilibrium with its environment upon said interaction. In this case

photon energy is converted into thermal vibrations (phonon energy) and may cause

unintended recombination of electrons and holes. This counteracts radiative recombi-

nation by increasing the density of states between the valence and conduction bands,

called �intermediate states,� allowing for faster inter-band transitions. These types

of transitions usually do not emit photons and are known as non-radiative recombi-

nation. By performing measurements at extremely low temperatures, thermalisation

can be circumvented, prolonging the lifetime of electrons in the conduction band and

increasing the probablility that they will radiatively recombine with holes.

3.2.4 Quantum Con�nement

In addition to the study of single-layer ZSN thin �lms, ZSN quantum wells (QW),

the �rst of their kind, were examined using photoluminescence. The nature of quan-

tum con�nement can be best understood by the well-known particle-in-a-box model.

In it we consider a free particle oscillating back and forth while trapped in between

two impenetrable walls of in�nite height. These walls represent the potential energy

barrier faced by particle, with the well portion having zero potential energy, V(x) =

0, and being of total width x = L. The wavefunction of this particle con�ned within
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the well can be found by solving (for simplicity) the time-independent Schroedinger

equation for the system given by:

−~2

2m

d2ψ

dx2
= Eψ, (3.4)

where ~ is Planck's constant, m is the particle e�ective mass, and E is the energy (or

eigenenergy) associated with a given wavefunction (or eigenstate), ψ. The solutions

to this equation, a mixture of sines and cosines,

ψ(x) = Asinkx+Bcoskx, (3.5)

where A and B are constants, impose a strict set of boundary conditions on the

eigenenergies. Speci�cally, since ψ = 0 at the edges of the in�nite well, the value k

must take on integer multiples of π/L,

kn =
nπ

L
, n = 1, 2, 3, ... (3.6)

so that the allowed eigenenergies become

En =
n2π2~2

2mL2
. (3.7)

In the real world, quantum wells do not have in�nite potential barriers, but the

results of this modi�cation do not change the simplicity of the numerical analysis.

These energies still correspond to the allowed transitions between the ground state

(n = 0) and the excited states (n > 0). As such, we have used this simple model

in Section 4.2.4 to predict the expected transistion energies for ZSN QWs of various

widths grown via MBE.
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3.3 Electrical Measurements: Hall E�ect

Characterizing the degree to which a conducting material is able to transport

charge is essential to gaining a better understanding of the the type and magnitude

of the band-gap, the charge carriers, and their mobility. Thus the beauty of the

Hall e�ect, which was discovered by Edwin Hall in 1879, is the simplicity with which

charge transport may be observed in the lab when compared to the diverse infor-

mation that the method provides. The Hall e�ect occurs when a moving charge is

de�ected transversely toward one edge of a conducting (or semiconducting) material

by a uniform magnetic �eld applied at normal incidence to the surface of the material.

A depiction is given in Figure 3.11. The relation between this �eld and the resultant

force experienced by the charge is given by the equation:

F̂m = q(v̂d × B̂) (3.8)

This is known as the Lorentz force, where q is the charge in motion, v̂d is the drift

velocity of the moving charge, and B̂ is the applied magnetic �eld. As the number of

de�ected charges accumulates on that edge, a transverse electric �eld, Ê, is created

due to the imbalance of charge on the opposing edge of the conductor. This new

electric �eld applies a second force, F̂e, on the moving charges which opposes the

force induced by the uniform magnetic �eld, until an equilibrium between the two is

reached. The transverse voltage observed upon reaching equilibrium is known as the

Hall voltage, VH , and is given by:

VH = Etrans(w), (3.9)

where w is the width of the �lm or the separation of the transverse electrodes used to

collect the magnetically de�ected charges. This voltage was obtained empirically and
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Figure 3.11: A depiction of the Hall E�ect[32].

its sign reveals whether the moving charges are electrons or holes. In semiconduc-

tors, there are two possible types of charge carriers: electrons and holes, which are

negatively and positively charged, respectively. Holes are the vacancies left behind,

for example, when an electron transitions from the valence band to the conduction

band. Taking this analysis a step further, the concentration of these carriers, n, can

be extracted using the relation:

n =
IB

VHde
. (3.10)

Here I is the magnitude of the current, B is the magnitude of the magnetic �eld, d

is the �lm thickness, and e is the carrier charge. If the carrier density in a material

is above a certain threshold, the energy di�erence between those individual carrier

states becomes such that one state is energetically indistiguishable from the next,

thus degenerate. This happens when the carrier density is greater than roughly 1020

cm−3. Given the carrier concentration, one can also calculate the mobility using:

µ =
1

neρ
, (3.11)
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where ρ is the resistivity of the material. For photovoltaics, the mobility is one of the

most important attributes of a semiconductor, since it is a measure of how quickly

free charges are able to drift through the material and be collected by the contacts.

As such, one can also express the mobility in terms of the velocity vd by which those

carriers are transported by the electric �eld E between the contact and the material

(Equation 3.12).

µ =
vd
E
, (3.12)

This so-called �drift velocity� has an important bearing on the mean free path of the

carriers, which is a measure of the average distance a free charge may travel before

being scattered. Around and above room temperatures, high-frequency phonon modes

(∼10−13 s−1) can be populated, which have large scattering cross-sections; thus, the

scattering events that occur are mostly dominated by electron-phonon interactions,

which reduce mobility[1]. This reduction is further ampli�ed by other contributions

like high carrier concentrations and defect densities, which can lead to even shorter

mean free paths. Practically speaking, this means that aspirant materials need to have

some combination of low defect densities, low carrier concentrations, or long mean

free paths (in comparison to material thickness) to excel in photovoltaic applications.

In crystalline silicon, µ is around 1400 cm2/Vs, while in amorphous silicon mobilities

are observed as low as 0.01 cm2/Vs. For bulk materials, like crystalline silicon, a

short mean free path would be detrimental to e�cient charge collection, but in thin

�lms the impact may be tempered by the relatively short distance the charge needs

to travel; thus, for a thin-�lm material like ZSN, the mobility of the material in thin

�lm form is less critical than for bulk material.

The knowledge of these key electrical properties enables scientists to correlate

the real-world transistions that take place within the band structure to the synthesis
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parameters, providing unique insights to the material's viability as a component in

commercial devices. The results from our measurement of ZSN thin-�lms (discussed

in Section 4.3.1) fall between these values.

3.4 Cathodoluminescence

Cathodoluminescence (CL) is the excitation of optical luminescence by irradiation

with energetic electrons in the range (0.5 - 5 keV). In some respects CL can be consid-

ered to be complementary to the more commonly used photoluminescence technique

also used in our studies of ZSN thin-�lms (see Section 3.2.3). There are several key

di�erences, however; �rst, the electrons used for optical excitation are much more

energetic than the photon sources typically used for PL, which are commonly laser

beams with photon energies in the UV-Vis range of a few eV; this enables data to be

obtained over a wider range of photon energies than is typical in PL. Second, the high

intensity of the electron gun sources used for CL is typically a few microamps (µA)

focused in a beam that is only a few nanometers in diameter. This makes it possible

to probe samples with much higher spatial resolution than is possible with PL on

account of the ability to focus energetic electrons to spot sizes that are much smaller

than a di�raction limited optical focus (wavelength ∼ 1µm). While this provides a

brief overview of the concept of CL, the details of this experiment have been reserved

for Sections 4.4.1 and 4.4.2.
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CHAPTER IV

Results & Discussion

Here we detail the setup and results for each experiment conducted, as well as a

brief discussion of key results from each. Most of the results in this Chapter were sub-

mitted for publication and have now appeared in various journals. Speci�cally, band-

gap tuning and demonstration that ordering is correlated with size of band-gap[15],

growth of ZSN �lms and identi�cation of growth parameters[13], demonstration of

orthorhombic epitaxial �lms and structural con�rmation[12], and the correlation be-

tween band gap and heterovalent cation ordering[14].

