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ABSTRACT

In recent years, many new potential absorber materials basen earth-abundant and non-
toxic elements have been predicted. These materials, ofterade in thin Im form and known
to absorb light 10{1000 times more e ciently than crystalline silicon, could lower module
cost and enable broader solar deployment. One such materniglzinc tin nitride (ZnSnN,),
a lI-1V-nitride analog of the llI-nitride materials, which was identi ed as a suitable solar
absorber due to its direct bandgap, large absorption coe ent, and disorder-driven bandgap
tunability.

Despite these desirable properties, initial attempts at syhesis resulted in degenerate
n-type carrier density. Computational work on the point deéct formation energies for this
material revealed three donor defects were likely the caysspeci cally Sry, antisites, Vy
sites, and Q substitutions. Given this framework, a defect-driven hypihesis was proposed
as a starting point for the present work: if each donor defedould be addressed by tuning
deposition parameters, n-type degeneracy may be defeate®y using combinatorial co-
sputtering to grow compositionally-graded thin Im sample, n-type carrier density was
reduced by two orders of magnitude compared to state-of-tket. This reduction in carrier
density was observed for zinc-rich samples, which suppattéhe defect-driven hypothesis
initially proposed. These results and their implications i the topic of Chapter 2.

Further carrier density control in zinc-rich ZTN was achieed via hydrogen incorpora-
tion and post-growth annealing. This strategy was hypothézed to operate by passivating
acceptor defects to avoid self-compensation, which wereeth activated by hydrogen drive-
out upon annealing. Carrier density was reduced another ad of magnitude using this
technique, which is presented in Chapter 3. After defeating-type degeneracy, a deeper
understanding of the electronic structure was pursued. Phmuminescence (PL) was used

to study electronic structure and recombination pathwaysn zinc-rich ZTN, and excitonic



emission was observed despite its many crystallographicfelets. PL results are presented in
Chapter 4. Ultimately, this work has advanced the eld of ZTN esearch both technologi-
cally and scienti cally, by providing strategies for selfdoping control and identifying critical

defect interactions giving rise to n-type degeneracy and rceer density reduction.
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CHAPTER 1
GENERAL INTRODUCTION

Approximately 93,000 TW of useable solar energy strikes theaEh's land mass at any
given time.[1] In contrast, world energy consumption in 2@lwas about 19 TW, and yearly
demand by 2040 is estimated to be 25 TW.[2] By this measure, aolphotovoltaics (PV)
far exceeds the ability to meet world energy demand both nowd in perpetuity. However,
the current wafer-based silicon technology, although cosiwably capable of meeting 2040
energy demands, relies on expensive manufacturing proessand su ers from high balance-
of-systems costs.[1]

The high capital expenditure in silicon solar technology itargely due to silicon's indi-
rect bandgap, which reduces the absorbing e ciency of the nterial. This factor leads to a
requirement for thick wafers $ 100 m) for absorbing a signi cant fraction of the incident
light. In turn, thick wafers require extremely high purity material to facilitate generated
charge carrier di usion over longer distances.[3] These gislems have led to the develop-
ment of new semiconducting materials with direct bandgap$at absorb light 10{1000 times
more e ciently than crystalline silicon. Successful examies include CdTe and CulnGaSSe
(CIGS), which make up 10% of the solar market share.[1] Unfortunately, both of these
technologies su er from their own drawbacks, speci cally aeliance on scarce elements (In,
Ga, Te) or elements with known toxicity (Cd). Therefore, idatifying new semiconductors
that meet all of the above requirements (direct bandgap, deft-tolerant, Earth-abundant,

and non-toxic) continues to represent a grand challenge inaterials science.
1.1 Research Motivation

One strategy for surmounting the limitations of a given mateal system is to identify
structural analog materials through cation mutation, alscknown as structural analogy.[4{7]

By this method, semiconductors with similar structure but geater chemical exibility can



be derived by replacing one constituent species with two nespecies that average to the
same valency as the original. This concept was rst utilizethy Welker and later Goodman

in the 1950's, in which the I1I-V and II-VI materials were rst predicted. Indeed, CIGS,
mentioned above as one novel semiconductor having marketcsess, is a product of this
strategy. Beginning with ZnS, one can replace the Zn cationitly two new cations, namely

Cu and In, to form CulnS,, and then alloying with Ga to widen the bandgap results in
CIGS.[8] Another example of this type of progression beging/ ieplacing the elemental
semiconductors silicon or germanium with pairs of Group Iland Group V elements to
create the vast material space of the IlI-V's. GaN, InP, and GaAall sprang from this type

of logical prediction, and have revolutionized the optoettronics industry.

Of course, llI-V nitrides are one of the most successful exatas of identi cation and
development of a structural analog class of materials. In 20, the Nobel Prize in Physics
was awarded to Nakamura, Akasaki, and Amano for development olfi@ high-brightness
blue light-emitting diode (LED),[9{11] which is based on II-nitrides and alloys thereof.
Great leaps in technological progress were made by emplayibandgap tunable alloys of
InNN and GaN (In,Ga; «N) to create multiple-quantum-well LED devices that could ent in
the blue spectral range. These devices, when coupled to alg@temitting phosphor, could
provide solid state white lighting for a wide variety of apgtations. This development has
revolutionized the indoor lighting industry in recent yeas.

Despite the successes of InGaN alloys in blue LEDs and othechnologies such as laser
diodes, these materials are not yet commercially used in thilm photovoltaics. Advances
in this area are limited by low conversion e ciencies € 6%),[12] which result from elemental
segregation in the alloy due to signi cant lattice mismatchbetween GaN and InN.[13] To
overcome these problems with the InGaN system, which alsoclade a reliance on scarce
or expensive elements (In, Ga), researchers have turned totexnary material system of
Zn-IV-N, analogs to the IlI-N materials. Figure 1.1a displays the bamghp versus lattice

parameter for the IlI-N materials and their ternary Zn-1V-N, analogs plotted against the
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Figure 1.1: (a) Bandgap versus lattice constant for the Ill-Nmaterials and their ternary
lI-IV-V , analogs plotted against the AM 1.5 solar irradiance spectrumBandgaps for the
lI-IV-V , materials are for the fully ordered structures, and were tan from the NREL
Materials Database (https://materials.nrel.gov). The II-IV-V , materials have a narrower
distribution of lattice parameters and bandgaps comparedotthe I1I-N materials, making
them attractive candidates for optoelectronic technologs. (b) Shockley-Quiesser detailed
balance limit of e ciency as a function of bandgap energy foa single junction solar cell,
with ZnSnN, indicated by a red marker.Panel (b) adapted from PVeducation.org.

AM 1.5 solar spectrum. It can be readily seen that the Zn-IV-Nmaterials individually have
bandgaps better matched to the solar spectrum than do the HN materials, with a narrower
spread in lattice constant. More important for the purpose®f this work, the low-energy
end member, ZnSnh, is predicted to have a bandgap nearly perfectly matched tdné ideal
bandgap energy for a single junction solar cell (Figure 1.1bPue to its ternary chemistry in
the ground state, bandgap tuning may be achieved through cwal of cation ordering, which
avoids the issues of phase segregation due to lattice misgfathat plague the isoelectronic
alloy (In,Ga)N. Thus, ZnSnN, is one material that could provide the bandgap tunability

range so far inaccessible in IlI-Nitride materials.
1.2 Background

As a class, the wurtzite Zn-IV-N materials have received little research attention com-
pared to the larger family of II-IV-V, compounds. The rst material to be synthesized from

this subset was ZnGeB| reported in 1970,[14] which enjoyed a brief period of resel atten-



tion through 1974. [15{19] In contrast, ZnSiN was rst reported in 1992,[20] and ZnSni
was not synthesized until 2012. [21] This inattention was nst likely for practical reasons:
the rst reports on ZnGeN, relied on methods such as nitridation of ZnGeQor exposure
of GeN,4 to Zn vapor, which required pre-existing starting compoursl that were not yet
available in the case of ZnSiNor ZnSnN,.[14] Figure 1.2 shows the number of publications
per year for Zn-IV-N, materials (based on search results from Thomson-Reuters bVef
Science). After a lull in Zn-IV-N, research through the 1980s, research interest picked up
again in the 1990s and has continued to gather momentum singteen. From the outset, in-
terest in these materials was motivated by the desire to ndew semiconducting compounds
beyond elemental Si and Ge that could be tailored to a growingumber of technological
demands.[14, 20] However, the complexity inherent to ternamaterials was a barrier to
development of the Zn-IV-N family until the advent of mature vacuum deposition tech-
nology (i.e molecular beam epitaxy and radio frequency sgating) and modern predictive

computational models.
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Figure 1.2: Number of publications per year on materials in thn-1V-N, class, in which IV
= Si, Ge, or Sn. The earliest works were on ZnGelNwhile ZnSnN, was not reported until
2012. Data for this gure taken from Web of Science search results.

The rst publications on ZnSnN, (ZTN) were computational works. [22{25] Initial calcu-
lations on ZTN predicted a 1.65 eV bandgap [24] for a catiorraered orthorhombic material,
in which the higher-order supercell results from alternatig Zn and Sn atoms occupying the

cation sublattice of an underlying wurtzite structure (Figue 1.3). Almost immediately,



discrepancies in the calculated bandgap appeared in thecliiture, despite a general consen-
sus on orthorhombic structure. The same group reporting a@5 eV bandgap revised this
value upward to 2.02 eV after adding corrections for zero pa@imotion and exciton binding
energy.[25] Other predictions yielded bandgaps of 1.42 e26] 1.8 eV,[27] and 2.09 eV,[28]
based on various calculation methods. In the midst of thesemputational discrepancies, it
was proposed that for a fully cation-disordered, average wimite structure ( Figure 1.3a),
the bandgap of ZTN would narrow to 1.12 eV, and that it would be pssible to tune the
bandgap continuously up to 2.09 eV if control of cation disder was achieved. This predic-

tion catalyzed increased research interest over the ensgiyears (see Figure 1.2).

Wurtzite

Figure 1.3: (a) One version of orthorhombic ZTN, space group Ri®, which has not been
observed experimentally. (b) The commonly-assumed growsthte orthorhombic structure
of ZTN, space group Pnag which has been claimed experimentally. (c) Cation-disoeded
ZnSnN,, which has random occupation of Zn and Sn on the cation subtete. Both or-

thorhombic structures are supercells of the random wurtatstructure, in which the higher-
level ordering results from alternating Zn and Sn atoms on #hcation sub-lattice. The unit
cell for each is outlined in black.Figure adapted from Ref. [29]

From an experimental standpoint, the written record for ZTNdoes not begin until the
rst reported synthesis in 2012.[21] Initial synthesis waachieved using molecular beam epi-
taxy (MBE), [21, 28] a technique well-known for producing dfaxial thin Ims and specif-
ically well-suited for synthesis of new or metastable compods. Other synthesis methods
include plasma-assisted vapor-liquid-solid growth,[3@hd sputtering from elemental or alloy

targets in an activated nitrogen atmosphere.[26, 31, 31] Mo recently, bulk ZTN crystals



have been produced via high-pressure metathesis react[88] The variety of synthesis meth-
ods capable of producing ZTN shows the facility with which tis material can be made, which

is promising for later integration into photovoltaic devi@ structures.

Figure 1.4: Diagram taken from Ref. [26] depicting the Bursie-Moss shift phenomenon.
CB is the conduction band, VB is the valence band, fand E;.. are the fundamental and
e ective bandgap, respectively. Band- lling due to high carier density (shown as the Fermi
level, E-, being well above the conduction band minimum) causes the sat of absorption
to be shifted to higher energies.

Reported bandgaps of ZTN Ims vary widely. Early reports indcated bandgaps of 2 eV
or greater, as determined from tting optical absorption d&a or from computation.[25, 26, 28]
However, bandgap values extracted via optical absorptionting were a ected by band- lling
due to high carrier density (the well-known Burstein-MossIsft, Figure 1.4),[26] and the
early experimental reports were all associated with mateli having n-type carrier density
of 10?° cm 3. Later work revised the predicted bandgap down to 1.41{1.8Ve based on
more accurate computational methods (e.g. the GW approxinian applied within density
functional theory).[33, 34] Experimental bandgap reportérom this later period are sparse,
but two lower values were reported: 1.0 eV based on absorptionset of zinc-rich Ims with
n=10'cm 3,[35] and 1.7 eV based on photoluminescence excitation spescopy (PLE) of
stoichiometric, degenerately n-type Ims.[34] The probla with these values is that neither
is based on experimental conditions in which the e ects of o high carrier density and
0 -stoichiometry can be ruled out as a ecting the measured &ndgap value. In the case of
o -stoichiometric growth, high defect density and comperstion could lead to band-tailing

that would alter the optical absorption onset. In the case oflegenerate n-type Ims, the



emission onset in PLE will be arti cially increased due to bad lling from the Burstein-
Moss shift. One of the goals of this thesis is to identify theamdgap of low-carrier density

material using methods una ected by band-tailing from zinaich growth.
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Figure 1.5: Defect formation energy diagram taken from Ref36¢], in which the ordered
orthorhombic structure and a calculated bandgap of 1.8 eV we assumed. Note that the
dominant donor (Sr,,) and the dominant acceptor (Z,) do not cross within the bandgap,
but instead converge at energies beyond 1.8 eV, indicatingtype degeneracy.

