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ABSTRACT

The family of III-V materials revolutionized the optoelectronics space, particularly in nitride-based
light-emitting diodes (LEDs). LED efficiency has been limited, however, by the Green Gap, which is a drop
in efficiency in the green and amber regions, arising from issues with the InGaN material used to reach
those light colors. ZnGeNs has recently been studied as a potential replacement for InGaN within
GaN-based LEDs, due to its structural similarly to GaN (0.12% lattice mismatch), and theorized emission
in the green wavelength region.[1-4] ZnGeNj is predicted to have different optical and structural properties
when cation-ordered or cation-disordered. The ordered structure has a theory-predicted band gap of 3.4 eV
and an orthorhombic crystal structure.[5-7] As disorder is introduced to the cation sublattice, the band
gap is expected to shrink, and the crystal structure becomes wurtzite.[8-11] This thesis explores the growth
of ZnGeNs by molecular beam epitaxy (MBE) and then extends that growth to ZnGeNs/GaN
superlattices. Next, the valence band offset of ZnGeNsy, which lacks consensus in literature, is studied by
XPS. Finally, the growth and characterization of ZnGeNy-based LEDs is explored, although the LEDs did
not exhibit electroluminescence. ZnGeNs-based LEDs present an opportunity reduce the Green Gap, and
assist with the adoption of solid-sate lighting.

The first two chapters explore growth of ZnGeNs by MBE. First, two publications published prior to
this thesis are discussed. In the first paper, ZnGeN, is heteroepitaxially grown on non lattice-matched
AIN, allowing for determination of physical and optical properties separately from GaN. The second paper
demonstrates commensurate ZnGeNs/GaN double heterojunctions. Abrupt interfaces are seen, but Gezn
or Znge antisite impurities are also inferred from defect luminescence, motivating more optimization of
ZnGeNy /GaN heterostructures. This leads to the next chapter, which investigates improving the
luminescence response in ZnGeNy/GaN superlattices. Five-repeating ZnGeNy/GaN superlattices are
grown, and through composition control defect reduction is observed.

The next chapter presents valence band offset (VBO) exploration of ZnGeNy on GaN and GaN on
ZnGeNy heterostructures by X-ray spectroscopy (XPS). First the Kraut method is applied to two core
levels, which finds band bending at the interface between ZnGeNs and GaN. By measuring from the most
surface sensitive buried core level (2p) to the least surface sensitive top core level (3d) an apparent VBO is
found of 1.21 eV for both heterostructure orientations. To measure the VBO while considering band
bending, the Kraut method is applied to a single common core level present across the interface (N 1s).
That method finds an upper bound on the valence band offset, 2.68 e¢V. The band gap of ZnGeNs is still

unknown, so the band offset type and magnitude cannot be confirmed. The final chapter of this thesis
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reports on the growth and characterization of a ZnGeNs-based LED. There is some rectification in the
LEDs, but no electroluminescence is observed. Ultimately, this thesis provides a guide for growth of
ZnGeNy by MBE and provides suggestions for future work which could be explored to further asses the
potential of ZnGeNs/GaN LEDs to close the Green Gap.
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CHAPTER 1
INTRODUCTION

August 2024 global surface temperatures were the warmest since record-keeping began in 1850.[19]
Recent devastating weather events across the globe, including powerful hurricanes and record ooding in
North Carolina, bring sharply into focus the need to address the cataclysmic e ects of climate change.
Research into renewable energy technologies is part of the solution, including highly e cient solar cells,
hydrogen and fuel cells for energy production and storage, and wind energy.[20] While it is important to
transition to new, renewable technologies, it will also be necessary to reduce energy consumption to combat
climate change. According to the United States Department of Energy (DOE), reducing energy usage is an
easy and cheap venue to addressing climate change and reducing consumer energy costs.[21] That leads to
the motivation for this thesis, exploring a new material system for more e cient light emitting diodes
(LEDs).