4.1 Di�raction Experiments

4.1.1 RHEED Setup

The growth of all ZSN �lms were measured in situ with a 20 kV Staib Instruments

RHEED system at �lament current around 1.3 A (shown in Figure 4.1) in tandem

with a KSA 400 image acquisition and analysis package[13]. The kSA 400 (shown in

Figure 4.2) couples directly onto to the viewport of the growth chamber via a set of

screws. At the side of the kSA 400 is housed a CCD camera, which captures images of

the phosphor screen seen in the top half of the image. Although the screen �uoresces

green to the naked eye, the use of a monochrome CCD camera produces the black

65



Figure 4.1:
The 20 kV Staib Instruments RHEED gun is coupled to the growth cham-
ber directly across from the kSA 400.

and white images commonly seen in RHEED images. A black cloth is draped over

the entirety of the box to ensure the exclusion of stray light from the images.

Although the bulk of the RHEED images were taken in 1-30 second intervals

during the early stages of �lm growth to capture the creation of the �lm-substrate

interface, larger time intervals (10-30 minutes) were also used during the bulk of

the growth time to monitor the quality of the �lm as it developed in thickness.

This early-stage capture allowed for minor �on-the-�y� tweaks to be made to the

growth parameters, and in a worst case scenario, it informed the need to abort the

growth to conserve materials, in the event of a �bad,� polycrystalline �lm. Although

polycrystalline ZSN �lms have been purposefully synthesized and studied before[25],

the focus of the project was to produce and study �lms that were free of these crystal

domains; thus, growths that resulted in such �poly� �lms were not studied for the

purpose of this project.

4.1.2 RHEED Results & Discussion

The di�raction of high-energy electrons o� of a uniform crystal produces a speci�c

set of re�ections corresponding to the allowed scattering vectors in the reciprocal

lattice[21]. These streaks are known as �Bragg rods� and can be seen in on the sample
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Figure 4.2:
The kSA 400 houses a monochrome CCD camera which captures images
of the phosphor screen seen in the top half of the image.
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Figure 4.3:
RHEED image of a �lm (WPI86) with a mostly smooth surface. RMS
roughness ∼ 0.5 nm.

shown in Figure 4.3 as a result of constructive interference. This rod-like pattern is

a result of the uniformity of the crystal in the direction of growth (c-plane), i.e. a

smooth surface.

If there is non-uniformity in the growth direction, these rods instead become

broad spots as seen in Figure 4.4, indicating roughness on the surface caused due

to the nucleation of 3D crystallites on the substrate surface. This may occur if the

substrate temperatures are too low, resulting in limited surface migration of adatoms.

Fortunately, if this is caught early enough, this can be easily corrected by pausing the

growth and increasing the substrate temperature. This allows for more time for the

completion of an atomic surface layer rather than the formation of surface crystallites.

The intent of the project was to synthesize single-crystal thin-�lms, but occa-

sionally some polycrystalline �lms were unintentionally grown. This was particularly

the case closer to the start of the project before the proper growth parameters were

established. During that time, the growth rate was slower; thus, the majority of

the RHEED data was acquired toward the conclusion of the growth rather than its
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Figure 4.4: RHEED image of a �lm (WPI85) with a non-uniform surface.

Figure 4.5: An example of a polycrystalline RHEED pattern created by GaN.[40]
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Figure 4.6:
Here a polycrystalline structure is shown with randomly oriented crystal
domains(red dotted lines). The green arrows denote the growth direction
while the curved red arrows delineate the random crystal orientation per
domain. Created by Xiang et al. [41].

beginning. This sometimes resulted in so-called �undesirable� �lms which displayed

circular interference patterns on the RHEED images similar to that displayed by

polycrystalline GaN in Figure 4.5.[40] This curvature denotes a directional invariance

(or isotropy) of the �lm orientation on the di�raction pattern�a telltale sign of a

polycrystalline �lm, in which a crystal is broken up by various domains of random

orientations as is well-depicted by Xiang et al. [41] in Figure 4.6. After some re�ne-

ment of the methodology and the growth rate, more detailed attention was given to

the beginning of the growth so that it could be optimized to produce single-crystal

thin-�lms of either the wurtzite or orthorhombic structure.

The most notable di�erence between these two structures is the size of the unit

cell. As explained in Section 2.1, in a ZSN wurtzite crystal (see Figure 2.1) any given

site on the cation sublattice may be occupied by either a Zn or Sn atom with equal

probability (see Figure 4.7) [13]. A typical RHEED pattern acquired from such a �lm

displays Bragg rods evenly spaced by an amount that corresponds to the reciprocal of

the lattice spacing taken up by the unit cell. This can be clearly seen in Figure 4.9a.

In the orthorhombic state, however, cations are assigned to speci�c sites on the
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Figure 4.7:
The wurtzite unit cell is depicted. Cation sublattice sites are populated
randomly by either a Zn or Sn atom (shown in red and blue)[13]. Image
provided courtesy of Robert Makin, PhD.

Figure 4.8:
The orthorhombic unit cell is depicted, showing Zn and Sn atom site
delegations[13]. Image provided courtesy of Robert Makin, PhD.

71



Figure 4.9:
Shown are two RHEED images of ZSN �lms. a) This RHEED pattern
clearly shows the three pertinent Bragg rods which indicate the wurtzite
structure. To the right, b) an orthorhombic pattern is shown, noted by the
secondary streaks visible between the three primaries. These are pointed
out by the red arrows and are indicative a doubling of the unit cell. (See
Figure 2.1 earlier in the thesis which shows the doubling.)

cation sublattice in an ordered fashion, which doubles the lattice spacing along the

orthorhombic a-axis (see Figure 4.8). In Figure 4.9b the red arrows mark the locations

of the half-order streaks that are expected to appear in orthorhombic samples. These

secondary di�raction peaks manifest due to a doubling of the unit cell spacing along

the a-axis in real-space; since the RHEED depicts the reciprocal space of the structure,

the distance between streaks is, as a result, halved.

Using a combination of the ImageJ software and the kSA 400 analysis package, a

linescan can be taken across the RHEED image and the pixel brightness across said

line could be plotted with the binned pixel location to produce a graphical represen-

tation of the RHEED intensity (see Figure 4.10). This was useful for determining

the crystallinity of the �lms, as half-order peaks will manifest for orthorhombic �lms

(see Figure 4.11), and also for estimating growth rates, in terms of the number of

layers present. The latter could be achieved by plotting the pixel brightness from a

series of RHEED images with time over the course of roughly 30 seconds of growth.
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Figure 4.10:
A linescan across the RHEED image (left) of sample WPI146 and the
corresponding plot of pixel brightness intensity (right).