With regards to the intrinsically-high carrier density obseved in ZTN, this phenomenon
is understood to be due to favorable formation energy of mible donor point defects (Fig-
ure 1.5).[36] As observed in Figure 1.5, which was calculatedsaming the ordered-cation
orthorhombic version of ZTN, three main defects were prediet to form spontaneously: the
anion-site defects nitrogen vacancy (¥) and oxygen substitution (Qy), and the cation-site
defect tin-on-zinc antisite (Sk,). In practice, these defects arise from ine cient nitrogen
incorporation due to the inert nature of molecular nitrogen(in the case of \{) or from the
tendency for nitride materials to uptake oxygen (for Q). Additionally, the higher volatility
of zinc compared to tin results in zinc desorption from the sficture and encourages S
antisite defects. Despite this tendency toward degeneraanuch progress has been made

on reducing the n-type carrier density through careful grotlh and post-growth processing



techniques (Figure 1.6). Zinc-rich o -stoichiometry was tle rst breakthrough in taming
ZTN degeneracy, in which Zg, acceptor defects were proposed to compensate for (or com-
plex with) the multiple native donor defects that spontaneasly form.[35] Next, post-growth
annealing of stoichiometric Ims was found to lower the carer density further, leading to
Ims with free electron concentration of mid-18” cm 3.[37, 38] Most recently, it was found
that intentionally adding hydrogen during deposition and gabsequently driving it out with
post-growth annealing led to another order of magnitude redtion in n-type carrier den-
sity, down to 4 x 10/ cm 3. The mechanism behind this carrier density reduction and st

implications for further ZTN development are the topic of Clapter 3.
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Figure 1.6: Carrier density reported for ZTN plotted againspublication date of the report,
taken from Ref. [29], in which the lead-author and method udeto achieve each carrier
density reduction is indicated.
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Regardless of the method employed to overcome n-type degacg in ZTN, high carrier
density and the associated Burstein-Moss shift have thusrfabscured the relationship be-
tween bandgap and cation ordering in this material. Two mode of cation disorder have
been proposed, the rst assuming fully equilibrated mateai in which the octet-rule for the
anion is conserved [34], and the second exploring non-eiiwibm material in which octet-
rule violations are allowed.[33] In the case of strictly edjibrium disorder, it was shown that

the bandgap of ZTN is not appreciably a ected by degree of cain disorder, whereas in



the non-equilibrium case, the bandgap was shown to vary overore than 1 eV and could
close entirely for completely random disorder. Interestgly, both models nd that detect-
ing cation ordering by di raction-based methods alone is riaa su cient probe, due to the
rapid extinction of supercell di raction peaks upon the intoduction of even small amounts
of cation disorder in otherwise ordered Ims. While some repis of cation-ordered ZTN
exist in the literature [39, 40], these reports relied on draction-based techniques to reach
their conclusions, which cannot unambiguously distinguisbetween full cation ordering and
the octet-rule conserving version of disorder just menti@a, since both structures exhibit
similar lattice spacing and unit cell volume.[34] In Chapte4 of this thesis, we present ev-
idence that high quality electronic structure can be achi@d in o -stoichiometric material,
despite atomic disorder and high defect density, thus decpling carrier density control from

the drawbacks of disorder to charge carrier transport.



CHAPTER 2
COMBINATORIAL INSIGHTS INTO DOPING CONTROL AND TRANSPORT
PROPERTIES OF ZINC TIN NITRIDE

An article published in Journal of Materials Chemistry C

Reproduced from Ref. [35] with permission from the Royal Sety of Chemistry
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Abstract

ZnSnN, is an Earth-abundant semiconductor analogous to the IlI-Nitdes with potential
as a solar absorber due to its direct bandgap, steep absomtionset, and disorder-driven
bandgap tunability. Despite these desirable properties,igstrepancies in the fundamental
bandgap and degenerat@&-type carrier density have been prevalent issues in the lited
amount of literature available on this material. Using a cominatorial RF co-sputtering
approach, we have explored a growth-temperature-compasit space for Zn.x Sm.«N, over
the ranges 35{340C and 0.30{0.75 Zn/(Zn+Sn). In this way, we identi ed an optimal set of
deposition parameters for obtaining as-deposited Ims wht wurtzite crystal structure and
carrier density as low as 1.8 x 28 cm3. Films grown at 230C with Zn/(Zn+Sn) = 0.60 were
found to have the largest grain size overall (70 nm diameten@verage) while also exhibiting

low carrier density (3 x 138 cm®) and high mobility (8.3 cm? V-1 s1). Using this approach, we
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establish the direct bandgap of cation-disordered ZnSaht 1.0 eV. Furthermore, we report
tunable carrier density as a function of cation compositigrin which lower carrier density is
observed for higher Zn content. This relationship manifesias a Burstein-Moss shift widening
the apparent bandgap as cation composition moves away fronm-Zich. Collectively, these
ndings provide important insight into the fundamental properties of the Zn-Sn-N material

system and highlight the potential to utilize ZnSnN for photovoltaics.
2.1 Introduction

In the search for the next great technological advance in solenergy conversion, new
semiconductors based on Earth-abundant elements providertile ground for innovation.
Many of these materials possess direct bandgaps and intigg possibilities for bandgap
tuning based on alloying[41, 42] or controlled disorder34 44] Achieving facile bandgap
tuning in a single semiconducting material currently reprgents one of the grand challenges in
the eld of photovoltaics (PV) research.[1] One material thafalls into this category of Earth-
abundant, direct-gap semiconductors with possible bandgaunability is the I1I-N analog
ZnSnN\,.[24, 25, 28, 30, 36] This material exhibits properties, du@s large optical absorption
coe cient and a tunable bandgap range from 1.0{2.0 eV depetiag on cation disorder, that
make it potentially suitable as the absorber layer in nextgneration PV devices.[28]

Despite the intriguing possibilities of ZnSnM as a thin Im solar absorber, this material
is one of the least-studied members of the II-IV-¥class.[5, 45, 46] Computational research
into its properties did not begin until 2008,[22] and the r$ synthesis of ZnSnN was not
reported until 2013.[26] Since then, synthesis of ZnSpNas been reproduced, but questions
remain concerning both its structure and its fundamental mperties.[26, 28, 30, 37, 47]

Two critical challenges frustrating development of ZnSn)Nfor optoelectronics have been
discrepancies in the value of the fundamental bandgap andgeneraten-type carrier density.
Calculated bandgap values range from 0.35{2.64 eV depenglion the approximation used
and depending on the crystal structure assumed.€. ordered orthorhombic vs. cation-

disordered wurtzite).[24, 25, 28] Experimental results arlimited, with measured bandgaps
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ranging from 1.7{2.1 eV.[26, 30, 37] These discrepancies wetn theory and experiment
have been attributed to band- lling due to degenerate carer density,[26, 28] or to changes
in cation ordering altering the fundamental gap.[28] Carer density on the order of 18 cm
has frequently been observed in ZnSnNiterature, and has previously obscured attempts to
identify the value of the fundamental gap.[26, 28] Moreovgthe degree of cation ordering has
been linked to bandgap tuning in related I1-IV-\4 materials, such as ZnSnf and is expected
to a ect the ZnSnN, bandgap as well.[44] However, it has been di cult to determia which
hypothesis is correct, or if it is a combination of both e ect, because the body of work
available on ZnSnN remains quite limited.

The predicted bandgap tunability range for ZnSni spans energy values optimal not
only for single-junction or multi-junction PV, [48{50] but also for other semiconductor-based
technologies such as water splitting,[51, 52] or light-etting diodes (LED).[13] Particularly
for LEDs, ZnSnN, and its alloys in the Zn-IV-N, system have the potential to span the
so-called \green gap" in modern LED technology due to a lowatloy formation enthalpy for
Zn-IV-N, materials as compared to the IlI-N system.[13, 53] These mottial applications
remain unexplored, likely due to a perceived high risk sincability and facile synthesis of
ZnSnN, had not been demonstrated until now. With this work, we move Z&nN, out of the
realm of early-stage material discovery and into the realnt application-driven development
by using high-throughput synthesis and characterizationeichniques.

In the present study, we used a combinatorial approach to demstrate that cation-
disordered, wurtzite Zn.x Sm.«N, could be grown over a much wider process window than
previously thought. Additionally, we present the rst report of doping control in the Zn-Sn-
N material system through varying cation o -stoichiometry We nd that a 20% zinc-rich
cation composition yields ann-type carrier density of 1.8 x 18 cm’; the lowest carrier
density achieved thus far for as-deposited Ims. Zinc-ricHms in this work were also found
to luminesce at cryogenic temperatures, and to exhibit a mmum in free carrier absorption

compared stoichiometric Ims. These ndings represent a ghi cant advance for ZnSnN,
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in that future development of this material for applicatiors in Earth-abundant thin Im PV

and other energy-generating technologies can now be acraled.
2.2 Methods

The methods used in Chapter 2 are divided into subsections lejther combinatorial or

single-point experiments.
2.2.1 Combinatorial Experiments

A combinatorial approach[54] was used to deposit thin Im braries of ZnSnN with
orthogonal gradients in cation composition and growth temgrature. Films were 200{700 nm
thick and were deposited from 50 mm diameter elemental Zn ari®h targets of 99.995% and
99.998% purity, respectively, via reactive radio frequeyic(RF) sputtering. Target power
was kept at 35 W for Zn and 25 W for Sn, to compensate for the high volatility of Zn.
An RF-plasma atomic nitrogen source (HD25, Oxford Applied Resezdn) run at 250 W
and owing 10 sccm of 99.999% purity Bl gas was used to provide the reactive N* species
for all Ims grown in this work.[55] Films were deposited on 5 50 mm Eagle XG glass
substrates located 13 cm from the targets in a chamber with £0Torr residual water base
pressure. Depositions were performed in a mixed Ar and N* atnygsere with 10 mTorr
of each for a nominal chamber pressure of 20 mTorr. Two sputtguns were inclined at
45 to the substrate normal to create the continuous compositiospread of Zn:Sn for each
library. A growth temperature gradient was induced perpendular to the cation composition
gradient by contacting the substrate on one end with a heatethetal pad.[56] Hot-side
set point temperatures were 11@, 220C, 330C, and 400C, which provided an overall
spread in growth temperature from 340C to 60 C. Actual growth temperatures achieved
were calibrated by placing a thermocouple in contact with ta substrate surface at four
representative regions (along the decreasing temperatgeadient and spaced 12.5 mm apart)
for each of the hot-side temperatures mentioned. Additionigl a sample was grown with no

active heating of the substrate, and was calibrated by theratouple to be at 35C as a
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result of sputtered particle impingement on the substrateusface during growth. Another
isothermal sample was grown at 30C with the same composition gradient as the 33C
hot-side sample for non-combinatorial advanced characieation. Prior to each deposition,
targets were pre-sputtered for at least 30 min with a shuttecovering the substrate.

Sample libraries were characterized using a 4 x 11 mappingdyto connect observed
trends in estimated bandgap, crystal structure, and othernpperties to changes in Im com-
position or growth temperature as a function of position ontte substrate.[57] Mapping-style
characterization was used to collect X-ray di raction (XRD), X-ray uorescence (XRF), four-
point probe (4pp), and UV-Vis-NIR spectroscopy data. Finally, ceatom software packages
written in Igor Pro were used to parse and analyze the substia amount of data produced
by the combinatorial experiments.

XRD was performed using a { 2 geometry with Cu K- radiation and a proportional
2D detector on a Bruker D8 Discover equipped with General AreBetector Di raction
System software. XRF was performed on a Fischer XDV-SDD instrumeto determine both
the Zn/Sn ratios and the thickness of the Ims. Film thicknessfrom XRF was calibrated
with scanning electron microscopy (SEM) measurements (@eed below). Sheet resistance
measurements were performed using a collinear 4pp mappingtrument built in-house with
1 mm spacing between probes. Electrical conductivity was lssequently calculated using
thickness data from the XRF measurements. Transmissio | and re ection (R) spectra
were collected in the UV-Vis-NIR spectral ranges (300{2000 nm}iung a home-built thin Im
optical spectroscopy system equipped with deuterium andngsten/halogen light sources and
Si and InGaAs detector arrays. The collected spectra were thesed to calculate absorption
coe cient () using the relation = In[TX1 R)]=d whered is the measured Im

thickness.[58]

14



2.2.2 Single Point Experiments

To obtain morphology, carrier density, and mobility as a funtion of cation composition
and growth temperature, carefully selected regions of ealibrary were manually scribed and
cleaved into 7 x 7 mm squares for scanning electron microsgdSEM) and room temperature
Hall e ect measurements. These sections were considered te bniform with regards to
composition and morphology due to the small size of the Im séons. SEM was performed
on an FEI Nova NanoSEM 630 operated at 3 kV and 40 pA to minimize clging e ects.
Room temperature Hall e ect measurements were performed ogi soldered In contacts
in the Van der Pauw con guration on a BioRad HL5500 PC instrumet. Temperature-
dependent Hall e ect measurements were performed on the samstrument with the sample
con guration just described. Sample temperature was swefitom 100 K to 350 K by cooling
under vacuum with liquid nitrogen followed by gradually rasing the temperature with a
combination of intermittent cooling and a heated stage.

Additional single point characterization was performed onpgeci ¢ regions of interest
on some combinatorial libraries using the same 7 x 7 mm samme&e described above.
Transmission electron microscopy (TEM) was performed on it sections of the 7 x 7 mm
Im pieces prepared in cross-section in an FEI focussed iondm (FIB) work station, using
the lift-out technique described elsewhere.[59] Brighteld diraction contrast TEM and
transmission electron diraction (TED) were performed at ®0 kV in an FEI Tecnai G2
30 S-TWIN TEM. Interplanar spacings were calculated from thelTED patterns using a
pattern taken from single crystal GaAs for calibrating the spcings given by the instrument
under the same measurement parameters. High angle annularkdeeld (HAADF) imaging
paired with energy dispersive X-ray spectroscopy (EDX) anadys was performed in an FEI
Tecnai F20 UltraTwin scanning transmission electron microspe (STEM) operated at 200
kV and was used to analyze the composition of the grain bounues. Electron backscatter
di raction (EBSD) was performed using an EDAX Hikari A40 systemintegrated with the

same SEM instrument described above. Kikuchi patterns wenedexed using both hexagonal
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and cubic lattice data les to check that the best t (highest con dence index) happened
for the hexagonal lattice. Finally, photoluminescence spioscopy (PL) was performed at
4.25 K on samples of the 7 x 7 mm size using a 514 nm Modu-Lasegl&t-Pro Argon/lon
laser powered at 10 mW with a 280 m slit width and a 550 nm long-pass lter.