The DOE solid state lighting (SSL) program estimates that in 2020 LED technologies saved 185 TWh
of energy (compared to traditional lighting technologies), preventing 79 million metric tons of CO, from
being released into the atmosphere, and saving an estimated $20 billion in energy costs for consumers.[22]
To reach the DOE goal of power conversion e ciency greater than 60% by 2035, new lightning technologies
are required. These new lightning technologies would have wide ranging bene ts, from reducing energy
usage and cost, to improving visual performance, health, and grid exibility nationwide. Health bene ts
include reduced light pollution and reduction of toxic materials (particularly mercury, used in uorescent
lighting). A wide variety of new technology and material systems are being explored to replace or work

with current LED technologies.
1.1 Light-Emitting Diodes

Improved SSL technologies could double current e cacies by adopting color-mixed (cm) LEDs
(Figure 1.1b) over traditional phosphor-converted (pc) LEDs.[23 25]Pc-LEDs are the industry standard for
white light due to di culties in emitting in the green and amber regions. Pc-LEDs use phosphor coatings
applied to blue (In,Ga)N LEDs to convert the shorter wavelength of light into red, yellow, and green light
to make white light. This process, depicted in Figure 1.1a, is inherently lossy as energy is dissipated to

heat in order to convert to the longer wavelengths of light.



Figure 1.1 (a) depiction of phosphor-converted LED process in which blue light (from GaN-based LEDS) is
down-converted to longer wavelengths of light by the use of di erent phosphor coatings. This process is
inherently lossy, as energy is lost to heat in order to convert to longer wavelengths of light. (b) depiction of
color-mixed LEDs, where individual LEDs emit red, amber, green, and yellow, which are mixed to produce
white light.

However lossy pc-LEDs are, they are out performing cm-LEDs in industry due to a drop in e ciency in
the green and amber regions, known as the Green Gap (see Figure 1.2). This is a materials and device
limitation arising from the traditional InGaN/GaN material system used to reach these wavelengths of
light.[25] A direct to indirect transition of 11I-V compounds with increasing band gap limits emission
moving from longer wavelengths of light to amber and green. This has lead to the use of InGaN to reach
those wavelengths. InGaN challenges include phase separation, lattice mismatch, and polarization. The
InGaN/GaN devices, which are state-of-the-art and highly e cient in the blue light region, do not have
su cient e cacy for use in cm-LEDs in the green to amber regions. InGaN/GaN green emitters require
approximately 30% In in the active region, which creates known problems of a miscibility gap and lattice
mismatch. InGaN phase separates at high In compositions, resulting in poor crystal quality, which
decreases LED e cacy with increasing In.[26] Also as In composition increases, so does the lattice mismatch
between the GaN and InGaN heterolayers in the LED active region. Polarization from lattice mismatch
and spontaneous polarization contribute to the deleterious quantum-con ned Stark e ect (QCSE) in which
a large polarization eld separates the electron and hole wavefunctions, decreasing the recombination
necessary for an e cient LED.[24] Droop is also an issue in these devices, where e ciency is lost at high
currents.[27 29] These are fundamental challenges to the InGaN/GaN materials system's application to
green LEDs, and is the subject of research to investigate how to improve, or replace this technology.

Color-mixed LEDs and their contributions to improving SSL would lead to wide-ranging bene ts
including increased energy e ciency to reduce the burden of energy usage on the imminent threat of
climate change.[24, 25] Solid-state lighting would also contribute to diverse topics such as horticulture,
human health, transportation safety, and productivity.[30] Human eye photopic response peaks in the green

and amber regions (top portion of Figure 1.2), meaning human sensitivity to these wavelengths is highest.



Figure 1.2 Graph of human eye photopic response (top) versus energy and LED spectral ux (bottom)
versus wavelength of light. Human eye sensitivity to light peaks around 550 nm, as can be seen in the top
graph. However, current industry LEDs have a sharp decrease in e ciency in the regions between 500 and
600 nm. This known device challenge is called the Green Gap, and severely limits LED e ciencies in
visible light emission regions where they are most desirable. Here spectral irradiance is a proxy for LED

e ciency. Data from Ref. [12] and gure from M.B. Tellekamp.