Figure 4.11:
A linescan across the RHEED image (inset) of an orthorhombic �lm
and the corresponding plot of pixel intensity (main)[13]. The half-order
streaks can be clearly seen at 125 and 225 pixel positions (horizontal
axis).
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As the atomic layers complete, the brightness of the di�raction pattern maximizes

before again approaching some minimum intensity. These oscillations occur for every

layer but are most clearly seen near the start of growth, hence the bulk of the images

are captured within the �rst 10-15 minutes of growth.

Since all samples were monitored in situ with RHEED, later experiments like XRD

could be used to con�rm RHEED �ndings and to provide a more complete analysis

and understanding of the nature of ZSN thin �lms.

4.1.3 XRD Setup

Beam lines 13-BM-C, 33-ID-D and 33-BM-C were used to conduct XRD exper-

iments at the APS. XRD experiments were performed with synchrotron radiation

at the Advanced Photon Source on several �lms, and respective unit-cell re�nement

measurements were made �by �tting over twenty �lm re�ections using Bragg peak

positions obtained from Kappa di�ractometer angle calculations�[12]. For each ex-

periment, a 15 keV beam of monochromatic X-rays was used, which was optimized to

be 270 µm x 30 µm in the horizontal and vertical directions, respectively, to probe the

structure of the �lms and to con�rm the structural �ndings from RHEED, particularly

the doubling of the unit cell associated with the orthorhombic phase.

4.1.4 XRD Results & Discussion

Since ZSN has 3-fold symmetry, the high-order Bragg peaks from the �lm were

used as waypoints to map the 3-dimensional reciprocal space (3D RSM's) of the

crystal. This was achieved by using a PILATUS 100K area detector to measure the

intensity distribution around said peaks by scanning along the L-direction to create

a series of 2-D reciprocal space slices. These slices were then stacked vertically to

render the 3D RSM's of which Figures 4.12 and 4.13 are 2D projections.
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Figure 4.12: Pole �gure of the (102), (112), (012) peaks of a wurtzite �lm[12].

Figure 4.13: Pole �gure of the (102), (112), (012) peaks of an orthorhombic �lm[12].
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4.2 Spectroscopy Experiments

4.2.1 DRS Setup

Di�use re�ectance spectroscopy allows the indirect probing of a material's absorp-

tive properties by measuring its re�ectivity. For part of this experiment, broadband

light was sourced from a Quartz Tungsten Halogen QTH lamp through �ber optics

and focused down to a collimated beam (1 millimeter in spot size via a microscope

lens in WDRS mode only) and fed through low-OH optic �bers into a beam collima-

tor. Di�use re�ection (o�-specular angle) of the sample was then detected using a

capture lens coupled to an IR-range BandiT spectrometer equipped with an InGaAs

sensor via another optic �ber, as depicted in Figure 4.14. With this detection setup,

measurements could be made within the wavelength range 875-1400 nm, however due

to the small size of the samples and beam divergence, this setup was very di�cult to

align.

Initial objectives for this step were two-fold: 1) quickly determine whether or not

a higher wavelength range was needed, and 2) detect with some level of certainty any

features that that exist toward the longer wavelength range of the visible spectrum.

This allowed the need for multiple spectrometers to be minimized, using only one

set of optics (low-OH optic �bers, a gold-coated interior of the light source and the

InGaAs spectrometer sensor). To go higher in energy (lower in wavelength), it is

necessary to swap these components out for others that were more conducive to

transmitting visible light (low-OH �bers, some other coating for the source bulb,

and a silicon sensor in the spectrometer). Measurements performed in the visible

range were made using a similar band-edge spectrometer, but which employs a silicon

sensor and a cooler �tted with a thermo-couple temperature sensor instead of the

InGaAs sensor. This particular spectrometer's lamp source controller runs hotter

due to the higher energies used, thus it needs a cooler to stabilize its temperature and
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Figure 4.14:
A traditional di�use re�ectance setup. All DRS/WDRS measurements
were made with equipment provided by k-Space Associates.
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Figure 4.15:
A modi�ed version of the di�use re�ectance setup, instead utilizing the
�ilm as a waveguide. The beam from the source is visible crossing the
surface of the sample. All DRS/WDRS measurements were made with
equipment provided by k-Space Associates.

the temperature of the nearby sensor. A lack of proper cooling for this sensor would

result in signi�cantly higher noise levels due to thermal excitations within the device.

4.2.2 DRS Results & Discussion

In the interest of achieving measurements with low noise, there are a few important

steps to take when using the grazing incidence method described above. Firstly, it is

important that the measurements are taken in as dark an environment as possible.

This will reduce noise levels due to other sources of radiation entering the �ber, which

is directly coupled to the spectrometer such as, but not limited to: ceiling lights, the

monitor light from the computer used to take the measurement, and also sunlight.

If not properly suppressed, these sources may add unwanted curvatures and noise to

the spectrum. This is particularly important because of the integration time needed

to acquire the signal. The integration time is cognate to the shutter speed of a DSLR
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Figure 4.16: Re�ectance intensity shown for the annealed wurtzite �lm P69D.

camera. For a camera, the longer the shutter is open, the more light is allowed to

reach the sensor and create the image. In spectroscopy, the longer the integration

time, the more light is allowed to reach the sensor and be used to create the spectrum

for that given time frame. For example, with an integration time of 500 milliseconds,

500 milliseconds worth of light data will be aggregated by the sensor and used to

create the corresponding spectrum. There are bene�ts and caveats to utilizing a long

integration time, however. With longer integration times, less measurements are able

to be performed within a given time period, but the bene�t is that the signal to noise

ratio can usually be increased by at least a factor of two.

Although most preliminary re�ectance measurements using the traditional setup

proved to be largely uninsightful, due to low signal and high noise issues. The only

exception to this was a single sample pulled from previous work. As a part of an

investigation into whether or not the orthorhombic structure could be achieved post-

growth on a wurtzite structure, the �lm had been annealed.This sample had been

grown on an LiGa2O3 (LGO) substrate, as opposed to the YSZ used mostly for this
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Figure 4.17:
Re�ectance intensity shown for an orthorhombic �lm WPI88C. Measure-
ments performed using our new waveguided di�use re�ectance technique.
Note the very clean absorption edge detemination.

project, but like the rest of the samples, it was grown via plasma-assisted MBE using

the same system. In-situ RHEED measurements and ex-situ XRD measurements

con�rmed the wurtzite structure in the �lm. After it was annealed, however, further

investigation found that the sample's crystal structure had been altered from wurtzite

to orthorhombic. Optical probing of this sample using traditional DRS methodology

indeed showed an absorption edge similar to that which would be expected from an

orthorhombic �lm. A linear extrapolation to the x-axis from the point of in�ection,

shown in Figure 4.16 suggests a band gap of approximately 1.85 eV +/- 0.01 eV, which

is consistent with theoretical values previously suggested[18, 23]. This was the �rst

ever measurement on an orthorhombic sample that had been produced by annealing

a sample originally grown in the wurtzite phase.