To determine oxygen impurity concentration, a nominally stichiometric sample was
grown isothermally at 230C to a thickness of 140 nm for Rutherford backscatter spectre
etry (RBS) analysis. This sample was grown on (100) Si to abcontribution to the oxygen
signal from the oxygen in the glass. RBS was performed on a neb@S-MR10 RBS system
from National Electrostatics Corporation. The beam consisd of 2 MeV alpha patrticles at a
current of 50 nA. The total accumulated charge was 500C, which indicates a signal integra-
tion time of more than 12 times the standard integration timgstandard accumulated charge
is 40 C for this system). The RBS detector was mounted in a 16&ackscatter con gura-
tion. Analysis of the RBS spectra was performed using RUMP datanalysis software,[60]
in which the ZnSnN, Im was simulated as a layer on top of a 5000 nm thick Si layer fo
the substrate. To perform the tting and integration procedures, the oxygen region was
excluded when tting the background signal from the Si subsate, in order to obtain a re-
liable baseline over which the oxygen signal could later betégrated. Finally, an empirical
density of 0.719 x 18 atoms cm® was used to calculate thickness (value taken from the

NREL Materials Database, entry number 11591).
2.3 Results and Discussion

The results presented in Chapter 2 are sub-divided by comlatorial and single-point

experiments.
2.3.1 Combinatorial Survey

Morphology and Structure.Using a combinatorial approach, we were able to identify optiat
conditions for depositing wurtzite ZnSnN on glass with long range phase-purity by XRD.

Six combinatorial libraries were prepared spanning growttemperatures from 35{340C and
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Figure 2.1: (a) Characteristic XRD patterns plotted on a log sgle for Ims grown within a

broad range of deposition conditions. Numbers in each panefer to Zn/(Zn+Sn) composi-

tion. The black arrow in the top panel of (a) indicates two pels that are consistent with the
Pna2, orthorhombic crystal structure.[26] Corresponding crossectional SEM images in (b)
show columnar grain structure for stoichiometric and zincich Ims, and more disordered
grain structure for tin-rich Ims.

cation compositions of 0.30{0.75 Zn/(Zn+Sn) as determinedy XRF. Throughout this work,
the fraction of zinc atomic percent (at%) to total cation at%as measured by XRF gives
the degree of o -stoichiometry in reference to zinc contentA value of 0.50 Zn/(Zn+Sn)
indicates stoichiometric, while a value of 0.60 Zn/(Zn+Snjndicates zinc-rich. Films falling
in the range of 0.45{0.70 Zn/(Zn+Sn) and grown at 120{340C exhibited wurtzite XRD with
no peak shift or broadening that would suggest the presencé secondary phases (such as
Zn3N, or SrgNy).

Figure 2.1a displays XRD patterns on a log intensity scale forndnN, Ims grown at
a range of conditions. At growth temperatures between 16048 C, Ims with cation com-
positions of 0.45{0.70 Zn exhibited crystal structure comstent with the \average wurtzite"
structure observed previouslyi(e. random cation site-occupancy).[26] The dashed lines in
Figure 2.1a give the peak positions calculated for wurtzitenSnN,.[26] Films grown outside

this temperature-composition window exhibited either brad XRD peaks that were not well
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resolved or peaks that were shifted to higher or lower Bragghgle, making it di cult to
rule out the presence of secondary phases. These e ects cansken in the far left panel of
Figure 2.1a (dark blue curve). A set of samples was also prepdrisothermally at 400C,
but these Ims showed regions of no net deposition and of mdiia zinc and tin. Due to this,
340 C was treated as the upper limit on optimal growth temperatue.

In contrast to the wurtzite crystal structure observed mostcommonly in this work, stoi-
chiometric Ims grown between 280{340C showed evidence of Pnadrthorhombic structure
(top panel of Figure 2.1a, turquoise curve). Two peaks appeat 30 2 , which are at the
expected peak positions of the calculated for ZnSaNn prior work.[26] O -stoichiometric
Ims grown between 280{340C exhibited wurtzite ZnSnN, structure (not shown). Previous
calculations have shown that cation-ordered ZnSnNi.e. with orthorhombic crystal struc-
ture) should have a bandgap of 2.0 eV, while cation-disorder@nSnN, (with wurtzite crystal
structure) should have a bandgap closer to 1.0 eV.[28, 36] Find evidence in this work of
increased order (orthorhombic crystal structure) at high gwth temperature and wurtzite
ZnSnN, at lower temperature demonstrates the possibility for tumg order parameter, and
subsequently bandgap,[28, 36] through varying growth tenepature in this material.

Indeed, there is a precedent for tuning bandgap and other grerties by controlling cation
disorder in multinary, tetrahedrally-bonded materials. h one study on ZnSnR (another II-
IV-V , material), bandgap tuning over 300 meV was achieved througtontrolling cation
disorder by minimally varying the cation ux ratio during growth.[61] In addition to this
study, a theoretical work on ZnSnR showed that bandgap tuning could be achieved over an
even wider energy range by varying growth or annealing temiagure to control disorder.[44]
Beyond II-1V-V, materials, control of cation disorder to tune properties & been shown
in both Cu,Sn$[62] and CypZnSnSe.[63] These materials are both tetrahedrally-bonded
multinary semiconductors with underlying zincblende latice that is similar to the underlying
wurtzite ZnSnN, lattice. For Cu,SnS, cation disorder can be controlled through post-growth

annealing to reduce point defect density and carrier condeation.[62] For Cu,ZnSnSe,
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similar control of cation disorder through anneal/quenchyxles was found to reversibly tune
the bandgap over 120 meV.[63] Given these examples of coriingl cation disorder to tune
properties in other multinary, tetrahedrally-bonded mateials, it is intriguing that we observe

a relationship between degree of disorder and growth tempdure in this work, as is observed
in the middle column of panels in Figure 2.1a. Such a propertlisorder relationship, as
predicted previously for ZnSnN and shown here to be feasible, could be manipulated to
tune the bandgap in this material.[28, 36]

Films had dense, columnar growth by SEM and exhibited grainsith diameter 30{70 nm
if grown between 160{340C and 0.45{0.70 Zn/(Zn+Sn) (Figure 2.1b, middle, top, and rignt
panels). Deposition rates of up to 300 nm/hr were achieved atl deposition conditions up
to 340 C. The largest grains observed were 70 nm in diameter on avgea for Ims grown
at 230 C with 0.60 Zn on the cation site (far right panel of Figure 2.1 Films with far
Sn-rich composition (.e. <0.45 Zn on the cation site) showed disrupted columnar growth
and rough grain boundaries by SEM (far left panel of Figure 20). Columnar growth was
also disrupted for Ims with >0.70 Zn on the cation site grown in the 160{34C range,
as determined by SEM. Zn-rich or stoichiometric Ims grown atemperatures lower than
160 C had small grains with diameters<30 nm and sometimes ever 10 nm. Grain size
was consistently 70 nm for all Ims grown in this work, but this could be increagsd by
post-growth annealing or growing on oriented substrates.

We observe surprisingly consistent phase stability for I grown over a wide range of
deposition conditions. This is in contrast to the very narrev window of equilibrium phase
stability predicted previously,[36] in which ZaN, and metallic Zn and Sn secondary phases
were predicted to be dicult to avoid. We see no evidence of tbse secondary phases by
XRD within the range of 0.45{0.70 Zn/(Zn+Sn) and 160{340C growth temperature. The
absence of secondary phases in our Ims over such variablewth conditions may be due
to growing wurtzite ZnSnN, instead of the orthorhombic phase assumed in constructinbe

equilibrium phase stability diagram.[36]

19



Synthesis of phase-pure, wurtzite ZnSniNsuggests that our growth conditions are not
in line with the assumptions used to construct the phase stdity diagram cited above.
For example, the use of activated nitrogen in the present sy provides non-equilibrium
growth conditions that have been previously shown to widenhe range for stable phase
formation in other nitride materials.[55, 64] For exampleprior work on the metastable
material CuzN using an atomic nitrogen source showed a distinct broadeg of the window
where this material could be grown.[55] For ZnSni\l the defect formation enthalpies taken
from literature [36] predict that Oy and Vy donor defects are two of the four most favorable
defects to form. This indicates that nitrogen-rich growth bBould lead to better material in
terms of point defect density. The ability in this work to grav wurtzite ZnSnN, at a wide
range of conditions highlights the advantage provided by #huse of an activated nitrogen

source.

Electrical Properties. Conductivity was found to vary over four orders of magnitudeas a
function of cation composition and growth temperature (Figte 2.2a). The dashed vertical
line in Figure 2.2 indicates nominally stoichiometric catin composition, and the grey shaded
regions delimit the cation composition range for which wurite XRD with no peak shift
or broadening was observed (discussed in the Morphology aBtfucture section). As Zn
content increased from 0.35 to 0.65 Zn/(Zn+Sn), conductity decreased by a factor of
10* to a minimum at 0.1 S cmt. Beyond 0.65 Zn/(Zn+Sn), conductivity increased again,
although at compositions past 0.70 Zn/(Zn+Sn), phase-puty was unclear. We note that Zn
content higher than 0.60 was di cult to achieve for growth above 230C, due to the higher
volatility of Zn compared to Sn. For xed Im composition at 0.60 Zn/(Zn+Sn), increasing
temperature leads to a decreasing conductivity until 12C (dark blue diamond); beyond
this critical temperature, further raising the growth temperature increased the conductivity.
For more detail on the e ect of growth temperature on the condctivity of Zn-rich Ims,

shown in Figure A.1 of Appendix A.
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Figure 2.2: Conductivity measured by 4pp (a) decreased by foorders of magnitude as a
function of cation composition. Free electron density meased by room temperature Hall
e ect (b) decreased by more than two orders of magnitude ovehe same cation compo-
sition range. No trend in this broad data set was observed in rhiity as a function of
cation composition or growth temperature. The dashed vedal line in Figure 2.2 indicates
nominally stoichiometric cation composition, and the greghaded regions delimit the cation
composition range for which wurtzite XRD with no peak shift orbroadening was observed
(discussed in section 3.1.1).

Free electron density (Figure 2.2b) was found to decrease byore than two orders of
magnitude over the same range of Zn content in which condueity decreased. The lowest
n-type carrier density observed was 1.8 x ¥®cm for a 230C Im with 0.70 Zn/(Zn+Sn).
For Ims with the largest grain size (70 nm, 230C, 0.60 Zn/(Zn+Sn)), the lowest carrier

density was 3 x 18 cm3. Within the optimal range of growth conditions identi ed, the
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highest mobility measured was 8.3 cfivV-'s? and the lowest was 1.1 cAV!s?, although no
clear trend in mobility was observed as cation compositioravied (Figure 2.2c). The mobility
values found in this work are on par with, or exceed, what hasekn previously reported for
ZnSnN; in literature.[26, 28, 37]

The carrier densities reported here for as-deposited Imdofv 10'® cm®) are two orders
of magnitude lower than previously reported for ZnSnN Ims grown without post-growth
annealing.[26, 28] The Ims in this work exhibit carrier desity values comparable to those
reported for annealed ZnSni in which carrier densities of 18{108 cm were observed.[37]
This comparison is promising, because it shows that thereeaat least two routes to low-
ering the carrier density in ZnSnN: post-growth annealing or o -stoichiometry. Together,
these ndings reveal that one of the fundamental challengdsr ZnSnN,-based photovoltaics,
namely degenerate carrier density, may in fact be a tractadblproblem.

It is interesting to note that our lowest carrier densities \&re observed for Im composi-
tions around 0.65 Zn/(Zn+Sn), rather than for the stoichionetric 0.50 value. Stoichiomet-
ric Ims, in this work and others,[26, 28, 30, 47] exhibit degneraten-type carrier density

10?° cm3. The reason for this degeneracy is not obvious, although fsioichiometric cation
ratio, it is apparent that degenerate carrier density canridoe easily explained by cation-site
defects. Neither can it be explained by Zndefects, which have high formation energy.[36]
This suggests thain-type degeneracy is due to the anion sublattice, which is cgistent with
On and Vy being low energy defects in ZnSni\36] Moreover, Q and Vy are well-known
point defects in nitride materials in general. The observain that 0.65 Zn/(Zn+Sn) results
in non-degenerate Ims is consistent with this picture, asxxess Zn on the disordered cation
sublattice would compensate these anion sources of degatercarrier density. While prior
literature identi es Snz, antisites as the lowest energy defect, that calculation i®ff a par-
ticular chemical potential growth environment. The chemial potential growth environment
is clearly varying across the combinatorial libraries growin this work, making it debat-

able whether the defect formation energies for orthorhombiZnSnN, can be applied to the
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wurtzite version found here. This discrepancy highlightshte need for future computational

e orts on the defect physics of the full Zn-Sn-N material syem.
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Figure 2.3: Absorption coe cient plotted on a log intensity s@le shows evidence of a
Burstein-Moss shift altering the absorption onset as a fution of cation composition. Ab-
sorption onset varies from 1.0{1.4 eV as carrier density inrgases by almost two orders of
magnitude and both occur while cation composition variesdm 0.60{0.40 Zn/(Zn+Sn). Due
to the limit of our detector for Ims of this thickness, any atsorption below 10° cm could
not be observed. Panels (a), (c), (d), and (f) show the indidual traces at the extremes of
panels (b) and (e).