Improved emission in the Green gap region enables moving away from blue light, which can negatively

a ect the body's natural circadian rhythm.[23]
1.2 1I-IV-V , Materials

The 1I-IV-V 5, material system has recently been explored for applications in optoelectronics, speci cally
in photovoltaics and LEDs.[2, 3, 6, 13, 31 39] II-IV-V, materials are ternary analogues of the Ill-V system
with charge-balanced cation sites occupied by group-Il and group-1V elements rather than group Il
elements within the same parent structure, dictated by the anion. These materials may allow the lattice
constant and band gap to be independently tuned, providing a much wider design space, as illustrated in
Figure 1.3.[13] The system is under-explored, given its size and potential applications to a variety of
optoelectronic spaces, particularly energy-relevant uses important for addressing climate change.

Recent reviews have begun to collate important II-1V-V, materials and their properties while discussing
applications in solid-state lighting, electronic devices, and electrochemical storage.[6, 31, 40] Ternary
nitrides are especially interesting due to their exceptional defect tolerance, making them good candidates
for further investigations into their use in optoelectronics.[6, 31] The ternary nitride system is not fully
explored partially due to the di culty of growing with inert N . Particular ternary nitrides have been

investigated as case studies for harnessing defects to tune material properties for speci ¢ applications.



Figure 1.3 Map of band gap versus lattice constant material design space for the 1l-1V-Y (in blue) and

I11-V (in black) systems. Lines connecting compounds represent potential alloying paths. ZnGel is shown
to be nearly lattice-matched to GaN. Bands representing visible light colors show cation disorder being
used to reach green and amber emission. The intersection of the InGaN alloy line with the green light band
shows its large lattice mismatch with GaN. Compare this to the close lattice match of GaN and ZnGelM as
seen in the gure. Reprinted with permission from Ref. [13]. Copyright 2020 American Chemical Society.

For example, the band gap of ZnSnN has been shown to be reduced by cation disorder by as much as 1 eV
into the range necessary for photovoltaics.[7, 41] Cation disorder in this system has been studied, and has
established a method of describing cation disorder and its e ects on material properties, leading the way
for studies into a new material system, ZnGeN.[6, 41, 42]

Cation order is an essential material characteristic to consider when studying the [1-IV-\, family. The
guantifying and control of order can unlock the system's usefulness in reaching design space unavailable to
traditional 111-V materials and devices.[35, 43 45] For the scope of this proposal a cation ordered material
has its group Il and group IV cations siting on their speci c lattice sites. In contrast, cation disorder (also
called con gurational or site disorder) is when there is no preferred arrangement of the group Il and IV
elements on the cation sublattice. This is de ned further in II-IV-V ; literature using the Bragg parameter
S=r +r -1, wherer is the fraction of cation site type occupied by cation and then similarly for

.[46, 471 Whenr = r =1 the order parameter is 1, and, assuming a stoichiometric composition, the
structure is fully ordered.[18] Cation ordering has been demonstrated to change material properties such as
the band gap, which allows for property tuning for speci ¢ applications while maintaining a similar lattice
parameter to 11I-V materials for integration into heterostructures.[6] The ground states of these ternary

nitride systems tend to be their cation-ordered con gurations, meaning that growth techniques can be used



to lock in metastable cation-disordered states at useful band gap energies.[6] Cation disorder, however
remains di cult to characterize.

The structural similarly and abundance of II-IV-V , materials that are close to lattice-matched to their
I1I-V counterparts makes these systems desirable for integration into existing heterostructure technologies
for use in optoelectronic devices. The Il-IV-V, system has been shown to have materials with high
interface quality and low defect density, which are vital for optoelectronic applications of
heterostructures.[1, 31] Further investigation into these materials' properties and synthesis techniques
would help grow the eld of optoelectronics. In this proposal, ZnGeN, a ternary analogue to GaN, is
explored as as new material for emission in the green to amber visible light region. It is proposed to be

able to be integrated into cm-LEDs and push SSL technologies towards a more e cient future.

1.3 ZnGeN , Literature

Figure 1.4 Crystal structures for wurtzite-based ternary nitrides depending on degree of cation disorder.
Left is the cation-disordered wurtzite structure with the group Il (green atoms) and group IV (purple
atoms) cations randomly distributed on the cation sublattice. Right shows the cation-ordered
orthorhombic structure with a regular arrangement of cations. The ordered unit cell is twice the size of the
disordered structure.