Waveguided di�use re�ectance measurements of orthorhombic samples, see Fig-

ure 4.17, suggest and band gap of roughly 1.95 eV, while wurtzite sample measure-

ments suggest a band gap closer to 1.2 eV, as shown in Figure 4.18. These values
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Figure 4.18: Re�ectance intensity shown for a wurtzite �lm WPI91A.

are consistent with theoretical data band gap predictions put forth by Feldberg[18]

and Punya[23] in 2013, and with experimental evidence found by Quayle et al. [42] in

2015, although the samples measured in that study were polycrystalline. The band

gaps were estimated by taking a linear extrapolation from the point of in�ection[24].

A side-by-side comparison of the two samples reveals a blueshift of the orthorhom-

bic band edge by roughly 0.5 eV as compared to the wurtzite band edge, as seen in

Figure 4.19.

Accurate quanti�cation of the increase in signal-to-noise ratio achievable by using

WDRS over a traditional DRS setup has proven di�cult to obtain. This proceeds from

a number inconsistencies that are currently inherent to the measurement procedure

on the part of the sample as well as on the part of the setup. Here are outlined

a few aspects of the experiment that have proven extremely di�cult to replicate.

These variables appear to contribute signi�cantly to the overall S/N ratio. Fine

control of at least a few of these variables must be prioritized in the future to explore

the true capabilities of this novel �Waveguide DRS� method. With regards to the
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Figure 4.19:
Waveguided di�use re�ectance intensity shown for wurtzite (red curve)
and orthorhombic (blue curve) �lms WPI91A and WPI88C, respectively.

sample, the exact positioning varies according to size and shape. Samples were on

average 5x5mm2, which was su�ciently small for the most recently realized setup to

maintain consistency; however, this size generally makes the handling and adjustment

of the sample positioning more di�cult. With regards to the setup, a lack of needed

components severely restricted variability of the angle of incidence. To complicate

matters, the angle of the cleavage along the sample edge dramatically a�ects the

amount of light able to enter the substrate and exit through the surface. Additionally,

the optimal angle of di�use re�ectance capture largely varies from �lm to �lm.This

is a direct result of the changing angle of incidence needed, based on the substrate

cleavage and �lm thickness.

The overall conclusion is that despite the inconsistencies of the measurement,

improvements to the S/N ratio can be seen by using this WDRS method over the

traditional DRS method. This experiment serves as a proof-of-principle investigation

of this method.
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Figure 4.20:
Setup used for all PL experiments, schematically depicting all optical
components. This facility is located in Professor Vanessa Sih's Lab.

4.2.3 PL Setup

For the focus of this project two light sources were used, a 633 nm (red) continuous

wave (CW) HeNe laser and a 532 nm (green) diode laser, which were situated at

normal-incidence to ensure consistent photon �ux exposure between samples. The

samples studied in this experiment were ZSN thin �lms of typical thicknesses (∼100

nm) grown on a square centimeter (111) YSZ substrate (which was subsequently

divided into 4 smaller samples). The detector was a liquid nitrogen-cooled charged-

coupled device (CCD) array spectrometer (Supplier: CVI). During experiments using

the 532 nm laser, a 550 nm and a 600 nm longpass �lter were used to attenuate

the signal from the laser. Experiments conducted with the 633 nm laser, however,

utilized a 650 nm longpass �lter so as to minimize signal input directly from the laser.

The initial experiment was conducted between 10 K and 30 K, but most subsequent

experiments were conducted below 10 K to minimize the likelihood of thermal noise.

To employ this technique, samples were mounted onto a cold�nger inside of an

evacuated cryostat �tted with a glass window (roughly 2.5-3 inches in diameter).
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Pressures as low as 10−7 Torr were used to seal the cryostat while preventing the

sample environment from building up condensation at extremely low temperatures.

Appropriate optics and �lters were implemented along the beam path which ends at

a variable-grating spectrometer, with an 80nm blazing, that is coupled to a liquid-

nitrogen cooled CCD camera (Figure 4.20). An external computer can be used for

both data acquisition and to change some of the properties of the experiment such

as the grating number and exposure time. All experiments were conducted in a dark

room and external light was suppressed as much as possible to prevent unwanted

signals. Once the optics and software-driven settings of the experiment have been set

up, PL measurements are generally simple to make�the di�culty lies in accurately

interpreting the data.

4.2.4 Photoluminescence Studies

This section presents the �rst attempts to obtain PL data on MBE-grown sam-

ples of ZSN. We met several challenges, not all of which are fully resolved, but we

were able to obtain some interesting results which are useful to compare with other

optical techniques presented in this Chapter. The measurements were performed in

the laboratory of Prof. Vanessa Sih. Facilities were available for variable temper-

ature cryogenic measurements down to T = 10K. This was important to overcome

the e�ects of thermal excitation, which as we shall see can signi�cantly degrade the

photoluminescence spectrum. Several di�erent types of light source were available

for PL, including a He-Ne laser (633 nm; 1.96 eV), a green diode laser (532 nm; 2.33

eV), and a blue diode laser giving 350 nm, or 3.54 eV. It is important to choose a

light source with su�cient photon energy to enable valence to conduction band tran-

sitions in order to detect the radiative recombination of electrons and holes which

will provide information about the optical band gap.

The range of band gaps of interest for ZSN spans roughly 1-2 eV, depending on the
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Figure 4.21:
PL spectrum of orthorhombic thin �lm of ZSN (sample P61) measured
at three di�erent temperatures between 10K and 30K. The sample was
grown by MBE on an LGO substrate. The sharp peak at 633 nm is a
remnant of the He-Ne laser source. No signi�cant optical emission from
the sample was observed at this excitation wavelength.

degree of cation ordering, therefore He-Ne is marginal for the samples at the upper

end of this range. This is illustrated in Figure 4.21 which shows the PL spectrum of

sample P61F, a ∼100 nm thick ZSN �lm grown in the orthorhombic phase. As the

excitation source, the He-Ne laser was very close to the expected band gap energy of

orthorhombic ZSN, so we switched to a shorter wavelength, 350 nm (3.54 eV). Fig-

ure 4.22 shows the PL spectrum for the same orthorhombic sample (P61) measured at

T= 10K with the more energetic photons of the 350 nm excitation source. We observe

a broad peak at approximately 660 nm (1.87 eV), towards the limit of the spectral

range of this spectrometer. This is consistent with the expected optical band gap

of the orthorhombic (cation ordered) samples of ZSN, as determined by band-edge

absorption measurements presented in Section 4.2.2, and later con�rmed by cathodo-

85



Figure 4.22:
PL spectrum measured at T= 10K, for sample P61, the same sample
as for the data shown in Figure 4.21, except using a 350 nm excitation
source. In addition to the PL peak of interest at ∼660 nm, there are a
number of sharp, but low intensity, lines associated with the excitation
source.

luminescence (CL) techniques reported later in this Chapter (see Section 4.4.2).

4.2.4.1 PL Studies of quantum well structures

We turn now to the interesting possibility of observing optical emission from a

quantum well structure constructed entirely of ZnSnN2, with barrier layers formed

from the orthorhombic phase (Eg ∼ 2 eV) and the well layer composed of the wurtzite

phase (Eg ∼ 1 eV). We were encouraged to try to fabricate such a sample by the high

quality of the �lm-substrate interfaces made possible by MBE growth. An example

demonstrating the atomic abruptness of the epitaxy of ZSN on YSZ substrates is

shown in the high-resolution TEM micrograph Figure 4.23 kindly obtained by Dr.