Light Absorption. Figure 2.3 shows the absorption coe cient plotted on a log st¢a as a
function of Zn fraction on the cation site at two di erent growth temperatures: 160C in

panels (a){(c), and 230C in panels (d){(f). The data and absorption trends shown in
Figure 2.3 are representative of the broader range of libras studied in this work for growth
temperatures above 100 C. Absorption coe cient color maps are shown in Figs. 3b and

3e, in which absorption coe cient values above 3 x YOocm? are displayed in yellow and
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below 8 x 1§ cm? are displayed in black. The panels that bookend Figs. 3b and 2ee
traditional representations of absorption coe cient versis photon energy, also plotted on a
log scale. Panels (a) and (c) correspond to the Zn-rich (0)6@&nd Sn-rich (0.40) limits on
the color map in panel (b), respectively. The same descripta is true of panels (d) and (f).
As Im composition moves from Sn-rich to Zn-rich, free carrieabsorption decreases until
none is detectable for Ims grown at 230C with 0.60 Zn/(Zn+Sn) (Figure 2.3d). Free carrier
absorption is visualized as a rise in absorption coe cienttalow photon energy preceding
the absorption edge, and is observed most strongly in Figure32c) and (f). Decreasing
free carrier absorption coincides with two important trend: (1) absorption edge shift from
1.4 eV to 1.0 eV, and (2) decreasing carrier density. Such celation suggests a Burstein-
Moss shift[65] causing an increase in the apparent bandgap @ result of conduction band
lling. Both stoichiometric and Sn-rich Ims had carrier densities 1{2 orders of magnitude
higher than their Zn-rich counterparts, consistent with a Birstein-Moss shift. Considering
that degree of cation disorder (based on observation of waite structure by XRD) stayed
nominally constant as cation composition varied from 0.40{60 Zn/(Zn+Sn), it is unlikely
that the e ects of an order-disorder transition are convolted with the Burstein-Moss e ect,
as observed in prior work.[28] The optical absorption edgerf Ims with no detectable free
carrier absorption was consistently found to be 1.0 eV; in gdagreement with the calculated
bandgap for cation-disordered ZnSnN[26, 28]
An experimental e ective mass (m*) was calculated from the aaer density and absorp-
tion edge data presented in Figure 2.2 and Figure 2.3. Using aadfelvin approximation,[66]
the following equation can be rearranged to obtain a relatiship between the slope of the

tted line and m* by taking E; to be the measured absorption onset.

h2 32N 28
B = o v (2.1)

Absorption edge was plotted against carrier density raiseatthe 2/3 power for samples

displayed in Figure 2.2b, and a linear t of the resulting plotwas performed to determine
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Figure 2.4: Due to the Burstein-Moss shift observed in this nbarial, the data from Fig-
ure 2.2 and Figure 2.3 can be used to calculate an experimengagctive mass by plotting
experimental absorption edge against measured carrier déy raised to the 2/3 power. An
experimental e ective mass (m*) of 0.5ra was extracted from the absorption coe cient and
carrier density data presented above. This was done by perniting a linear t of the data
and setting the slope of that line equal to the slop of Eq. 1, @nsolving for m*.

a slope (Figure 2.4). The slope of the tted line in Figure 2.4 wafound to be 7.68 x
10 1 eV cn?, and yielded m* = 0.5m.. This value is greater than the previously calculated
value of 0.1m for ordered, Pna2 orthorhombic ZnSnN.[26, 36] This discrepancy is unsur-
prising given that a larger e ective mass is expected for a wizite crystal structure based

on prior calculations.[28] The larger e ective mass mightlao be a result of the approximate
nature of this analysis. However, the e ective mass extraatefrom Figure 2.4 is of the ap-
propriate order of magnitude and is< 1m,, which is qualitatively consistent with previous

calculations.[26, 36]

Summary of Combinatorial Work. The diagram shown in Figure 2.5 is a property map sum-
marizing the results of our combinatorial work on ZnSnN Each dark blue dot displayed
in the gure represents a particular set of growth conditios examined in this work. The

shaded overlaid shapes indicate boundaries in growth tempure-composition space where
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Figure 2.5: Summary of data collected via combinatorial expenents. Each point on the
gure represents one of 44 data points collected from eachsask combinatorial libraries. The
teal region indicates deposition conditions for which wurite ZnSnN, Ims could be grown
without peak shift or broadening by XRD. The yellow region gigs the conditions for growing
Ims with n-type carrier density below 18° cm3. The orange region gives the boundaries for
growing Ims with no free carrier absorption below the absqtion edge {.e. carrier density

4 x 10" cm®), and is a subset of the yellow region. The red arrow indicatelms that
exhibited the largest grain size overall, 70 nm diameter orverage, and are considered to be
the optimal Ims grown in this work. The black arrow indicates a Im in which XRD peaks
consistent with orthorhombic crystal structure were obseed.

particular material properties were observed. The teal skhad region indicates the growth
temperature and cation composition range we identi ed for @wing wurtzite ZnSnN, Ims
without peak shift or broadening by XRD that would indicate the presence of secondary
phases. The overlapping yellow region gives the boundaries obtaining Ims with n-type
carrier density below 16° cm3. Finally, the orange triangle gives the boundaries for growg
Ims that exhibit no free carrier absorption below the absgption edge (.e. carrier den-
sity 4 x 108 cmr®), and should be considered a subset of the yellow region. S#es grown

at conditions beyond these boundaries exhibited one or a cbimation of the following: (1)
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under-dense morphology or non-columnar grain growth by SENR) amorphous character or
possible secondary phases by XRD, and/or (3)-type carrier densities upwards of 1§ cm3.
Particularly, Ims grown at 400 C showed regions of no net deposition or regions of metallic
zinc and tin mixed with the binary ZnzN, and SrsN,4 parent phases. The red arrow at 23C
and 0.60 Zn/(Zn+Sn) indicates Ims that exhibited the largest grain size overall, 70 nm
diameter on average, and are considered to be the optimal Bngrown in this work. The
black arrow indicates Ims in which XRD peaks consistent withorthorhombic crystal struc-
ture were observed, although these Ims still exhibited caier density >10?° cm3. Given
the considerable di culty previously experienced in detemining the fundamental properties
of ZnSnN,, the property map displayed in Figure 2.5 can provide a platfen for accelerated

development of this material in the future.

2.3.2 Advanced Characterization

By using a combinatorial approach, we have been able to putrfb guidelines for growth
of ZnSnN, thin Ims with promising properties for photovoltaics. The principle advantage
of the combinatorial approach is manifest in our ability to apidly screen a wide range of
deposition conditions in the search for regions of desirgbmaterial properties. However,
combinatorial-based characterization can only go so far iluminating the ner details of
materials grown under conditions that yield interesting poperties. To balance this, advanced
characterization techniques are necessary to provide a radiocused view of the regions of
interest identi ed by our initial combinatorial work. In th e following section, we delve
deeper into the properties of a small selection of samplesarder to better understand (1)
the challenges that remain to be addressed in future work, dn(2) possible routes toward
optimization of ZnSnN, moving forward.

To gain deeper insight into the properties and challenges ofir most interesting ZnSnN
Ims, more advanced characterization techniques were apgdl to selected samples in a non-

combinatorial way. We selected samples grown at temperags in the range of 230{30@
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that were all either stoichiometric or zinc-rich in composion. These samples represent
regions in which the lowest carrier density, sharpest XRD p&g, and/or largest grain size

were observed by combinatorial characterization.

Figure 2.6: Bright eld TEM (a) of a stoichiometric sample gravn at 300 C shows columnar
grain structure, consistent with SEM. A corresponding TED pttern (b) shows polycrys-
talline morphology and some preference for growth along [@J. A top-down HRTEM im-
age (c) for the same sample shows atomic-scale crystalynénd grain boundaries free from
precipitates. Panel (d) is an HAADF image that when paired with X showed evidence of
nanovoids at the grain boundaries (indicated by a red arrow)

Crystal Structure. Columnar grain structure, observed by SEM, was con rmed byrght- eld
TEM. A representative image taken from a stoichiometric Imgrown at 280C is shown in
Figure 2.6a. Figure 2.6b-d, showing transmission electronmdiction (TED), high resolution
TEM (HRTEM), and high angle annular dark eld (HAADF) images, respectively, were also
taken from the same sample. The TED pattern shown in Figure Z6was used to calculate
interplanar spacings corresponding to the six smallestaineter di raction rings. These were
found to be consistent with those calculated previously[26or wurtzite ZnSnN, with Zn and

Sn distributed randomly on the cation sublattice (given in Fgure A.2 of Appendix A). The
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pattern in Figure 2.6b is consistent with polycrystalline Im morphology, which is consistent
with XRD analysis, and exhibits evidence of some preferentiarientation along the [0001]
direction (c-axis).

HRTEM of a representative grain boundary is shown in Figure 266 Grain boundaries
of stoichiometric and 0.55 Zn/(Zn+Sn) samples were free ofr@cipitates, such as metallic
Zn or Sn, and were crystalline at their interfaces. Regionsogtaining possible stacking
faults were also observed. Here again, these stacking faudi® more likely artifacts of a
fast deposition rate and growth on non-oriented substrateand may be avoided under more
stringent deposition conditions or through post-growth anealing.

HAADF imaging together with EDX line pro les revealed the presace of nano-scale
voids in the stoichiometric Im shown in Figure 2.6. These vais are visible in Figure 2.6d
as small dark regions between columnar grains (indicated layred arrow). In addition to
nding nanovoids, grain size was found to be no larger than 50m in diameter for samples
imaged by TEM. Indeed, grains with 70 nm diameter or smaller &ve consistently observed
by all imaging techniques used in this study (also see Figurel2 Nanoscale voids and
very small grain size when preparing Ims by sputtering clady represent challenges to be
addressed as research on ZnSxnkoves forward. Previous works using sputtering[26, 37]
have also reported small grains, while MBE growth[28, 47] qfh11) yttria-stabilized zirconia
(YSZ) substrates unsurprisingly produced single-crystaliSnN,. One report even showed
preliminary evidence that annealing sputtered ZnSnN Ims increases grain size, although
the maximum size reported was still only 7.5 nm (based on Scher analysis) when the
initial grain size was 5.8 nm.[37] Taken together, these axgles from literature support the
conclusion that the challenges mentioned above are relatedthe sputtering growth method
used in the present study and not fundamental to this materla

An electron back scatter di raction (EBSD) grain orientation map of the stoichiometric
ZnSnN, Im corresponding to the XRD pattern displayed in the top pané of Figure 2.1a is

shown in Figure 2.7. This region exhibited XRD peaks that are osistent with the Pna2;
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Figure 2.7: EBSD grain orientation map corresponding to thet@chiometric sample imaged
with TEM in Figure 2.6. Kikuchi patterns were indexed with high coincidence using a
hexagonal lattice. The preferred orientation was found to & along [0001] (shown in red),
which is consistent with the TED pattern in Fig. 5. Dark regiors indicate regions where no,
or low-quality Kikuchi patterns were observed.

orthorhombic structure calculated in Ref. [26]. Kikuchi p&erns for this region were indexed
using a hexagonal lattice and routinely yielded coincideradndices of greater than 0.4, mean-
ing very good agreement with hexagonal crystal structure.t is important to understand
that the orthorhombic structures predicted[22, 24, 26, 28br ZnSnN, in literature are exam-
ples of higher-level symmetry superimposed on a fundamelhgehexagonal lattice. When the
cation sub-lattice in ZnSnN attains a high degree of ordering a larger, orthorhombic uni
cell must be drawn to fully capture the translational symmaty of the more ordered crystal
structure. A detailed depiction of how the orthorhombic urti cell relates to the underlying

hexagonal lattice in ZnSnN is given Ref. [24].
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The most prevalent grain orientation observed in Figure 2.%i(0001), shown in red with
>95% con dence, and no other orientation was so clearly favext. This is consistent with the
TED results of Figure 2.6b that also revealed a preference fgrains to grow along [0001].
Regions of black in Figure 2.7 represent areas with no or lowsdlity Kikuchi patterns,
which could not be reliably indexed by the EBSD software. Altbugh absence of Kikuchi
patterns is often indicative of amorphous material, this g{anation is not consistent with
the HRTEM and TED data collected for these Ims, in which no amophous character was
observed. However, grain size in these Ims was always smaltean the spot size of the
incident electron beam used for the EBSD measurements, ankig may have contributed
to the di culty in obtaining Kikuchi patterns in some places. A combination of the small
grain size in this sample, which approached the lateral rdaton of EBSD, and observed
electron-beam damage of the surface probably contributed the di culty in obtaining good
EBSD data over the whole analyzed area. Moreover, the presenof nanovoids and small
regions of high dislocation density found by HAADF imaging and HREM, respectively, also
likely contributed to the dark regions observed in Figure 2.7

Finding (0001) preferential growth is interesting since tree Ims were grown on amor-
phous glass and might be expected to exhibit no orientatiohpreference. However, hexag-
onal ZnO is known to routinely exhibit (0001) texturing on gass, suggesting growth in the
c-axis direction may simply be a feature of materials with adxagonal lattice.[67] This nding
suggests that growth on lattice-matched (0001)-orientedelxagonal substrates is a promising
route forward for optimizing the morphology of these Ims. This nding is also consistent
with previous works achieving c-axis oriented ZnSni\thin Ims on (111) yttria-stabilized

zirconia, GaN, or c-plane sapphire substrates.[26, 28, 47]

Photoluminescence.At Zn-rich compositions, Ims consistently exhibited a brad peak in
low temperature PL intensity in the range 1.35{1.5 eV (Figur&.8). The spectra in Figure 2.8
were taken from the Zn-rich region of a 30@ sample, and are representative of other Zn-

rich Ims grown at lower temperatures. The energy range in wibh the PL peaks occur
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Figure 2.8: Normalized PL intensity plotted as a function of inident photon energy. PL
signal has been observed at 4.25 K for nominally Zn-rich Imi& which many of the optimal
properties reported in this work have been found. Consistdyy PL intensity was observed
in the range 1.35{1.5 eV.

coincides with the energy at which another broad PL peak wasbserved in a previous
work[30] at room temperature. This previous study attribued their PL peak at 1.4 eV to
defect luminescence. However, the average peak energy in FggR.8 is 0.4 eV above the
corresponding room temperature absorption onset of 1.0 eWWserved for similar Ims (see
Figure 2.3). Defect luminescence is usually observed at egies below the optical bandgap
in PL measurements, so observing luminescence above theicgitgap suggests that this
signal might not be consistent with a defect state. It is po#sle that the bandgap of cation-
disordered ZnSnN has a large temperature-dependence, but systematic invgsition into
this possibility will be the topic of a future study. Given that desirable properties such as
low carrier density and sharp absorption edge were observiat Zn-rich Ims, con rmation

that PL signal could be obtained from such samples is prommsgj.
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Figure 2.9: An inverse relationship between carrier densityblue markers) and mobility
(black markers) measured by room temperature Hall e ect wasbserved for samples with
0.50{0.60 Zn/(Zn+Sn) and grown between 200{30CC. This suggests ionized defect scattering
limits mobility for Ims in this work, and also suggests the brmation of defect complexes as
Ims become increasingly Zn-rich.