The focus of this proposal is synthesis of ZnGeNby molecular beam epitaxy (MBE), a ternary
analogue to GaN, for integration into (In,Ga)N LED heterostructures. In its cation-ordered form ZnGeN,
has a wide band gap, close to GaN, predicted by theory to be approximately 3.5- 3.6 €V.[5 7] ZnGeNis
expected to have a band gap tunable with cation order, similarly to ZnSnN, which would reduce the band
gap from ultraviolet light to the whole range of the visible light spectrum. This expected behavior is shown
in Figure 1.3. Experimental band gap measurements have spanned 3-3.4 eV, highlighting the di culty of

de ning a clear band gap for the material.[8 11] This is partially due to the di erence in material structure



between the fully ordered and disordered structures. Fully ordered ZnGel has an orthorhombic crystal
structure, which is a supercell of the binary analogue.[6] Cation disordered ZnGeNis wurtzite, as is GaN,
and very close to lattice-matched to GaN (approximately 0.12% mismatch).[1] The two crystal structures
are shown in Figure 1.4. This is the general trend for the 1I-1V-V, system, where the larger band gap
material has an ordered, orthorhombic material, and the cation-disordered material is wurtzite with a
smaller band gap.[6, 13, 48] The amount of order has been shown to be tunable by synthesis temperature,
growth methods and rate, and substrate selection.[6, 13, 35] There is patent for the use of ZnGeghh IlI-V
materials for optoelectronic devices.[49]

Although rst synthesized in 1970, ZnGeN, remains an active and engaging material to investigate
partially due to unknown fundamental material properties.[5, 50] In this rst synthesis, Zn was reacted
with GezN4 and ammonia was reacted with ZnGeO, to form ZnGeN,. The material was determined to be
monoclinic with pseudo-wurtzite symmetry. Since that rst growth, ZnGeN , thin Ims have been grown by
metal-organic chemical vapor deposition (MOCVD)[9, 51 53], sputtering[10, 33, 34, 54], hydride
vapor-phase epitaxy (HVPE)[55], and MBE[1, 16, 17, 56]. Ammonolthermal synthesis produced a light
yellow powder.[57] Control of cation ordering has been demonstrated to be a function of growth
temperature when grown by vapor-liquid-solid method with a liquid Zn-Ge alloy and gaseous NH.[58]
They saw a change from the disordered wurtzite structure to the ordered orthorhomic structure with
increasing growth temperature by observing peak splitting and superstructure peaks in the X-ray
di raction (XRD) pattern. This work also found that annealing disordered samples increased their cation
ordering. It is important to note that ZnGeN ; has an upper bound in growth temperature (dependent on
synthesis method), since Zn will desorb from the Im at higher rates than Ge due to its higher vapor
pressure. While this work was able to connect cation ordering and growth temperature, it did not then
extend the investigation to the impact of ordering on optical properties.

Combinatorial co-sputtering has been used to quickly investigate ZnGel cation ordering and optical
properties across a composition spread close to stoichiometric.[33] Due to the relatively high growth
pressures, oxygen plays an important role in sputtering growths, so much so that it is more accurate to
describe the compound as the oxynitride ZnGeN ,Oy. Here, ZnGeN Oy was deposited by radio
frequency co-sputtering with cation composition (%Zn/(Zn+Ge)) varying from 0.47 to 0.51 as determined
by X-ray uorescence (XRF). Rutherford backscattering (RBS) determined there to be 8.8% O/(O+N).
Photoluminescence (PL) and UV-visible spectroscopy (UV-vis) were used to investigate the impact of
cation disorder and oxygen (can be thought of as anion disorder) on optical properties. They found that
even highly disordered Ims demonstrated room-temperature photoluminescence, hypothesized to be from

band-like recombination. Excitingly, XRD indicated epitaxial alignment of the highly-disordered Im.



Further sputtering investigations have focused on reducing oxygen contamination during growth, nding
that Zn- and Ge-rich ZnGeN, crystallize in the cation-disordered wurtzite structure.[34] Cation disorder
was used as a property knob to successfully shift the absorption edge and tune the optical absorption edge
to be lower than cation-ordered ZnGeN. This work demonstrates the use of cation disorder to shift to the
desired green wavelengths as proposed in this thesis.