Kai Sun in the Michigan Center for Materials Characterization (MC2).
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Figure 4.23:
High-resolution Transmission Electron Micrograph of atomically sharp
interface between the YSZ substrate and ZSN �lm. Image obtained by
Dr. Kai Sun, University of Michigan (MC2).

Figure 4.24:
Schematic of an order-disorder quantum well, with barrier and well layers
composed entirely of ZnSnN2. The QW samples are grown by MBE
on a YSZ (111) substrate, with 40 Å ZSN bu�er and capping layers
predominantly in the wurzite phase and 35 Å-thick orthorhombic ZSN
barrier layers. The degree of cation ordering for each layer is indicated
by an order parameter, S, determined by RHEED.

The possibility to fabricate a quantum well in this way is an interesting devel-

opment and while a slightly di�erent approach has been explored for GaInP2 by

Mukherjee et al. [43], who instead focused on non-isocompositional heterostructures,
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Figure 4.25:
n=1 to ground state transition energies for con�ned QW states predicted
by a particle-in-a-box model for the di�erent well-widths of our samples.
The target widths for our samples are shown as red dots.

we explored the fabrication of quantum wells formed by a modulation of the ordering

of the cations in all layers of otherwise identical chemical composition. A schematic

of the structure is shown in Figure 4.24. We mounted three di�erent QW samples on

the cold �nger of an optical cryostat and performed PL spectroscopy on them using

a green (532 nm) laser diode source for optical excitation. The three samples had

di�erent well widths as follows: sample WPI 144, 30Å; WPI 145, 8Å; and WPI 146,

50Å. Using a particle-in-a-box model, as described in Section 3.2.4, we expect to see

PL at the energies shown in Figure 4.25, as a function of well width.

The optical emission spectrum obtained from all three QW samples is shown in

Figure 4.26 (plotted as a function of wavelength) and in Figure 4.27 (the same data

plotted as a function of energy). A green (532 nm) diode laser excitation source was

employed for these measurements. We note from these data that the positions of the

emission lines fall in a range (1.3 -1.4 eV), close to what is predicted for the particle-in-

a-box simulation shown in Figure 4.25. However, the spectrum is more complex than

what one would expect for a QW with a single well. We believe this could be because

88



Figure 4.26:
PL spectra of the three ZSN quantum well samples in the IR range, 775
nm to 1000 nm, measured at 10K. All three have identical barrier layers
40 Å thick of orthorhombic ZSN (band-gap ∼ 2 eV) and a quantum well
layer made of wurtzite ZSN (band gap ∼ 1 eV). WPI 144 has a well width
of 30Å, WPI 145 8Å and WPI 146 50Å. The group of peaks between 875
nm and 975 nm are supposedly from transitions between quantum well
states. The sharp peak at 805 nm is from unknown origin, having been
con�rmed to exist in data taken by others in the Sih Group.

the additional bu�er and capping layers also act as con�ning wells for the electron

eigenstates; they have similar widths (∼40 Å) and therefore may dominate the PL

spectrum. This might be the reason why the emission wavelengths are so similar for

the di�erent samples, even though the nominal well widths are di�erent. Also, the

precision to which layer thicknesses can be controlled is uncertain at the present time.
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Figure 4.27:
PL spectra as in Figure 4.26, plotted as a function of energy, for the
three QW samples. The laser excitation wavelength was 532 nm (2.33
eV). The peak at ∼ 1.55 eV is an artifact of unknown origin, having been
con�rmed to exist in separate data taken by others in the Sih Group.

We should also caution that these are the �rst measurements of their kind on the �rst

three samples we have grown. While the PL measurements on these prototype QW

structures are very promising, it will be necessary to grow additional samples, perhaps

with a simpler layer structure, and perform more systematic measurements on them

to verify that indeed the observed emission is originating from con�ned QW states.

We also explored whether the PL spectrum had the expected reduction in intensity

and peak broadening that is expected as a function of temperature. Figure 4.28
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Figure 4.28:
PL spectra of one sample (WPI 146). Temperature was varied between
T = 10K and 290K (approximately room temp.). The 600 G/nm setting
was used to view a more narrow range with higher resolution.

illustrates that the spectrum does indeed improve signi�cantly in quality between T

= 290K and 10K.

4.3 Electrical Experiments

4.3.1 Hall E�ect Setup

To prepare the samples for electrical measurements, four indium-tin (50-50 by

% wt.) contacts, separated by ∼5 mm, were soldered onto the sample in the van

der Pauw con�guration, as shown in Figure 4.29, using a �ne-tipped soldering iron

to minimize the size of the contact[45]. Samples were then mounted onto a blank,
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Figure 4.29:
The placement of the contacts shown in b)was primarily in this exper-
iment and is a generally accepted con�guration for producing reliable
Hall measurements on shapes which are less suitable for measurements
using a traditional Hall bridge or the preferred �cloverleaf�con�guration
depicted in a). In a few cases, contact placement closer to that depicted
in c) was used for reasons explained[44].

16-pin circuit board connector with vacuum grease to ensure that it would not fall

or move during the experiment. Contacts were alloyed in forming gas at 350oC for

60 seconds, and afterward, thin copper leads were applied to the sample by �rst

soldering the leads to the contacts, then extending those leads out to the four corner

connector pins (e.g. 1,8,9, & 16). A picture of a typical sample mount can be seen in

Figure 4.30.

The Hall measurement setup (shown in Figure 4.31) was prepared by the Goldman

Group in their lab on North Campus and consisted of two permanent magnets, a

vertically-oriented sample holder, a Keithley current source, and a Hewlett-Packard

voltmeter. The magnetic �eld itself, which was measured to be 1200 Gauss (0.12

T) using a Lakeshore 410 Gaussmeter and Transverse Probe, provided a uniform

magnetic �eld at the center point between the two plates and penetrated normally to

the surface of the �lm. The orientation of the magnetic �eld was reversible providing

180o rotations so that either a negative or a positive �eld could be applied to the
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Figure 4.30:
A picture of one of the samples mounted onto a 16-pin connector. Copper
leads can be seen extending to the four corner pins.

sample. Resistivity measurements were made �rst in the absence of a magnetic �eld

by sliding the magnets along the rails away from the sample holder (see Figure 4.31)

.

An electric �eld was produced between two contacts by the Keithley current

source, while the voltage was measured across the other two contact points using

a Hewlett-Packard voltmeter. The electric �eld polarity and direction were alterable

by utilizing a combination of the source and the �control box� (shown above the volt-

meter in Figure 4.32) which was equipped with banana connectors that were wired to

each of the four corner pins on the sample holder. All measurements were conducted

at room temperature.
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Figure 4.31:
Resistivity measurements were carried out without the presence of a
magnetic �eld (main), while Hall measurements were conducted with
the magnetic �eld applied(inset).