Transport. An inverse relationship between carrier density and mobiltwas observed within
the optimal range of deposition parameters we identi ed by ambinatorial studies (Fig-
ure 2.9). This relationship suggests ionized defects may bedominant source of charge
carrier scattering in this material. Typically, this sort of relationship would be expected of
temperature-dependent Hall e ect data, but we observe it as &nction of increasing o -
stoichiometry (Zn-richness). This is an intriguing parakl to draw, because in the context of
temperature-dependent Hall, lowering the temperature deeases the energy available to ac-
tivate defects and simultaneously decreases the concetita of charged scattering centers.
In our case (Figure 2.9), we appear to be losing charged scaittg centers as Zn-richness
increases. This suggests the formation of defect complexesthe Im composition moves
away from stoichiometric.

To further explore the defect complex hypothesis just proged, temperature-dependent
Hall e ect measurements were performed on a nominally stoicmetric and zinc rich

(Zn/(Zn+Sn)=0.60) Im, respectively, both grown at 230 C. These data are shown in Fig-
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ure A.3 of Appendix A. No signi cant temperature-dependence ofhe carrier density or

mobility data was observed for either composition. This l&cof temperature dependence in
the carrier density data points to either a very shallow det# state that requires negligible
temperature activation, or to the presence of competing-type and p-type defects that are

frozen out together. Aside from this, it is intriguing that the carrier density of the Ims

in this work exhibit a large dependence on composition but deot exhibit dependence on
temperature. This observation is consistent with defect coplex formation, as proposed
earlier.

To gain insight into the possible identity of the proposed dect complexes, RBS anal-
ysis was performed on a nominally stoichiometric sample gvo at 230 C on (100) Si. By
integrating the area under each region in the RBS spectrum (@ure 2.10), we found 4%
oxygen incorporation within the error of the integration pocedure. This level of oxygen
incorporation would lead to 5 x 10 free electrons/cni for stoichiometric Ims, which is
in good agreement with the measured carrier density in Figuz2. If we assume all oxygen
impurities take the form of Qy defects that each result in one extra electron, then 4% oxy-
gen would require 2% excess zinc in the form of £ndefects to yield non-degenerate carrier
density, if oxygen substitutions are the only donor defecnvolved. The Ims in Figure 2.9
required 10% excess Zn to reach a compensation with carriemgity of 3 x 138 cm3, which
leaves 8% compensation unaccounted for. Assumingype degeneracy comes from the an-
ion sublattice (Zn; is high in energy, as described in Section 3.1.2)y\defects must also be
present. At the most, three extra electrons are donated forleh Vy, which leads to approx-
imately 3% Vy concentration. Based on this analysis, we propose that defecomplexes in
0 -stoichiometric Zny.x SN, must involve Oy and Vy defects. However, more in depth
analysis of the defect physics of the full Zn-Sn-N system tsafor new theoretical methods
that go beyond the simple point-defect model so far appliea tcation-ordered ZnSnhl.

The role of defect interactions has become increasingly appiated in multinary tetrahedrally-

bonded semiconductors, and suggests the isolated pointeldt discussed above may be an
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Figure 2.10: Oxygen impurity concentration in a nominally stichiometric Im grown at
230 C was determined by RBS to be 4%. Assuming every oxygen forms@g defect in the
1+ charge state, this level of oxygen impurities suggests pqoximately 3% Vy defects in the
3+ charge state to satisfy the 10% Zn-rich composition for wth n-type carrier density of 3
x 108 cm® was observed.

incomplete picture. To continue the discussion from a defeioteraction perspective, we now
consider the \motif clustering” (e.g. compositional inhomogeneity) model recently proposed
by Ref. [68]. According to the framework outlined therein, Z8nN, should only have one
motif in its ground state: N-Zn,Sr,, meaning N coordinated by two Zn and two Sn atoms.
This motif satis es the octet rule for the anion, considerig that each cation shares its charge
among four neighboring nitrogen atoms. There are ve posdémotifs overall: N-ZnSn,
N-Zn3Sn, N-ZnSn, N-Zn,, and N-Sny, (listed in order of least deviation to most deviation
from the octet rule). If we apply this paradigm to o -stoichiometric Zn.x Sm«N, Ims, we
nd a possible explanation for our ability to grow wurtzite ZnSnN, at compositions rang-
ing from 0.45{0.70 Zn/(Zn+Sn). Under conditions of high Zn clemical potential (larger
Zn ux than Sn ux), the motif clustering model suggests that the Zn-rich motif N-ZnzSn

will form in addition to the ground state N-Zn,Sn, motif. The same can be said of growth
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under Sn-rich conditions (0.45 Zn), but with the formation & N-ZnSrns motifs. Formation
of higher-energy motifs has been shown to lead to motif clesing in other multinary, tetra-
hedrally bonded semiconductors.[62, 68] In those works, tiiaclustering was implicated in
causing charge localization, leading to ionized defect $teaing. Considering that the mea-
sured average mobility of the Ims in this work is lower than wuld be expected from the
light e ective mass calculated previously,[26] the motiflastering model may provide insight

into the possible origin of this discrepancy.

Device Considerations. Our ability in this work to reliably synthesize semiconduanhg Zn-
Sn-N with relatively low carrier density signi es that the next step toward device integration
should be pursued, i.e. fabricating diodes. Given thgi-type doping in this material will
likely be di cult, as was the case for p-type doping in GaN,[69] a logical rst step toward
device integration will be to choose a suitable heterojurioih partner. To that end, we have
identi ed potential heterojunction partners that meet criteria such as minimal valence band
0 set to minimize recombination and relatively small lattice mismatch with wurtzite zinc
tin nitride (w-ZTN). These potential partners are categoried in the following discussion as
either near-term or long-term strategies toward fabricatig diodes based on w-ZTN.

In the near-term, (111) orientedp-type Si could serve as a starting point for fabricating
prototype devices with w-ZTN. Working from the calculated bad o sets between GaN
and ZnSnN given in a previous publication,[27] and from experimentgtdetermined band
positions of several materials published in a di erent stug[70] we determined the valence
band o set (VBO) between Si and ZnSnN is <0.25 eV. The lattice mismatch between the
a lattice parameter for w-ZTN and the interatomic distance onthe (111) plane of Si is

12%. Advantages to this strategy are that Si is inexpensive dreasy to work with, in
that obtaining (111) oriented p-type wafers would not present an obstacle. By leveraging
the already mature Si technology, this architecture wouldnovide a feasible proof-of-concept

strategy for fabricating the rst prototype solid state diodes with w-ZTN.
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As a long-term strategy for device integration with w-ZTN, thee Earth-abundant trans-
parent oxides were selected as potentipttype junction partners: NiO, Cu,O, and CuAlO,.
In selecting these candidates, one guiding principle apgtli was to focus on oxide materials
as opposed to sul des, due to the possible deleterious irere chemistry that could be asso-
ciated with sul de materials. The VBO between ZnSnN and all three candidate materials
listed above is 0.25 eV, based on the same studies used to determine the VBO besw
ZnSnN, and Si. The lattice mismatch for all three pairs is in the rang of 10{15%, with
the smallest mismatch being for the (111) plane of G@. A drawback to this strategy is
that optimization of each proposed partner material will benecessary in order to robustly
assess the PV performance of a heterojunction based on w-ZTHbwever, this strategy is
more attractive in the long-term due to providing more optias for ultimate device architec-
ture, since all threep-type partners just proposed can be synthesized by sputtag. Given
that the list of w-ZTN junction partners just described is nd exhaustive, it is promising
to nd several potentially suitable materials, and is further indication that the next step in

development for zinc tin nitride is device integration.
2.4 Summary and Conclusions

In this work, we have presented a comprehensive investigati into the Zn-Sn-N mate-
rial system. Using a combinatorial approach paired with adveced characterization we have
been able to address several of the primary materials chalgges that previously hindered
further development of ZnSnN for optoelectronics. These obstacles include degenerate-c
rier density, uncertainty with respect to the fundamental @p, and control of the cation order
parameter. By varying the degree of cation o -stoichiomeff, we achieved am-type carrier
density of 1.8 x 18® cmr®, which is the lowest carrier density yet reported for as-desited
Ims. Carrier density was found to be inversely proportionato mobility as cation composi-
tion varied from 0.50{0.60 Zn/(Zn+Sn), indicating that defect complexes have a signi cant
e ect on the carrier concentration of ZnSnN. Based on RBS analysis, which showed 4%

oxygen incorporation in stoichiometric Ims, we propose tese defect complexes likely involve
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On and Vy defects. Control of the carrier density in cation-disorded ZnSnN additionally
provided insight into the fundamental gap, established intis work to be at 1.0 eV, and the
conduction band e ective mass of. Analysis of the Burstein-bks shift for cation-disordered
samples with carrier densities ranging from #8{102° cm revealed a fundamental band edge
of 1.0 eV and a conduction band e ective mass of 0.5mIn addition, the absorption co-
e cient for non-degenerate, cation-disordered Ims was fond to rise strongly from 1.0 eV,
suggesting disordered ZnSnNis a candidate absorber for thin Im photovoltaics. Finally,
we observed evidence of controlling cation order parametémough substrate temperature
during growth, with higher growth temperature enabling thetransition to the ordered or-
thorhombic (Pna2) structure. Overall, we conclude that the results presenteherein not
only provide insight into the fundamental properties of theZn-Sn-N material system and
highlight the potential to utilize ZnSnN, as a PV absorber, but also help pave the way for

more rapid advancement of research into ZnSpNn the future.
2.5 Acknowledgments

This work was supported by the U.S. Department of Energy as a gaof the Non-
Proprietary Partnering Program under Contract No. De-AC3698-G0O28308 with the Na-
tional Renewable Energy Laboratory. A.N.F. was supported by #h Renewable Energy Ma-
terials Research Science and Engineering Center under Qawct No. DMR-0820518 at the
Colorado School of Mines. Thanks to Bobby To, Patricia C. Dipo, and Adam Stokes at
the National Renewable Energy Laboratory (NREL) for SEM, PL, ad TEM sample prep.

Thanks to Joshua Bauer at NREL for the property diagram illustation.

38



CHAPTER 3
EFFECTS OF HYDROGEN ON ACCEPTOR ACTIVATION IN TERNARY NITRIDE
SEMICONDUCTORS

A paper published inAdvanced Electronic Materials
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Abstract

Doping control is necessary to unlock the scienti ¢ and tectological potential for many ma-
terials, including ternary 1l-1V-nitride semiconductors, which are closely related to binary
GaN. In particular, ZnSnN, has been reported to have degenerate doping density, despit
bandgap energies that are well suited for solar energy corsien. Here we show that an-
nealing Zn-rich Zn.x Sm.«N, grown with added hydrogen reduces its free electron densliy
orders of magnitude, down to 4 x 1 cm 3. This experimental observation can be explained
by hydrogen passivation of acceptors in 4r, Sm 4N, during growth, lowering the driving
force for unintentional donor formation. These results indate that the doping control prin-
ciples used in GaN can be translated to ZnSniNsuggesting that other strategies used in
binary I11-Vs can be applied to accelerate the technologicalevelopment of ternary 1I-1V-N,

materials.

3.1 Introduction

Optoelectronic devices based on binary IlI-V nitride mateals currently dominate the

blue light-emitting diode (LED) industry,[9{11] and yet are not commercially used in thin
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Im photovoltaics. The low conversion e ciencies K 6%)[71] are due to elemental segregation
in the alloy as a result of signi cant lattice mismatch betwen GaN and InN,[13] and due to
the di culty of controlling carrier density in as-grown InN. [72] [I-IV-V , materials derived
from [l1-V nitrides by cation mutation,[4{7] such as zinc tin nitride (ZnSnN;), have the
potential to overcome the limitations of InnGa;.«N for both solar cells and LEDs. ZnSnp
and the related material ZnGeN have lattice constants more similar to one another than do
InNN and GaN, and could be alloyed to achieve band gaps in the rg@ of 1.4 to 2.9 eV.[53]
Furthermore, the ionic nature of ZnSnN bonding leads to increased tolerance to structural
defects and indicates the possibility for growing this matel in low cost, industrially-relevant
ways, such as in-line sputtering.[12]

Despite these noteworthy qualities, ZnSnNis by far the least studied member of the
Zn-IV-N, class, due in part to early di culties with degenerate eleaton density on the order
of 10° cm 3.[26, 28, 30] Such high carrier density complicates the ogdil band gap analysis
(estimated close to 2 eV) due to the Moss-Burstein shift, aneédds to loss of fundamental
semiconducting functionality resulting in non-rectifyirg behavior in a diode and short minor-
ity carrier lifetime. Recently, progress has been made ondécing the carrier density in zinc
tin nitride by either growing Ims that are o -stoichiometr ic (zinc-rich)[31] or by subjecting
Ims to post-growth annealing.[37] With these methods, n-tge carrier density on the order
of 10:’{10*® cm 2 has been achieved in cation-disordered ZnSplEnd the optical bandgap
was estimated at 1 eV, indicating that degenerate n-type dopg in zinc tin nitride (ZTN) is
a tractable problem. These two recent results suggest thaetect compensation is at work
in ZTN, in the form of zinc-related defects for o -stoichiomé&ic growth, or in the form of
defect complexing and activation for stoichiometric anndiag.