Another thin Im deposition technique, MOCVD, is achieved for synthesis of ZnGeN, by owing
diethylzinc (DEZn), germane (GeH,), and ammonia (NH,4) precursors with a nitrogen carrier gas.[59]
Single and multiple quantum well (MQW) samples of ZnGeNy/InGaN wells and GaN barriers have
been demonstrated by this process, as a method of band structure engineering for LED active regions.[60]
Cross-section scanning tunneling electron microscopy (STEM) of the single GaN/ InGaN/ZnGeN/InGaN/
GaN quantum well (QW) sample shows distinct layers, but energy-dispersive X-ray spectroscopy (EDS)
indicates In present in the ZnGeN, layer. A four-repeating unit of InGaN/ZnGeN , MQW has well-de ned
layers by STEM. However, a more complicated three repeat of GaN/InGaN/ZnGeN/InGaN/GaN MQW
only has one QW visible by STEM and EDS, followed by a continuous, smeared InGaN layer. This work
indicates interest in the eld to integrate ZnGeN , into heterostructures for LEDs, and the remarkable
progress that has been made since the rst ZnGep growths. This work leaves opportunity for
higher-quality heterostructure growth in the eld, as required for e cient LED active regions.

Epitaxial synthesis of ZnGeN, is still in its early stages with reports of epitaxy via RF-co sputtering
[33] and MOCVD[59, 61] Few high-quality epitaxial studies of ZnGeN grown on GaN existed before the
rst growths by this group using molecular beam epitaxy (MBE).[56] MBE is used to grow highly epitaxial
GaN/InGaN structures for LEDs, enabling the types of high quality optoelectronic devices desired for
ZnGeN,/GaN structures. Tellekamp et a. 2020 demonstrated the rst published growth of ZnGeN, by
MBE and mapped out growth windows for synthesis on lattice-matched GaN and lattice-mismatched
AIN.[56] The successful demonstration of ZnGel by MBE provided a path for future integration of
ZnGeN; into existing I1I-N based devices. GaN bu er layers were found to be important for stoichiometric
synthesis at higher growth temperatures (required to achieve crystalinity), but AIN growths proved
di cult. Growths in AIN are necessary to enable characterization of ZnGeN, separately from GaN. This
work sets up the prior work section Chapter 3.1 of this thesis which describes growths done to optimize
ZnGeN, grown on non lattice-matched AIN through bu er layer engineering.[1] A subsequent investigation

of ZnGeN,/GaN double heterojunctions grown by MBE is also discussed in Chapter 3.1.[16]



1.3.1 ZnGeN , Band O sets with GaN

Important to ZnGeN » literature and its application to LEDs is its band alignment with GaN.
Understanding band o set type and magnitude is essential to predicting how carriers would recombine
when integrated into (In,Ga)N heterostructure LEDs. ZnGeN, literature is divided on what kind of band
o set the material has with GaN, due to di erences in calculation methods and chosen crystal structures
and orientations.[4, 18, 62 66] An overview of present literature, including Table 5.1 which collects
literature reports of band o sets, can be found in Chapter 5. The rst suggested o set, type | (straddling)
band o set, has the band gap of one material entirely inside the band gap of the other. The other proposed
band o set type, type Il (staggered), has the valence band maximum (VBM) and conduction band
minimum (CBM) of one material 0 set in the same direction to their respective band extrema in the other
material. This type of band o set is favorable for recombination in polar materials at their interfaces by
forcing strong wavefunction overlap at the edges of wells.[18] In this type of band o set the holes would be
localized within a thin ZnGeN,, layer inside the InGaN/GaN heterostructure.[64] In a type | band o set the
same polarization elds would separate carriers and reduce recombination, due to the quantum con ned
Stark e ect (QCSE). These two band o sets are shown in Figure 1.5. The impact of cation disorder on
ZnGeN, band gap and its band o set with GaN has recently be modeled by Cordell et al. 2022.[18] They
found that even a small introduction of disorder (a single Zn-Ge site swap), signi cantly decreased the
band gap from 3.36 eV (fully cation ordered) to 2.93 eV. Modelling of a cation-disordered Im calculated a

band gap of 1.50 eV and a change from a type Il to a type | band o set.

Figure 1.5 Schematic of type | (a) and type Il (b) band o sets. A type | band o set in polar materials
would separate carriers away from each other (electrons and holes not overlapping in (a)), but a type I
band o set would drive them together (b).