4.3.2 Hall E�ect Results & Discussion

Accurate placement of contacts on the corners of a square sample, in accordance

with the preferred and accepted con�gurations(see Figure 4.29), was not always pos-

sible due to the inconsistency of the shapes of some of these samples. In some extreme

cases the sample had less than four, well-separated corners, in which case contacts

were placed closer to the middle of an edge so as to avoid placing two contacts too

near to each other. In other cases, samples inherited scratches from the diamond

scribe used to break the original die into multiple samples; thus, contacts were placed

so that a current could still pass uninhibited by a break in the �lm. To compensate

for these types of irregularities in the sample shapes, the magnetic �eld was reversed

in orientation, in addition to the applied current. This provided parity in the mea-

surement, so that the four slightly di�erent observed voltages could be averaged to

obtain the true Hall voltage. While other minor steps were taken to reduce variance
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in the measurements (e.g. using the same solder tip, etc.), a signi�cant amount of

time was spent monitoring and reducing the amount of noise in the experiment.

Measurements were made by applying a current across one direction and measur-

ing the voltage across the other. During low voltage measurements (in the µV range),

thermal �uctuations may signi�cantly impact the readings if the proper current is not

chosen. A current of 1.5 mA was used for the majority of the samples, which was

su�cient to avoid �uctuations in the voltage readings due to temperature-induced

noise. For con�rmation, a comparison test of voltage �uctuations was made between

two applied currents of 1 mA and 1 µA, the results of which are shown in Figure 4.33.

Figure 4.32:
Shown are the Keithley current source (at bottom), the Hewlett-Packard
voltmeter (middle) and the �control box,� (at top) which was used to
change the orientation of the current relative to the sample contacts.
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Figure 4.33:
Voltages in the main plot were measured with an applied current of 1 µA,
while the top-most inset shows voltages achieved with an applied current
of 1 mA. The lower inset shows that the percent reduction in noise-level
from using a 1 mA current is roughly three orders of magnitude (10−3).

Voltages were measured in 10-second intervals up to 180 seconds. The results show

that one can obtain three orders of magnitude in the signal-to-noise ratio by using

mA-level currents, as opposed to µA, thus it can be deduced from this test that cur-

rents near and above 1 mA are su�cient for noise suppression in voltage readings. For

con�dence sake, most of the sample measurements were made above 1 mA. All sam-

ples were not well suited for electrical measurements. Many of the early samples were

too small to reliably put down contacts by hand without risking signi�cant coverage

of the �lm by solder. To that end, choice samples were selected for measurement.

Table 4.1 shows the carrier concentrations and mobilities of measured samples , many

of which were 85nm in thickness. All measured samples were observed to have high

carrier concentrations, with most having on the order of 1021 cm−3, while mobilities

were measured to be as high as 32.5 cm2/Vs. It is likely that the high carrier con-
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Sample (o/w) Carrier Concentration (cm−3) Mobility (cm2/Vs)

WPI90C (w) 1.12x1021 10.91
WPI91A (w) 3.37x1020 12.70
WPI93B (w) 8.65x1020 10.26
WPI94B (w) 6.30x1020 11.51
WPI95B (o) 1.01x1021 1.27
WPI98D (w) 1.20x1021 12.46
WPI99D (w) 1.36x1021 10.08
WPI144D (w) 2.08x1021 13.45
WPI145D (w) 2.02x1021 13.52
WPI146C (w) 5.31x1020 32.50

Table 4.1:
These are the measured values for the carrier concentration and mobility
of several samples. Here �o/w� represents whether RHEED measurements
revealed an orthorhombic or wurtzite structure. All measured �lms were
85 nm in thickness with the exception of 144, 145, & 146 (179 nm, 158
nm, & 200 nm, respectively).

centrations observed here signi�cantly increase the scattering cross-section of carriers

due to the Coulmbic forces between the electrons[1]. Though it was not a focus of

this work, it can be presumed that mobility enhancements in semiconductors can be

achieved by doping the �lm with impurity ions, as was explored theoretically in 1996

by Kikegawa and Furuya [46].

An important note to highlight in Table 4.1 are the values observed for sample

WPI95B, which was the only measured orthorhombic sample. Signi�cantly higher

(10x) resistivity was observed for this sample even though measurements were made

using a 1 mA current versus the 1.5 mA used for the other thin-�lm samples. Unfor-

tunately, some physical degradation of this sample was observed through an optical

microscope picture (see Figure 4.34). This could explain the order of magnitude

increase in resistivity seen between this sample and all the others.
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Figure 4.34:
(WPI95B) The dark spots surrounding the contacts appeared just after
the contacts were alloyed, implying that the temperature used to alloy
the contacts was too high for the orthorhombic �lm, although no wurtzite
samples showed any signs of degradation at that same temperature.
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4.4 Cathodoluminescence Studies

4.4.1 CL Setup

A schematic of the instrument used for cathodoluminescence studies (located in

the Michigan Center for Materials Characterization - (MC)2) is shown in Figure 4.35.

The CL spectrometer is integrated with a TESCAN RISE scanning electron mi-

croscope and therefore is capable of nanometer-scale resolution. This high spatial

resolution capability is therefore very useful for studying the optical emission charac-

teristics of nano-structures such as the thin �lms and quantum well (QW) structures

that are the focus of this dissertation project.

Figure 4.35:
Schematic of cathodoluminescence instrument integrated into the TES-
CAN Scanning Electron Microscope. The green dot representing the
focused SEM electron beam is approximately 2 nm in diameter. The
light generated by the electron stimulation is collected and analyzed by
a Gatan Mono CL4 spectrograph.

With the help of (MC)2 instrument specialist, Dr. Nancy Senabulya Muyanja,
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we obtained CL data on three ZSN samples: two single-layer thin �lms of the or-

thorhombic (cation ordered) phase (WPI 77 and WPI 79), and one quantum well

sample (WPI 146), consisting of a wurtzite con�ning well (50 Å thickness) sand-

wiched between two 35 Å thick barrier layers of the orthorhombic phase. We �rst

present the results for the single-layer samples. These spectra, together with the PL

data we described in Section 4.2.4, are the �rst optical emission data ever obtained

on the ordered orthorhombic phase of ZSN.

4.4.2 CL Results & Discussion

Figure 4.36 shows the CL optical emission spectrum from WPI 77, a 100 nm thick

ZnSnN2 �lm grown on a (111)-oriented substrate of YSZ. We observed two main

features in the CL spectrum Figure 4.36. The most prominent is a broad peak at

around 2.75 eV, which can be seen in the CL emission spectrum from the substrate in

Figure 4.37. We ascribe this emission to mid-gap deep level states associated with the

Yttria-doped zirconia substrate (YSZ), which is somewhat consistent with the known

band gap of YSZ being ∼5 eV[47, 48]. The other feature, indicated by an arrow, is

of more interest for this study as it indicates signi�cant optical emission at 1.96 eV

close to the direct band gap of orthorhombic ZSN.

We repeated this measurement on a second sample (WPI 79) whose growth con-

ditions were also targeted at the orthorhombic phase. Figure 4.38 shows the CL

spectrum of this sample. Again, we observed the broad, deep-level substrate �uores-

cence at around 2.8 eV, and also a rather better de�ned interband emission peak at

2 eV +/- 0.1 eV.