The doping control methods utilized in development of zincin nitride are reminiscent
of the compensating defect mechanisms discovered in theela@t980s for the parent binary
compound GaN. The introduction of Mg dopants in MOCVD-grown GA&l led to resistive

GaN instead of the desired p-type doping.[9] However, postegvth treatments, such as ion
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beam irradiation[73] or thermal annealing,[74] led to Mg &eptor activation and to successful
p-type doping.[74, 75] Subsequent rst principles calculi@ns showed the mechanism to be
formation of charge neutral Mg-H complexes that did not caesthe simultaneous formation
of compensating charged donors. These complexes were th&saciated upon post-growth
treatment, which allowed the hydrogen to desorb.[76, 77] Tis, p-type conductivity would

not have been possible without incorporation of hydrogen dors in rst place.
3.2 Methods

The methods used in Chapter 3 are divided into subsections bither thin Im deposition

or characterization.
3.2.1 Combinatorial Sputter Deposition

Four combinatorial sample libraries of compositionally-gded Zn.x Sm 4N, withO x 0.4
were deposited on stationary glass substrates heated to 20Qusing RF co-sputtering from
Zn and Sn targets.[31, 31] Two libraries were grown with an RRitrogen plasma source,
and the other two libraries were grown using the same plasmauwsce supplied with forming
gas (5% H balanced with N, ), all in a vacuum chamber with 10 Torr residual water
base pressure determined by an ion gauge. From each set of tiboaries, one was left as-
deposited (not annealed) and one was subjected ito situ post-growth annealing at 400C
for 6 hours under activated nitrogen, without breaking vacum to minimize contamination
with oxygen. This approach produced four distinct conditins: growth in nitrogen, growth
in nitrogen followed by annealing, growth in forming gas, ahgrowth in forming gas followed
by annealing. More information detailing our implementan of the combinatorial approach

can be found in earlier publications.[55, 57, 78]

3.2.2 Characterization

Each combinatorial sample library was subjected to structal and optical characteriza-

tion using spatially-resolved X-ray di raction (XRD) and UV-Vis -NIR spectroscopy, respectively.[31]

41



XRD was carried out using Cu K radiation and a 2D detector on a Bruker D8 X-ray di rac-
tometer. Cation composition and thickness of each library eave determined using spatially
resolved X-ray uorescence spectroscopy performed with Rhderies excitation in energy
dispersive mode using Fischer XDV-SDD software, with a thickse model calibrated by
DekTak pro lometry. Electron concentration and mobility were determined from multiple
Hall e ect measurements taken in the van der Pauw con guratio in a 0.3 T magnetic eld,
on 7 x 7 mm pieces cut from the libraries and contacted with indm. Hydrogen content of
the selected regions from four libraries with the same caticcomposition and low electron
density was measured using secondary ion mass spectrometepth pro ling with O ,* pri-
mary ion beam and positive secondary ions. Microstructurgharacterization was performed
on the lowest electron density sample using an FEI Talos 200l8¢anning transmission elec-
tron microscope in bright eld and dark eld modes. Finally, £anning electron microscopy
was performed on zinc-rich regions of the as-deposited anthaaled Ims grown in nitrogen

using an FEI Nova NanoSEM 630 operated at 3 kV and 64 pA to minimizgharging e ects.

Zn/(Zn+Sn)=0.68
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Figure 3.1: (a) Carrier density measured by Hall e ect drops tet x 10 cm 2 for Ims
with Zn/(Zn+Sn)=0.68 after growth in forming gas followed by annealing (purple curve).
(b) Carrier density plotted against partial pressure of hydogen available during growth
and labeled with post-growth treatment. Error bars displagd for carrier density in both
panels give the standard deviation among at least ve repeadl measurements, and those for
composition in panel (a) give the con dence interval of the XR measurement.
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3.3 Results and Discussion

First, we highlight the changes in electron concentration iZny.x Sm_«N, measured by Hall
e ect for di erent processing conditions. As shown in Figure 3a, for all growth and an-
nealing conditions, zinc content measured by X-ray uoresoee (XRF) was found to be an
important factor in lowering electron concentration from 2x 10?° cm 3 to 2 x 10 cm 2,
which is consistent with our previous work.[31] Furthermae, the electron density of zinc-
rich Ims (Zn/(Zn+Sn) >0.65) was reduced by another order of magnitude down to the
10 cm 3 range, either upon annealing or as a result of growth in actited forming gas
atmosphere. Table B.1 in Appendix B summarizes the Hall e ectata for zinc-rich Ims in
which Zn/(Zn+Sn) = 0.68 (corresponding to a Zn 3Shy 64N> composition). For the more
stoichiometric Ims subjected to annealing or grown in fornmg gas, no reduction in carrier
density was observed, suggesting that defect compensatjgays a role in controlling carrier
density in this material. Most importantly, for ZTN Ims gro wn in forming gas and then
annealed, the n-type carrier density decreased down to 4 x'§{@m?3; a factor of 100 lower
compared to as-deposited Ngrown Ims (Figure 3.1b), and four orders of magnitude below
typical literature values.[26, 28, 30] All four samples hadpdical absorption spectra with
onset close to 1 eV and no evidence of free carrier absorptigigure B.1), consistent with
our previous studies.[31]

Next, we discuss the hydrogen concentration in the Zn-rich Zn Sn_«N, (all with the
same x = 0.36 composition) Ims as a result of di erent procesng conditions. Figure 3.2b
shows secondary ion mass spectrometry (SIMS) depth-pranly results, indicating that the
hydrogen content in ZTN Ims grown in forming gas was about twce as high as for similar
Ims subjected to annealing, whereas their nitrogen conteéns the same (Figure B.2). For
the ZTN Ims grown in nitrogen, hydrogen content was found tobe higher in the annealed
Ims compared to their as-deposited counterparts, likely de to higher residual water base
pressure in the chamber during growth. When plotted againstaptial pressure of hydrogen

in the growth chamber (pH either from intentional addition or from water base press),
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Zn/(Zn+Sn) = 0.68
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Figure 3.2: (a) The relative hydrogen content decreased up@mnealing for samples grown
in forming gas for all measurement depths. (b) Depth-averag hydrogen content increased
as hydrogen concentration in the chamber increased, excdpt the annealed sample grown
with intentional hydrogen. Colors and symbols shown in Fige 3.2 correspond to those
shown in Figure 3.1.

hydrogen counts measured by SIMS increase as a function afriasing pH both for samples
grown in forming gas and for samples grown inNFigure 3.2). It is interesting to note that
the same level of residual hydrogen was observed for both aated samples (Figure 3.2b),
even though the carrier density was an order of magnitude lew for the sample grown
with hydrogen (Figure 3.1b). This observation leads to the e¢wlusion that adding hydrogen
during growth and its subsequent removal signi cantly altes the achievable acceptor density.
Another conclusion is that for Zn., Sm_«N, samples grown in nitrogen, the residual water
base pressure provides a source of hydrogen that is incomed during growth, possibly
explaining the previously published results of doping redtion upon annealing.[37]

The changes in hydrogen content can be used to explain the dgas in carrier concen-
tration in ZTN from a point defect perspective, in three step:
(i) For Zn 1. Sm«N,, excess Zn atoms are accommodated assgrantisite acceptor defects
(similar to Mg acceptors in GaN). Figure 3.3 shows a schematiabd diagram corresponding

to this situation, in which donor-like nitrogen vacancies ¥ and unintentional Oy impurities
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Figure 3.3: Band diagrams (top panels) and real space represgions (bottom panels) of

doping in zinc-rich ZTN: (a) for growth in pure nitrogen, eachacceptor state is compen-
sated by a donor state, and the material responds by forminglditional donor defects; (b)

for growth with added hydrogen, acceptor states are passteal by hydrogen atoms, thus
removing the driving force for the crystal to form more donodefects; (c) for growth with

added hydrogen followed by annealing, the hydrogen dissaigis from the acceptor states,
which together with reduced density of donor defects lead® tthe observed reduction in
n-type carrier density. Donor energy levels, Fermi energieand the curvature of the bands
were calculated using physical data (e. g. bandgap energyken from the NREL Materials

Database (https://materials.nrel.gov).

O
V,

are compensated by the Zg, acceptors, and the resulting Fermi energy coincides with ¢h
conduction band minimum (CBM). Such compensation by additin of excess Zn would move
the system away from its typical degenerate doping state, eating a driving force for the
formation of additional donor defects (@ and Vy)[31] and dampening the e ect of the Zg,
acceptor defects. This situation is representative of thesadeposited ZTN samples with
Zn/(Zn+Sn)  0.65 grown in nominally pure nitrogen (Figure 3.1a, black cue).

(i) Upon the addition of hydrogen, H atoms may form complexesith excess Zn atoms,

thus rendering them electrically neutral (similar to the MgH complexes found in Mg-doped
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GaN).[76] As a result, the material is deprived of the drivingdrce to form additional donor
defects, which would otherwise compensate for the addedsgmcceptors. Figure 3.3b depicts
the band diagram for this situation, in which the Fermi eneryg is shifted downward by 35 meV
compared to Figure 3.3a, due to the smaller density of donor feets.

(i) During annealing, the Zn-H complexes may dissociatallowing the H atoms to di use
to extended defects or recombine and desorb as.HThis process would activate the Zg,
acceptors (similar to Mg activation in GaN), thus compensatig the electrons produced by Q
and Vy donor defects. Figure 3.3c shows the schematic band diagraon this nal state, in
which the Fermi energy has shifted downward by 100 meV compgal to Figure 3.3a, leading
to the reduction in n-type carrier density observed for anrsded Ims grown in hydrogen
(Figure 3.1b, purple bar).

From the discussion of the proposed compensation mechani@figure 3.3), it is apparent
that growing stoichiometric ZnSnN with low carrier density, or even p-type ZTN material,
would require reduction of the anion site donor density. Fra the Hall e ect data shown in
Figure 3.1, a critical point in zinc content at which the eleaton concentration is minimized
was observed at Zn/(Zn+Sn)=0.65 for the annealed Ims, simar to what was observed in
our previous work.[31] This cation ratio translates to 15%xeess zinc on the cation sublattice
or 7.5% excess zinc overall, from which the density of anionldattice defects, speci cally Q
and Vy can be estimated. Assuming the previously reported level otymgen contamination
(4% overall)[31] and singly ionized V defects,[36] the 7.5% excess zinc suggests 3.56 V
defects for the ZTN Ims reported in this work. This estimatel value is similar to the 2.5%
value derived from our previous results.[31]

One unexpected observation of this study was that the elecin mobility consistently
decreased from 5{8 cAV !s !to <1 cn?V !s ! upon annealing for Ims in this work (Ta-
ble B.1), no matter the growth atmosphere or composition. Tk is opposite to most other
materials where charge transport properties improve withraealing, typically due to grain

coarsening. The decrease in mobility may be related to an me@ase in ionized impurity scat-
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tering due to an increase in activated acceptor density, obta change in the microstructure
with addition and removal of hydrogen. Microscopy analysi§Figure B.3-Figure B.6) with
transmission electron microscopy (TEM) and scanning eleon microscopy (SEM) revealed
that grain size was reduced for Ims grown in hydrogen, but wamaintained upon anneal-
ing for Ims grown in nitrogen. This reduction in grain size &counts for the slightly lower
mobility for Ims grown in hydrogen, but does not fully explan the larger reduction in mo-
bility observed upon annealing (Table B.1). Therefore, th®bserved reduction in mobility
after annealing for Ims in this work is better explained by ncreased ionized point defect

scattering as a result of increased activated acceptor dégys
3.4 Conclusions

In conclusion, zinc-rich Zn., SN, thin Ims with n-type carrier density of 4 x 10 cm®
were obtained by growing in activated forming gas and then aealing in situ under acti-
vated nitrogen for 6 hours at 400C. SIMS depth pro ling showed that relative hydrogen
content was the highest for as-deposited Ims grown with adal hydrogen, and that this
value decreased by half once the Im was subjected to annewditreatment. These results
indicate that hydrogen is incorporated during growth and igritical to achieving the observed
reduction in carrier density upon annealing. The crystaltity is maintained (although with
reduced grain size) during the hydrogen incorporation aneémoval treatments. Additionally,
mobility was found to decrease for annealed Ims compared &s-deposited Ims. Microscopy
data showed that the decrease in mobility for annealed Imssidue to enhanced ionized im-
purity scattering after acceptor activation, and not due tograin size reduction during the
annealing process. Overall, these ndings show that ZTN anids related material family
can be improved using similar strategies as used for the M-itrides, but with the added
bene ts of greater chemical exibility and more convenienbandgap energies for solar energy

conversion and full-spectrum LED applications.
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CHAPTER 4
EXCITON PHOTOLUMINESCENCE AND DEFECT COMPLEX FORMATION IN
ZINC TIN NITRIDE
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Abstract

The following work presents a detailed investigation intotte electronic properties of low car-
rier density, zinc-rich ZTN grown using the hydrogen-asgisd acceptor activation method.
High resolution X-ray di raction was paired with Pawley ttin g and computational model-
ing, to conclude that far zinc-rich composition is stabilied by the presence of oxygen, which
facilitates formation of an alloy between ZnSnNand ZnO. Sharp, non-Maxwell-Boltzmann
photoemission was observed in annealed, zinc-rich Ims ogilow temperature photolumi-
nescence (PL) spectroscopy, and the identity of the transiin was determined to be a bound
exciton using power- and temperature-dependent PL. The pence of an exciton peak in PL
is evidence of high quality electronic structure despite estoichiometry, high defect density,

and atomic disorder.
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4.1 Introduction

Semiconducting materials have experienced a renaissanoedevelopment over the past
decade, as prediction and screening capabilities for thinm inorganic compounds have
reached new levels of sophistication. This activity has sged interest in novel material
classes, including the hybrid perovskites, semiconducgjrferroelectrics, and spintronic ma-
terials. Another class of materials recently receiving atteion is II-IV-V , semiconductors,
which are structural analogs of the well-known 111-V materls. ZnSnN, part of the II-IV-V ,
class and analog to InN, is one such emergent material currgntunder investigation as a
possible photovoltaic (PV) absorber.

It was originally predicted that the bandgap of ZnSnN (ZTN) in its cation-ordered
form (in which zinc and tin atoms alternate along thea-axis) would be near 2 eV, and
that fully random cation ordering would result in a bandgap 61 eV. [28] However, later
computational work showed that variations in cation ordeng would only result in negli-
gible bandgap variation, due to the thermodynamic requireent for the nitrogen anion to
form octet-rule-preserving tetrahedra. [34] The so-catleoctet rule states that atoms prefer
bonding arrangements that result in each participating atm having eight valence electrons
(through electron sharing). Still further computational work described another version of
cation disorder in which the octet rule could be violated, am the case of kinetically-limited
growth techniques such as sputtering. [33] In this disord@nodel, known as the motif-based
model of disorder, it was found that as the concentration ofabet-rule violating tetrahedra
(e.g. ZnsSm-N as opposed to the ground state Zi$n,-N) increased, the valence band gradu-
ally rose in energy, thus narrowing the gap until it closed copletely at fully-random cation
ordering. These two computational models of disorder can bleought of as complementary
(and distinct from the original conception of completely radom cation disorder), in which
the octet-rule-preserving model represents long-rangesdider and the motif-based model

represents local disorder.
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Unfortunately, the degenerate nature of stoichiometric ZTNhas largely frustrated e orts
to control the bandgap by varying cation ordering. [26, 31] Ris problem is much like the
situation in early research on InN, the low bandgap member ofi¢ 111-N materials, in which
the fundamental gap was overestimated by 1 eV for decades due to a Burstein-Moss shift
caused by degenerate n-type doping. [79] Despite these dilties, e ective methods for
controlling the carrier density in ZTN have recently been fond, speci cally by growing zinc-
rich Ims with added hydrogen and pairing this with post-gravth annealing. [80] However,
the question of whether or not o -stoichiometric Ims with high defect density will have
good carrier transport as a solar absorber is still unansvest.