The MOCVD growth method has been extended to investigate synthesis of a ZnGeMGaN alloy
system, ZnGg; 4)Gayx N2, with trimethlygallium used as the Ga source.[67] This alloy system has been
used to investigate valence band o sets of ZnGg )Gapx N, with GaN by X-ray photoemission
spectroscopy (XPS), with x=0 (ZnGeN,) and 0.06.[4] They found ZnGeN to have a valence band
1.45-1.65 eV above the valence band of GaN. The addition of the small amount of Ga to the ZnGeN



changed the VBO to 1.29 eV. This alloy could open a new design space of band o set tuning with
composition, important for achieving green light emission.[68] They nd a type Il band o set for both x=0
and x=0.06, using band gaps of 3.1 eV for ZnGggsGap.12N, and 3.0 eV for ZnGeN. However, their
baseline samples were 16 nm (ZnGelj and 20 nm (ZnGeg; x)Gagx N2) thick, which may not be not thick
enough to completely screen the competing e ects from the underlying layers, especially since there could
be band bending in the case of the thinner samples grown on GaN. It is also di cult to determine the band
gap of ZnGeN, or extrapolate it from predicted values without knowing the amount of cation ordering.
While this was an important rst application of XPS valence band o set determination for ZnGeN , and
GaN, the work leaves room for optimization by the community, particularly measurements on
higher-quality materials and heterointerfaces. Abrupt interfaces, which were not seen in this work, are
important for VBO measurements, since variations in composition at the interface can interfere with
precise photoelectron depth determination.

Other investigations into the optical properties of ZnGeN, by a variety of growth methods do not
consistently account for cation disorder.[10, 53, 69] Yellowish-orange room temperature photoluminescence
(PL) was demonstrated for cation-ordered material grown via gas reduction nitridation (GRN)
reaction.[69] Remote plasma-enhanced metalorganic vapor phase epitaxy (RPE MOVPE) found a 3.3 eV
band gap at room temperature for cation ordered ZnGeN.[52] The same group investigated low
temperature (12K) PL of MOVPE-grown orthorhombic (ordered) ZnGeN , and found a broad PL peak at
1.9 eV and two higher energy peaks at 3.3 and 3.36 eV.[53] Other reported band gap values range from 2.6
to 3.5 eV.[8, 10, 33] PL investigations have also found structural or defect-related peaks at 2.8 and 1.6 eV
[11] and a yellow-band impurity luminecence at 2.6 eV.[8, 11] This wide spread of optical properties
motivates our work to grow the highest-quality material possible to enable less defected investigation into
ZnGeN,, while also considering cation ordering.

Cation-ordered ZnGeN, has been proposed for green light emission within an InGaN/GaN structure,
taking advantage of a type-Il band alignment allowing improved hole con nement due to a signi cant
positive valence band o set in ZnGeN, with respect to GaN.[2 4] Alternatively, direct green emission may
be achieved using narrower band gap cation-disordered ZnGeNjuantum wells which could be placed
within cation-ordered ZnGeN, barriers or used in a type-Il alignment with GaN further expanding the
tunability of this system.[2, 3, 33, 48] ZnGeN is nearly lattice matched to GaN (0.12% mismatch)[43],
allowing straightforward integration into existing LED heterostructures. LED ZnGeN ,/GaN
heterostructures have investigated experimentally and through theory to understand how to best design
the active region for highest e ciency.[2, 3, 18, 60] In the active region of an LED electrons and holes

recombine so band-to-band recombination occurs and photons of light are emitted in the wavelength of the



band gap. This thesis proposes studying ZnGgGaN heterostructures within the active region of an LED,
surrounded by n-GaN and p-GaN to inject carriers. The theorized type Il 0 set motivated the need to
avoid calling ZnGeN, a well (i.e. quantum well) and GaN a barrier, terms that might be traditionally
used. Each layer would be a quantum well and barrier; speci cally GaN would be an electron-con ning

well and a hole barrier, and ZnGeN would be a hole well and electron barrier.
1.4 Dissertation Research