It is clear from these measurements, the �rst of their kind on the orthorhombic

thin �lms produced (also for the �rst time) as part of this study, that the optical band

gap of fully ordered ZSN is close to 2 eV and this is consistent with the theoretical

predictions[18, 20, 24, 26] summarized in Section 1.4 of this thesis as well as supporting
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Figure 4.36:
CL spectrum of 100 nm thick ZSN sample grown in the orthorhombic
phase. We associate the arrowed feature with electron-hole recombina-
tion across the direct band gap. The large broad feature around 2.75
eV is most likely substrate-related, as discussed in the text. The small
ripples are interference fringes originating in the optical components of
the CL spectrograph.
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Figure 4.37:
Ambient temperature CL spectrum of the (111) YSZ substrate. Despite
the noise, a strong emission peak can be seen at 450 nm (2.75 eV).
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Figure 4.38:
Ambient temperature CL spectrum of a second 100 nm thick �lm of
MBE grown orthorhombic ZSN on a (111)-oriented YSZ substrate, again
showing the optical emission peak at around 2 eV which we associate
with conduction band to valence band recombination.

the PL and DRS measurements presented earlier in this Chapter. The measurements

together provide a valuable measurement of the end point of the surprisingly large

range of band-gap values between randomly disordered (wurtzite) and fully ordered

(orthorhombic) forms of the ZSN structure.

Finally, we turn to the CL measurements on QW structures formed as a het-

erostructure of wurtzite and orthorhombic layers. This is an unusual example of a

QW structure which has the same composition in each layer, except with the cations

ordered to make the higher band gap barrier layers and disordered to make the lower

band-gap well region. Figure 4.39 shows the CL spectrum of such a QW sample (QW

146). Interestingly, the mid-gap substrate �uorescence (the feature around 2.3 eV)

appears to be signi�cantly red-shifted compared to the mid-gap substrate �uorescence

seen in Figures 4.36 and 4.38. It is not clear why this energy shift would occur, but

may be related to band bending that is known to occur in epitaxial nanostructures

with di�erent band gaps[49]. There are no existing studies of band o�sets in such an
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Figure 4.39:
Ambient temperature CL spectrum of sample QW 146. The small peak
at the arrowed position is possibly associated with the band gap of or-
thorhombic ZSN. Note that the CL spectral range of the Gatan Mono
CL4 spectrograph does not provide access to the expected optical emis-
sion from quantum well states in the mid-IR.

order-disorder heterostructure, thus it would be interesting to study this phenomenon

in future studies. In addition to the aforementioned feature, a weak peak around 2

eV is observed in the CL spectrum of QW146 (see Figure 4.39). This might originate

from the orthorhombic barrier layer that is part of the QW heterostructure. It would

be interesting to use the high-resolution capability of the TESCAN microscope to

obtain spatially resolved CL signals from the di�erent component layers of the QW

heterostructure. This would be the next development for this particular study. It will

also be important to extend the spectroscopic range of the measurement into the IR

region to look for evidence of optical emission from states in the well region of the

heterostructure. As of writing, the appropriate detector to achieve CL signals in the

IR is available but not currently installed on the TESCAN instrument. When the IR

detector is installed, these measurements will be performed in edge-on geometry to

enable probing of the individual layers of the QW.
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CHAPTER V

Conclusion & Future Directions

Here we provide a summary of the major �ndings of this dissertation work, in-

cluding the novel ideas and their signi�cance, along with suggestions on how the

conducted experiments can be enhanced or iterated upon in the future. This will

aid in providing a clearer understanding of how to move forward with the investiga-

tion of ZnSnN2 as a potentially important addition to the family of technologically

useful optoelectronic materials. This project, part of a wide-ranging collaboration

with partners in several countries, including New Zealand, France, UK, as well as

USA, aims to explore the earth abundant II-IV nitride family of materials from the

perspective of sustainable optoelectronic applications, particularly solar harvesting

and LEDs. The project overall has taken on many facets, with the lead on materials

growth centered on Prof. Durbin's research group at Western Michigan University,

in Kalamazoo, with whom the author has been working intensively over the course

of this dissertation. The speci�c goal of this dissertation has been to perform what

are essentially the �rst studies of the optoelectronic aspects of the thin �lms of one

speci�c member of the II-IV nitride family, ZnSnN2, of especial interest for its ability

to cover the visible and near IR spectral range of interest for solar energy harvesting

and LED lighting applications.
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5.1 Major Findings

5.1.1 MBE

Thin �lms (<100 nm) of ZnSnN2 were grown on (111)-oriented YSZ substrates via

plasma-assisted molecular beam epitaxy. A great amount of attention was given to

the establishment of those growth parameters which govern the growth rate and order

paramter, S, of ZSN thin �lms[13, 15]. Although MBE growth method is exacting

and unforgiving, and maybe a little tedious, it allows for highly reproducible results

with a large degree of control over the stoichiometry. For this reason MBE is critical

to the progression of establishing a basic understanding of this new material. Future

experiments which utilize MBE growth of ZSN are likely to see signi�cant progess

due to the level of control one has over the growth parameters and also, due to the

advantage of being able to grow high quality material with relatively few defects.

However, as we have encountered, the stoichiometry of the �lms is a signi�cant issue

contributing to a relatively high background charge carrier concentration. This is

currently one of the major impediments to the development of viable optoelectronic

devices based on ZSN.

5.1.2 RHEED

RHEED is a powerful tool for in situ analysis of MBE growth. The immediate

acquisition of strucutral data allowed for quick estimations of growth rates and crys-

tallinity, which were useful for on-the-�y tuning of the growth parameters. RHEED

images were acquired using the KSA 400 image acquisition and analysis package.

Post-growth analysis included accurate determination of crystallinity and �lm thick-

nesses from the pixel brightness acquired via taking linescans across the RHEED im-

ages using the ImageJ software. In summary RHEED has played an important role in

determining what growth conditions are required to span the range of cation ordering
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and structures that the ternary heterovalent cation compounds such as ZnSnN2 have

to o�er. The use of superlattice re�ections in the RHEED pattern, especially (210),

has been particularly useful as a quantitative measure of cation ordering. In turn,

this has played a major role in being able to demonstrate that it is possible to tune

the band gap across a large range of values equivalent to the all-important visible and

IR regions of the spectrum.

5.1.3 XRD

While not a major part of this particular thesis project, X-ray di�raction has

been of great use as a characterization tool in the sense that cation ordering has a

profound in�uence on all the physical properties of ZSN and this ordering can be

quantitatively determined through the dependence of the structure factor, and hence

certain X-ray di�raction intensities, on the order parameter, S. Both RHEED and

XRD have been critical in this respect and have demonstrated excellent agreement

in the values of S determined by both techniques. S has also been determined by

Raman scattering, although is not included in this dissertation, per se. Several �lms

were measured with the high-brightness X-rays produced by the Advanced Photon

Source at Argonne National Lab. These experiments show evidence of an expansion

of the c-axis corresponding to the predicted orthorhombic structure as detailed by

Feldberg et al. [28]. The basis for the growth of subsequent �lms builds on the results

of these experiments, carried out by Senabulya et al. [12] and are critical to the future

development of this material. Films were measured with xrays sourced from a 7 GeV

synchrotron at the APS, and 3DRSMs were created by compiling a series of 2D scans

created by the re�ection of the source beam across the sample in rsMap3D, a program

developed by Chris Schleputz and Argonne National Lab.
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5.1.4 PL

The dissertation presents the �rst PL measurements on MBE grown �lms of ZSN.