In this work, we present a detailed investigation into the elctronic properties of low
carrier density, zinc-rich ZTN. Using high resolution XRD paimwith Pawley tting and com-
putational modeling, we have determined that low carrier desity, zinc-rich ZTN is stabilized
by the presence of oxygen by forming an alloy between ZnSnahd ZnO. Furthermore, pho-
toluminescence spectroscopy was used to identify a boundcgan transition in annealed
ZTN Ims with zinc-rich composition. The presence of an exton peak in PL indicates elec-
tronically clean material despite o -stoichiometry, highdefect density, and atomic disorder.
Ultimately, this work demonstrates the defect tolerance indrent to this material, and shows
that it is possible to achieve both low carrier density and Ilgh quality electronic structure

in o0 -stoichiometric zinc tin nitride.
4.2 Methods

The methods used in Chapter 4 are divided into subsections lgjther experimental or

computational techniques.
4.2.1 Experiment

Combinatorial Sputter Deposition. Four compositionally graded sample libraries of Zn, Sm N>
withO0 x  0:4 were deposited by radio frequency (RF) co-sputtering ontéegionary Eagle

XG R glass substrates heated to 20Q. Metallic zinc and tin targets inclined at 45 to the
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substrate normal were used as cation sources, and an RF plassource positioned orthogo-
nally to the substrate was used to supply activated formingag. The forming gas mixture was
5% H, balanced in N. Two of the libraries were left as-deposited for characteation, while
two of the libraries were annealed at 40C for 6 h in-situ (i.e without breaking vacuum)
under pure reactive nitrogen ow, and then allowed to naturlly cool. The base pressure of
the chamber immediately prior to each deposition was P0Torr or less, as determined by an

ion gauge.

Characterization. Each sample prepared in this way was rst characterized foration com-
position and Im thickness using spatially-resolved X-ray uorescence spectroscopy (XRF).
XRF was performed with Rh L-series excitation in energy-diggsive mode using Fischer
XDV-SDD software, and a thickness model calibrated by DekTakrp lometry. Carrier
density was measured as a function of zinc content using roo@mperature Hall e ect
measurements, as described in a previous work. [80] Regiafisach library with cation
composition Zn/(Zn+Sn) = 0.67, all of which exhibited n-type carrier density in the range
4 x 10%{2 x 10'" cm®, were selected for photoluminescence (PL) spectroscopyl Ras
performed on 2-3 such regions from each library at 4.25 K ugira 632.8 nm HeNe con-
tinuous wave laser at 10 mW with a 250 m spot size. Additionally, temperature and
power-dependent PL was performed on four of the regions messd by low temperature
PL, two taken from each annealed library. These measuremsnivere performed using the
same excitation source mentioned above. Incident power speed 0.1{10 mW at 4.25 K for
the power-dependent measurements, and measurement tengtere spanned 4.25{250 K at
10 mW for the temperature-dependent measurements. Finallygh-resolution X-ray di rac-
tion (HRXRD) measurements were taken as a function of zinc camt for one annealed and
one as-deposited sample library. Measurements were penfied at the Stanford Synchrotron
Radiation Lightsource (SSRL) beamline 2-1 using an X-ray ergy of 15.5 keV ( =0.7999A)
and a Si(111) analyzer crystal and photomultiplier tube detctor. The di raction patterns

were collected in at-plate geometry with an incident anglexed at 2 to optimize the signal
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from the thin Im and minimize the substrate background. Dueto strong texturing in the
deposited Ims, unit cell parameters were extracted via Pawy re nement of the HRXRD
data using the Topaz 6 Academic software package. We utilizéde hexagonal Wurtzite
prototype, space group Pémc, as the base structure for Pawley re nement. The data was
well t by standard Gaussian + Lorenzian peak broadening prées with an anisotropic

broadening factor to account for texturing.

4.2.2 Computation

First principles calculations were performed with the Vienn&b initio Simulation Package
(VASP) using the projector-augmented-wave (PAW) potential§81] We employed density
functional theory (DFT) in the generalized gradient approxination,[82] on-site Coulomb
interactions (DFT+U) for Zn-d orbitals (U = 6 eV),[83] hybrid fu nctionals,[84] and total-
energy calculations in the random-phase approximation (F%).[85] The ordered ground state
of ZTN has an orthorhombic crystal structure in the space gup Pna2, (33) witha=6.751A,
b=5.870A, c =5.487A.

For defect calculations, a 2x2x2 supercell with 128 atoms s@&onstructed. The ZTN
supercells were relaxed with a plane wave cuto energy 380 e¥,2x2x2 Gamma k-point
mesh and Gaussian smearing with 0.01 eV width. The convergencriteria are total energy
5{10 eV per supercell for electronic relaxation and total feae 0.02 eV/A on each atom for
ionic relaxation. The GW corrected band gap value (= 1.41 eV) was used for determining
the Fermi energy range, i.e. chemical potential for electng. The formation energy of defects
is also a function of accessible elemental chemical potesi In order to include the possible
range of experimental sputtering deposition with activate nitrogen sources, non-equilibrium
nitrogen chemical potentials were considered. With the cacted bulk properties and careful
considerations of accessible chemical potentials, the rfation energy of each defect are

calculated by

He( = E(@ E@ZTN)  ni( (5 + )+ dEr+Ev+ V) (4.1)
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whereE(q) and E(ZT N) are the ground state energy for defect supercell with chagg and
perfect supercellsn; is de ned as the number of di erent atoms compared with the imperfect
and perfect ZTN cells; FERE is the Fitted Elemental-phase Reference Energies (FERE) for
each element[86] and ; is the chemical potential referenced to the elemental enég; Er

is the electronic Fermi level referenced to the bulk VBMKEy ); V is the potential alignment
to align the VBM of defected cell with that in perfect ZTN cell[87] In addition, the image

charge correction was also implemented as in Ref. [87] foraohed defects.

4.3 Results and Discussion

The following section is sub-divided to present structuratlata and considerations rst,

followed by spectroscopic data and discussion.

4.3.1 Structure and Defects
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Figure 4.1: (a) Representative HRXRD di raction pattern for anannealed ZTN Im shown
in blue, with the associated Pawley t shown in red and the redual shown in black. (b)
Extracted a lattice parameter as a function of increasing zinc contendf three sample li-
braries measured by HRXRD. The gray symbols in panel (b) givesHR-corrected a lattice
parameters calculated from atomic models generated from Mgimulations for T = 2000 K
(squares) and 700 K (circles). The dashed vertical line inchtes stoichiometric cation com-
position. For all Ims and the computed structures,a was found to decrease linearly with
increasing zinc content up to a threshold. Note that the slopef the experimental lines match
the slope of the computed line, indicating good agreement teen theory and experiment.

54



We begin by presenting HRXRD patterns for as-deposited and aealed ZTN Ims measured
as a function of zinc content (Figure 4.1). Figure 4.1a shows HRXRtaken of a zinc-rich
(Zn/(Zn+Sn)=0.67), low carrier density sample of ZTN grownwith added H, and annealed
post-growth under activated nitrogen.[31] The red line ishte associated Pawley t, the black
trace shows the residual between the t and experiment, anche red tick marks give the
peak positions for cation disordered, wurtzite ZTN. An amorpbus background can be seen
in Figure 4.1a, which is an artifact of the glass substrates omhich these Ims were grown,
and has been discussed in more detail in a previous work.[33]

A peak shift to higher diraction angle was observed with inpeasing o -stoichiometry
for all peaks in the three measured libraries (as-depositeas-deposited with added b and
grown with H, then annealed). Diraction patterns for the three ZTN libraries were t
using Pawley re nement to extract thea-parameter as a function of zinc content, as shown
in Figure 4.1b. The value of thea-parameter was found to decrease linearly with increasing
zinc content up to a threshold for the three sample libraries After the threshold in zinc
content, the variation in a-parameter with zinc content deviates from linearity, altough
the value ofa continues to decrease. Note that for the samples grown in hydyen (purple
and black lines), thea-parameter is o set to larger values compared to the valuesif the
N,-grown library across the entire zinc composition range. T$ o set can be explained
as resulting from hydrogen incorporation in the lattice, with is supported by the lower
hydrogen content measured by secondary ion mass spectromdSIMS) in N,-grown Ims
compared to H-grown Ims reported in a previous work.[80]

Generally, XRD peak shifts like those observed in Figure 4.1k be thought of in the
context of Vegard's Law, in which linear lattice parameter lsifts for an alloy of two mate-
rials (A and B) indicate successful A By mixing on a single crystal lattice without phase
separation.[88, 89] In the case of zinc-rich ZTN containingkygen, the most plausible alloy
model would be between stoichiometric ZnSniNand ZnO, since oxygen is a known impu-

rity and both materials share a wurtzite crystal structure @s opposed to the binary ZgN,
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phase, which has anti-bixbyite structure).[90] For such aalloy to form, oxygen impurities
would need to incorporate onto lattice sites, speci cally @ oxygen substitutional defects
(On), which have been proposed several times previously.[35, 80] Thus, we hypothesize
that low carrier density, zinc-rich ZTN consists of an alloybetween ZnSnN and ZnO, in
which carrier density is reduced via the formation of defectomplexes involving oxygen and
excess zinc.

Based on this alloy hypothesis, we performed Monte-Carlo @) simulations for o -
stoichiometric Zm.x Sm«(N1.xOy)2. The temperature in the MC calculations can be iden-
ti ed with the \e ective temperature” T . that is used as a descriptor for non-equilibrium
growth.[91] Thus, as-grown Ims with a higher degree of noaequilibrium disorder have a
higher T, that can be far above the actual growth temperature. During @nealing, the
disorder is reduced and T approaches the actual temperature. We use herg T= 2000 K
as an estimate for the as-grown Im [91], and I = 700 K for the limit of a well-equilibrated
annealed Im. The atomistic models of the MC simulations wex used to determine the
composition dependence of the lattice constants and of théeetronic structure, which is
discussed further below.

In order to correct the systematic overestimation of lattie parameters in DFT-GGA by
1{2%, we determined a scaling factor obtained from random pke approximation (RPA)
calculations for the Pmc2 structure of ZTN, which has a smaller 8-atom primitive cell34]
Thus, for the ordered Pna2 ground state of ZTN, we obtained a = 6.773, b = 5.879 A,
and ¢ = 5.509A. These orthorhombica and b values correspond to an average hexagonal
lattice constant of a = 3.390A. Notably, the calculated lattice constant agrees perfectly
with the experimental value for stoichiometric ZTN deposi#d without H,, although an
uncertainty around 0.01A (0.3%) should be expected even after the RPA correctiondp
The higher degree of disorder for the & = 2000 K results only in a slight increase of the

lattice parameter compared to the equilibrated, more orded structure at T, = 700 K.
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As seen in Figure 4.1b, the composition dependence of thgparameter for the com-
puted structures compares very well with the experimental easurements. This consistency
with experiment allows two pieces of information to be deded: (1) excess zinc in o -
stoichiometric Ims must occupy cation sites instead of seggating to grain boundaries or
forming a secondary phase, and (2) oxygen incorporation @ananion sites is necessary to
computationally reproduce the structure, which providesurther support for the alloy hy-

pothesis.
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Figure 4.2: Defect formation energies calculated for the lated Zns, acceptor and di erent
possible defect complexes in which the Znacceptor could participate. The zinc chemical
potential (  Zn) was -0.52 eV (Zn-rich phase boundary between ZTN and #4,) and
the nitrogen chemical potential ( N) was set to +0.50 eV to account for the activated
nitrogen source utilized to deposit the ZTN Ims in this work The oxygen chemical potential
was -3.22 eV, as determined by the upper limit due to the ZnO pbka, and the bandgap
was 1.41 eV, as reported at https://materials.nrel.gov. Notehe signi cant reduction in
formation energy for the Zry, acceptor when complexed with a pair of Q donors.

Indeed, our defect calculations show a strong preference faxygen incorporation in
ZTN, and the oxygen presence plays an essential role in compating Zn excess. Figure 4.2
shows the formation energy ( H¢) of defects and defect pairs as a function of Fermi energy
within the ZTN band gap, for a chemical potential of nitrogen N = +0.50 eV. This
positive non-equilibrium potential accounts for the actigted nitrogen source used for the Im

deposition.[55] Considering the Zn-rich composition of hZTN Ims reported here, the Zn
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chemical potential  Zn =-0.52 eV was taken at the phase boundary between ZTN and the
competing phase ZgN,. The oxygen chemical potential ( O) was taken at the equilibrium
with ZnO, i.e., O=H ¢(Zn0O) - Zn =-3.22 eV. As seen in Figure 4.2, the Zp+20\
defect pair has the lowest formation energy H, = +0.68 eV forn-type ZTN (E ¢ Ecgm)-
Such low formation energies can easily account for signiwctdefect concentrations in the
order of 138cm3, but there is reason to believe that the mutual compensationdiween Zny,
acceptors and Q donors can lead to even much larger o -stoichiometry. Firstat the present
growth/annealing temperatures, O =-3.22 eV corresponds to extremely low pObetween
10%° and 10% atm, much lower than the actual pressures in the chamber. Thefore, it is
unlikely that the O incorporation is thermodynamically limited, but instead it is probably
only kinetically limited by the rate at which O atoms can be ekacted from the residual
sources in the chamber (mostly D vapor). Second, the preliminary results of the MC
calculations show that at higher Zn/O concentrations, the ective formation energy of the
Zns,+20y pair is further reduced due to short range ordering, therebgllowing for high O
compositions without formation of ZnO precipitates. Thusthe coupling between Zg, and
Oy defects is the most probable atomistic model explaining thgossibility to grow highly Zn-
rich compositions of ZTN [35, 80], and strongly supports theypothesis of an alloy between
ZnSnN, and ZnO.