The main challenge this thesis addresses is the need to demonstrate high-quality epitaxial synthesis of
ZnGeN; heterostructures by MBE. Improved ZnGeN, synthesis will allow for more accurate determination
of physical and optical properties. This work is motivated by the wide ranges of reported values for this
material for properties as important as band gap and valence band o set. MBE enables high-quality
growths that are di cult, or even impossible, to achieve through other growth methods. The structure of

this thesis is as follows:

Chapter 2 provides an overview of the methods used in this thesis. It starts with a description of
molecular beam epitaxy generally, followed by details about the MBE chamber used in this work (at
the National Renewable Energy Laboratory). Substrate preparation and speci ¢ growth procedures
are then provided, including details of metal-modulated epitaxy (MME), which is used to grow GaN
for the work presented in this thesis. Finally, a brief description of important characterization

techniques used in the following chapters is provided.

Chapter 3 outlines the progress in the growth of ZnGeN by MBE since the rst publication

discussed in Chapter 1.3.[56] First, two papers published prior to the work presented in this thesis are
discussed. The rst paper demonstrates synthesis of heteroepitaxial ZnGeNon AIN, which allowed

for structural and optical properties to be studied independently from lattice-matched GaN.[1]

Optimal MBE growth temperatures for ZnGeN, on AIN are reported. Growth on AIN also allowed

for measurement of the fully relaxed lattice parameters of ZnGeMN. The next publication discussed is
synthesis of commensurate GaN/ZnGeN/GaN double heterojunctions.[16] The interfaces are
investigated by energy dispersive X-ray spectroscopy and electron microscopy. Signatures of
unintentional Zn and Ge doping in GaN are observed by photoluminescence spectroscopy. Finally,
this chapter introduces new work for this thesis: a study of Bi as a surfactant for ZnGeN. Bi is

studied due to its use as a surfactant in the growth of 11l-V epitaxial semiconductor layers by MBE.

Chapter 4 investigates heterostructure growths of ZnGeN/GaN superlattices by MBE. These

superlattices are a ve-repeating unit of ZnGeN, and GaN grown on a GaN bu er layer and covered
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by a GaN capping layer. Optical and structural characterization by energy dispersive X-ray
spectroscopy, atom probe tomography, photoluminescence spectroscopy, X-ray di raction, and
transmission electron microscopy are presented. Unintentional incorporation of Ge into GaN and Ga
into ZnGeN, was found, and their sources discussed. Then growth optimizations are used to

demonstrate improvements to the chemical abruptness of the heterointerfaces.[17]

Chapter 5 reports a study of the valence band o sets of high-quality ZnGeN/GaN heterostructures
by X-ray photoelectron spectroscopy. Their VBO is explored as a function of buried core level,
heterostructure thickness, and heterostructure orientation. Two XPS data tting techniques are
explored: the Kraut method applied to two core levels and to a single common core level.
ZnGeN,/GaN valence band o set literature is discussed, especially as it connects to ZnGeNcation

disorder and band gap.

Chapter 6 demonstrates the achievement of a full LED stack grown by MBE. Growth parameters and
contacts for the various stack layers are discussed. J-V measurements for the LEDs are presented,

some of which show recti cation, although the LEDs are all leaky.

Finally, Chapter 7 summarizes the work presented in this thesis and provides recommendations for

future work.

In Appendix A a full list of publications related to this work is provided. Also presented are papers
published before and during this thesis which are outside the scope of this work. This includes growth of
AlGaN on TaC by MBE for power electronic devices, and synthesis of ZnSnkZnO alloys by combinatorial

RF sputtering.[35, 70]
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CHAPTER 2
PROJECT METHODS

2.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) has a rich history of use in discovering and investigating
ground-breaking semiconductors. First used to grow Si, MBE was then applied to compound
semiconductors, particularly the novel Il1-Vs, as well as the I1-VIs.[71] MBE is set apart from other
thin- Im deposition techniques by its ability for atomic-scale growth control, the result of precise shutter
control and a variety of in situ characterization techniques.[72] This control allows for precision in synthesis
thickness, growth rate, composition, doping, and surface morphology. Nucleation and doping are important
synthesis steps that have been developed speci cally for the I11-V materials within MBE systems, and are
they subject of a depth of literature.[73] MBE is performed at ultra-high vacuum (UHV, 10 11to 10 12
Torr), with a temperature-controlled substrate, and multiple materials sources providing collision-free
molecular beams.[71] This high vacuum environment means that MBE growth conditions are far from
thermodynamic equilibrium. Surface process kinetics from the incident source beams reacting with the top
few layers the Im dominate.[72] Some MBE systems have a liquid nitrogen cryo-shroud (also know as a
cryo-panel) surrounding the growth chamber to trap contaminants and isolate the heat from hot cells from
the chamber. Titanium sublimation pumps (TSPs) are also used to getter and reduce contaminants within
the chambers.