We found that the technique is di�cult to use on very thin �lms (100 nm and less),

and the presence of artifacts presents challenges for their analysis. In some cases

the results were somewhat inconclusive. Nevertheless PL provided interesting data

which are useful to compare with those from other optical techniques such as DRS

and CL. Of particular interest are the results of PL measurements on a novel ZSN

quantum well structure, which appear to show evidence of emission from con�ned

states. The results are preliminary at this stage and need to be explored in more

detail to ensure their credibility. We performed temperature dependent PL studies

on the samples, between 10 K and 290 K. As expected there is a signi�cant e�ect from

thermal excitation at the higher temperatures, with the spectral features becoming

weaker and broader, although perhaps not as much as would be expected in PL. The

choice of excitation source was found to be very important for these measurements,

and in particular the use of a He-Ne laser was problematic in that its photon energy

was similar to the expected bandgap of ordered ZSN and it was uncertain whether

this source had su�cient energy to excite the interband transitions of interest. He-Ne

also exhibited many additional peaks which could have interfered with the PL data.

For this reason we chose to use shorter wavelength lasers, such as 532 nm and 350

nm. Overall, the PL measurements proved to be di�cult but potentially valuable for

comparison with the results of other optical characterization techniques.

5.1.5 CL

The �rst cathodoluminescence studies on MBE-grown orthorhombic (ordered phase)

ZSN thin �lms (∼ 100 nm), as well as ZSN QWs (the �rst of their kind) formed as

heterostructures of wurtzite and orthorhombic layers, were conducted at the Michi-

gan Center for Materials Characterization (MC)2 as a novel part of this dissertation.
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Ambient temperature CL spectra from ZSN single-layer thin �lms demonstrated opti-

cal emission at around 2 eV, consistent with several theoretical predictions previously

made for the ordered phase of ZSN[18, 20, 24, 26]. This same emission was observed

in the CL spectrum of the QW, although with relatively diminished intensity. The

signi�cance of these results is that they assist in providing an empirical endpoint for

the band-edge of orthorhombic ZSN with near-maximum order parameter, S = 1.

These measurements represent the �rst evidence of optical emission by MBE-grown

ZSN and are corroborated by novel spectroscopy measurements made in this work.

In the immediate future, there are plans to extend the spectroscopic range of this

measurement into the IR by probing optical emission from the wurtzite layers of this

structure via the edge-on geometry.

5.1.6 Fine-Tuning the WDRS Method

Waveguided Di�use Re�ectance Spectroscopy (or WDRS), a novel approach we

devised to the traditional DRS method, was demonstrated to be a viable method for

thin-�lm band-edge probing, although a more controlled setup is needed to acquire

data with a higher degree of consistency. Ordered ZSN thin �lms demonstrated a

relative blueshift in the bang-edge as compared to the wurtzite (disordered) �lms.

Signi�cant improvements to the signal were obtained over that from using the tradi-

tional DRS method. Upon further investigation of optimizing photon incidence and

the experimental setup, signi�cant improvements are expected to be seen in prob-

ing the band edge of thin-�lms in the future. This work was signi�cant not only

from the technical perspective of how to improve band-edge measurements, but also

as a demonstration that it enabled measurements of a critically important quantity,

namely the optical band gap, which allowed to make an important correlation with

the degree of cation ordering. This is one of the most signi�cant aspects of the results

obtained in this dissertation project. In particular, the determination of the band-gap
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associated with the end point (S=1) of the fully-ordered, orthorhombic structure of

ZSN is a signi�cant step forward for this materials system.

5.1.7 Hall E�ect

Hall measurements on ZSN single thin-�lms and thin-�lm QWs revealed a rel-

atively high level of n-type carriers, with concentrations ranging between 1020-1021

cm−3 and mobilities ranging (mostly) between 10-35 cm2/Vs. Although a method for

reducing the e�ects of thermal noise was studied, it is highly suggested that future

experiments include low-temperature measurements to mitigate the electron-phonon

interactions that we expect to be dominant at room temperature.

5.1.8 Future Work

The need for earth-abundant materials for energy harvesting and solid-state light-

ing is timely and would clearly be bene�cial for society and the environment. The

II-IV nitride family o�ers an interesting addition to the relatively few materials op-

tions available at the present time, none of which are particularly sustainable for

large-scale deployment as a long-term solution to the problem. ZnSnN2 is obviously

at a very early stage of development for such applications and many challenges have

to be overcome to bring it to the point of a viable optoelectronic device material.

Clearly there is much to be done and in this outlook for the future we will touch

upon just a few of the outstanding problems that need to be addressed in future

research.

On of the most critical issues for any semiconductor system is the question of

doping. All of the many successful semiconductors that have been implemented in

devices over the last 7 decades have overcome this need, often after many years of very

di�cult research. Usually, it involves identifying appropriate dopants, of both polar-

ities (p and n), and learning how to control their concentration over a wide range of
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carrier densities. This is particularly hard for compound semiconductors, but spec-

tacular success has been achieved with III-V's and II-IV compounds to the point

where excellent device characteristics are now routinely demonstrated in commercial

device deployment. For ternaries, control of doping is even more challenging, and this

is certainly the case with ZnSnN2. As was pointed out in Chapter II, maintaining

stoichiometry of Zn and Sn is particularly di�cult because of the large disparity in

sticking coe�cient between these two cation species. As Zn and Sn are heterovalent,

even small imbalances can be a signi�cant source of unwanted free carriers, the so-

called self-doping e�ect. This was explored in some detail in the Hall E�ect studies

presented in Chapter IV where carrier densities approaching degenerate levels were

seen in some cases. Nitrogen vacancies and interstitials can also contribute to the

problem, although this was not speci�cally addressed in this dissertation. Therefore,

much additional e�ort needs to be put into control of doping, by identifying ways to

compensate for the high concentration of n-type carriers and, if possible to control-

lably introduce p-type doping so that heterojunctions can be routinely fabricated.

Building on the theme of energy-critical materials, this would open up the possibility

of making single junction and even multijunction solar cells from ZSN. The addi-

tional degrees of freedom o�ered by the ability to tune the band-gap by means of

ordering/disorder of the cations is particularly interesting for both LED applications

and for solar energy harvesting.

The iso-compositional QW geometry demonstrated in the previous Chapter is

a potentially fruitful direction that would be interesting to further explore in this

regard. The ability of MBE to make very clean, atomically abrupt interfaces between

YSZ substrates and ZSN is promising for such future work.

The use of novel geometries for optical characterization, especially the waveguided

di�use re�ectance approach devised in this project is also very promising for future

studies of thin �lm samples. An instrument which incorporates delivery of the broad-
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band optical probe beam (by means of optical �ber) and precise alignment of the

sample to launch the probe beam into the �lm at the required angle of acceptance,

would be a welcome addition to existing band-edge measurement capabilities.

Finally, we envision that the II-IV nitrides, of which ZSN is a particularly interest-

ing and relevant example, may play an important role in the future of optoelectronics.

It is relatively recent to raise concerns about the sustainability of technological ap-

plications, but clearly society's use of rare mineral resources impacts on this question

in a fundamental way. We hope that the work presented here will stimulate more

research to address this concern.
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