A hallmark of MBE growth, re ection high energy electron di raction (RHEED) allows for real-time
surface analysis of synthesized materials, including lattice constant, surface reconstruction, crystalinity and
crystal quality, and growth rate. RHEED is surface-sensitive, and only measures the top layers of atoms. A
streaky RHEED pattern indicates an atomically smooth surface, while a spotty pattern depicts roughness.
RHEED allows for the measurement of growth rate through the tracking of oscillations in intensity. There
is a drop in intensity as a new monolayer begins to form on the surface, described as an increase in the step
density. As the layer beings to Il in, the surface becomes more coherent and the RHEED pattern increases
in intensity until it reaches its peak once a monolayer has been completed.[14] A more in-depth description

of RHEED can be found in Chapter 2.2.2.
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Figure 2.1 Atomic force microscopy (AFM) image of GaN grown by MBE for this thesis. The steps
indicate layer-by-layer growth, which is ideal for smooth Ims. Spiral hillocks from threading dislocations
can be seen across the sample.

In MBE growth the materials being deposited are generally supplied by e usion cells. The most
common type, the Knudsen e usion cell, electrically heats solid source material within a crucible inside the
cell. The highest possible purity material is used whenever available to reduce contamination incorporating
during growth. The source material is heated inside the Knudsen cell to the temperature required to
produce the desired vapor pressure. Electron-beam deposition is used instead of Knudsen cells for the
evaporation of refractory metals (e.g. molybdenum, niobium, tantalum, zirconium, and tungsten) to avoid
the high temperatures required to produce the necessary ux from these materials.[71, 74] Epitaxial growth
by MBE follows these four steps: adsorption of atoms/molecules impinging on the surface of the substrate,
surface migration, incorporation into the lattice of the substrate or epilayer, and nally thermal desorption
of what is not incorporated into the lattice.[72] The key growth modes for epitaxial thin Im synthesis are
island growth (Volmer-Weber), layer + island (Stranski-Krastanov), and layer-by-layer (Frank-van der
Merwe).[75 78] Layer-by-layer growth achieved when adatom di usion is high, so they preferentially
incorporate in surface sites (instead of clustering). This is the preferred mode for smooth, low defect
density Ims. Layer-by-layer growth can observed in atomic force microscopy (AFM) as distinct step edges
for each new layer, seen in Figure 2.1. AFM can provide information about the distribution and density of
threading dislocations (TDs), which indicates material quality and defect density. Threading dislocations

can be generated in GaN to accommodate strain from lattice mismatch; the TD then propagates to the

13



surface where it can be observed by AFM. Other causes of TDs are substrate or sample crystal defects and
impurities incorporated during growth. Engineering, control, and reduction of TDs is essential to
high-quality device design, resulting in a large body of research in approaches to minimize them. When
TDs reach the surface of a GaN sample they terminate as six-sided spiral hillocks, seen in Figure 2.1,
re ecting the symmetry of the wurtzite crystal lattice. Spiral hillocks indicate screw dislocations, but TDs
can be screw, edge, or a mixture of both. The number of spiral hillocks is then counted over the capture
area and extrapolated into a TD density for the whole sample.

Synthesis by MBE allows for growth of the highest-quality epitaxial Ims currently being studied in this
eld. High-quality crystalline Ims are essential to establish the basic materials properties of a (relatively)
new system, where parameters such as the lattice constants, band gap, electronic properties, and defect

structures are still in contention. The heterostructures required for LEDs also necessitate growth by MBE.

2.1.1 Chamber Details

Figure 2.2 Photo of the MBE chamber at NREL with important components labeled. E usion cells are Zn,
Ge, Ga, Al, Sn, In, Mg, and Si.
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