4.3.2 Photoluminescence

Next we present photoluminescence (PL) measurements takeh4aK of zinc-rich, low
carrier density ZTN grown in hydrogen ( Figure 4.3). The measad Ims displayed in
Figure 4.3 were either left as-deposited or subjected to pegtowth annealing under activated
nitrogen. For each set of three spectra, two were measured direrent regions of the same
thin Im library, and one was taken from a second library. Forall Ims, a transition is
observed near 1.41 eV, which varies in position from 1.41{5.#V. For annealed Ims (red
traces), a sharper peak appears near 1.50 eV in addition toethl.41 eV transition. A

representative comparison of the low temperature PL signtd the room temperature optical
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Figure 4.3: Representative low-temperature PL spectra fronZTN samples with
Zn/(Zn+Sn)=0.67, either annealed or as-deposited, plotteé with a vertical o set and nor-
malized for comparison. All spectra were taken from samplestivn-type carrier density in
the range 4 x 16%{2 x 10" cm. Note the appearance of a peak at 1.50 eV for Ims that
have been annealed, and the absence of such a peak for as-siggmb Ims.

absorption coe cient for one annealed and one as-depositeldhs is shown in Figure C.1 of
Appendix C.

To identify the origin of peaks observed in Figure 4.3, poweand temperature-dependent
PL measurements were performed on an annealed sample of thene composition used in
the low temperature measurements (Figure 4.4). With increasy laser power (Figure 4.4a),
the 1.50 eV peak position does not shift, while the peaks centd around 1.40 eV blue-shift
by 30 meV/decade of excitation. A power law t of the forml (P)/ PX, whereP is incident
laser power, was performed on the peak intensity of the 1.5¥ end 1.42 eV peaks as a
function of excitation (see Figure C.2 in Appendix C). The ts yelded a slope K) less than

unity for the 1.42{1.47 eV peak, characteristic of defectssisted recombination, and greater
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Figure 4.4: Power dependent (a) and temperature-dependen)(PL taken of the same

annealed, zinc-rich sample with Zn/(Zn+Sn)=0.67. Spectran both panels are vertically

o set for ease of comparison. In panel (a), the peak at 1.50 effoes not shift as laser
power is increased. Several peaks are observed at lower gpeand these blue-shift with

increasing laser power. In panel (b), the 1.50 eV peak intatysquenches as measurement
temperature increases. Above 90 K, a broad peak appears at7le¥V, and strongly red-shifts

with increasing measurement temperature.

than unity for the 1.50 eV peak, characteristic of excitonicecombination.[93] As a function
of temperature (Figure 4.4b), the 1.50 eV peak intensity deeases until quenching after
90 K (yellow trace). Above 90 K, a di erent peak appears at 1.4@V, which shifts to lower

energy (red-shifts) as measurement temperature increaséd/e note that the blue-shifting

peak in Figure 4.4a shifts over the same energy range (1.42{1 eV) as the red-shifting peak
in Figure 4.4b, indicating these peaks have the same origin.

When the position of a PL peak shifts in response to increasegcéation, either from
photo-excitation or thermal excitation, this indicates the transition occurs within a continuum-
like set of states, into which carriers can redistribute ingsponse to state occupation (as with
power-dependent shifts) or to higher carrier mobility (as #h temperature-dependent shifts)
[94{96]. Transitions that fall into this category are defetassisted transitions, such as donor-

acceptor pair recombination or recombination from band té. In contrast, when a PL peak
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does not shift in response to increased excitation, this ifwhtes an electronically isolated
transition, for which low excitation energy and low carriemobility are prerequisite for the
transition to be observed. [94, 96] Transitions that fall ito the second category include ex-
citonic transitions, both free and bound, since increasincarrier excitation eventually leads
to suppression of the PL signal from these pathways [94]. (Wete that for excitonic transi-
tions, increased carrier excitation via increasing laseoper will lead to exciton dissociation
into free carriers at high enough incident power, even at argenic temperatures.) Based on
this set of de nitions, we are able to identify the peak at 1.8 eV as originating from an
excitonic recombination event, while the peak that shifts\er 1.42{1.47 eV must originate

from defect-assisted recombination.

4.3.3 1.42 eV Peak Identity

In the previous discussion, we were careful to use the termiogy \defect-assisted" to
describe the origin of the shifting peak (from now on referdeto as the 1.42 eV peak),
because more than one model could be used to explain this b@ba depending on the
doping concentration and level of compensation in the semimductor involved. In lightly
or moderately doped semiconductors, a peak that shifts todher energy with increasing
excitation power can be attributed to donor-acceptor-pai(DAP) recombination. [94, 96{98]
However, for heavily doped semiconductors, especially tleothat are highly compensated,
blue-shifting peaks with increased excitation are betterxplained by electrostatic potential
uctuations at the band edges. [95, 98{100] In the followingliscussion, we will compare
these two models to the PL data for ZTN in Figure 4.4, while comgering what is known
about the material in terms of composition and defect structre.

The DAP model assumes the concentration of point defects (oopants) to beN << 5%
whereN is the donor or acceptor concentration andg is the Bohr radius of the corresponding
defect. [98, 101] When this is true, the emitted photon energgs a function of excitation
intensity in the DAP model is givenbyE(h )= E; Ep Ea+ & electric constant where

4 r !

Ey, Ep, and E, are the bandgap energy, and the donor and acceptor ionizati@nergies,
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respectively. [94] The nal term describes the Coulomb attretion between ionized donor
and acceptor pairs (after the recombination event) separadl on average by distance. This
term accounts for the stabilizing e ect of the Coulomb attration in the nal state, which
lowers the nal state energy and leads to the emission of a ngr energy photon. Therefore,
PL peaks from DAP transitions blue-shift with increased extation because it increases the
density of ionized donors and acceptors, thus shorteningetaverage distance between them

in the nal state and enhancing the Coulomb attraction. [98,101]

Zn-Rich ZTN

Figure 4.5: Diagram showing potential uctuations at the banl edges caused by inhomo-
geneous distribution of donor and acceptor defects. At lonemperature, carriers can be
trapped in potential wells. As measurement temperature ineases, these carriers can over-
come the potential energy barriers and redistribute to loweenergy states. Such redistribu-
tion causes PL emission from potential uctuations to red4sift as measurement temperature
is increased.

In the potential uctuation model, the point defect density is assumed to be much higher
than in the DAP model, causing the defects states at both banddges to overlap with the
band edge itself [95, 98, 100]. Spatial variation in the disbution of these defects throughout
the semiconductor leads to variation in the extent of thesetates into the bandgap, thus
e ectively causing the band edge potential to uctuate.[99 This picture is in contrast to

the situation described by the DAP model, in which isolated dwrs and acceptors with
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guantized distances give rise to the defect-related PL ersisn. For PL peaks originating
from potential uctuations, the blue-shift with increasing laser power is a result of low energy
states in the potential wells being lled rst and then remaning occupied on average due
to the higher probability of lower energy transitions. [9495, 102] Consequently, excited
carriers begin to populate higher energy states as laser pgvincreases, causing the emitted
photon energy to blue-shift. On the other hand, potential ctuation emission exhibits a
red-shift with increased measurement temperature as a rdtsaf increased carrier mobility.
[95, 98, 101, 102] As measurement temperature rises, cagigapped in higher-energy states
in the potential wells eventually gain enough thermal eneygo overcome the potential barrier
and redistribute to deeper, neighboring wells with lowerreergy states (a diagram depicting
this process is shown in Figure 4.5). Furthermore, carrier®ar the top of the potential wells
may also be thermalized into the band and subsequently lost hon-radiative recombination.
Both processes lead to a red-shift of the PL emission (for ®eexcitation power) as a function
of increasing temperature.

Considering these two models, and what is known of the ZTN Isin this work, we
conclude that the 1.42 eV peak (and the surrounding peaks bal 1.50 eV) originate from
electrostatic potential uctuations at the band edges and at from isolated DAP recombi-
nation. The Ims discussed herein are grown intentionally iac-rich (Zn/(Zn+Sn)=0.67),
meaning 17% of the cation sites are occupied by gndefects that compensate for an even
higher density of anion site defects (i.e. ¥ and Oy). [31, 80] This high level of compensation
is what su ciently reduces the n-type carrier density to albw for meaningful photolumines-
cence characterization. This conclusion is further supped by the large shift exhibited by
the 1.42 eV peak in Figure 4.4a, which is consistent with thatxpected of potential uctua-
tions [98, 99], and much larger than typically observed foroaventional DAP recombination
[101, 103]. Finally, we note that the motif-based model of can disorder in ZTN, [33]
which accounts for formation of octet-rule violating tetrdnedra with unequal zinc and tin

coordination (e.g. N-ZnSry), predicts a gradually narrowing bandgap as the concentriain
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of these motifs increases. For ZTN material with known defecompensation and zinc-rich
stoichiometry like the Ims in this work, the distribution of octet-rule violating tetrahedra
will likely be inhomogeneous, thus leading to stochastidalvarying bandgap values that

would give rise to potential uctuations at the band edges.
4.3.4 1.50 eV Peak Identity

We turn now to considering the possible origins of the 1.50 epeak observed for an-
nealed Ims in Figure 4.3 and Figure 4.4. As discussed above, thewer- and temperature-
dependent PL behavior of this peak is characteristic of an eixonic transition, which could
take the form of a free exciton or an exciton bound to a defeceither neutral or ionized). In
the following discussion, we use peak shape, temperaturéivation behavior, and the known
properties of the Ims in this work to determine which type oftransition best describes the

data.
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Figure 4.6: (a) Arrhenius analysis of the intensity of the 1.5\é peak as a function of
temperature, which yielded an exciton binding energy of 12eW. (c) Exciton binding energy
(in units of donor activation energy) as a function of the rab of hole to electron e ective
mass in a general semiconductor, as estimated by Hop eld andapted from Ref. [94]. [104]
The dashed vertical line shows the ratio of hole to electroneetive mass for stoichiometric
ZTN, and the donor transition energy was calculated previolys as described in the text.
Note that for bound excitons, the binding energy is predictedby this relationship to be
1.08*Ep = 12 meV, in good agreement with the extracted activation engy determined in
panel (b).
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In terms of the observed peak shape, the exciton transitiom iFigure 4.3 (speci cally
the top-most curve) and Figure 4.4 does not exhibit the MaxwkeBoltzmann peak shape
characteristic of a transition in which at least one of the pdicles involved is free.[93] This
observation points bound exciton emission as the source dfet 1.50 eV peak. Moreover,
the peak at 1.50 eV is coupled to a higher energy shoulder atl.52 eV. Almost always,
when an excitonic transition is observed by PL, the strongegmission peak will be due to
bound exciton emission, and will be associated with a highenergy shoulder due to free
exciton emission. [94, 103] This behavior is commonly obged in CdTe, which is another
tetrahedrally-bonded semiconductor with a similar bandga and accurately describes the PL
features observed in this work. [103, 105] Finally, we notedhthe defect complex discussion
in Section 4.3.1 highlights the existence of a large conceation of point defects in the Ims
in this work, which enhances the probability that any excitas forming in zinc-rich ZTN
would be bound to a defect. Thus, we conclude that the 1.50 e\Veak is due to bound
exciton recombination, which likely involves excitons bawd to neutral donors.

For disordered semiconductors such as the Ims in this worlgn Arrhenius analysis of
the following form can be applied to the exciton peak intenigi as a function of temperature

to determine the exciton binding energy:

M= g3 AeloEa:kBT) (4.2)

lo is the PL peak intensity at O K (treated herein as equivalentd the peak intensity at
4 K), A is a proportionality constant comprising the radiative lietime multiplied by the
lattice frequency factor, kg is Boltzmann's constant, andE, is the activation energy for
the transition.[93] In the case of excitons, the activatioenergy is equivalent to the exciton
binding energy, and can be thought of mechanistically as tlenergy necessary for an exciton
to undergo dissociation into free carriers, which is provadl by the increase in measurement

temperature. Rearranging Equation (1) yields the linear fon:

lo _ Ep
In ﬁ 1 = kB—T + |n(A) (43)
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from which the exciton binding energy can be extracted fromhe slope,%, of a plot of

In Jdoc 1 versus%. The results of this analysis are shown in Figure 4.6a, and idean
exciton binding energy ofE, = 12 meV. For comparison, this value is in good agreement
with the exciton binding energy of ZTN's closest structural malog, InN, which is 9 meV
[106].

In addition, we can compare the extracted value foE, to the binding energy predicted
by Hop eld's seminal model of exciton binding energies in seconductors (Figure 4.6b).
[104] This model is one of many e ective-mass-based modalsking the exciton binding
energy to the ratio of hole to electron e ective mass,[1070B] and is based on interpolation
of the binding energies measured for a negative hydrogen atdranding/dissociating from
an H' ion.[110] As shown in Figure 4.6bE, is expected to increase monotonically with
the ratio % in units of the donor binding energy,Ep. [94] For ZTN, % = 7:7 (dashed
vertical line in Figure 4.6b) andEp = 11 meV, using e ective mass valuesrf,, = 1 and
m, = 0:13) and dielectric constant taken from a previous work, [1]1&nd initially determined
with quasiparticle GW calculations (https://materials.nrel.gov). With these values, we nd
the estimated exciton binding energy in Figure 4.6b to be:A8Ep = 12 meV, which is in
excellent agreement with the exciton binding energy obtagd from the Arrhenius analysis
in Figure 4.6a.

Two nal points in support of this conclusion relate to the manitudes of the static
dielectric constant () and the optical absorption coe cient in ZTN. First, semiconductor
materials with large o generally exhibit faster rates of charge carrier separatip which
leads to suppression of excitonic PL because excitons quycklissociate into free carriers.
For ZTN, o = 13 (https://materials.nrel.gov),[112, 113] which is sinilar to that of CdTe
( 0 =10:4), [114] a material in which excitonic PL emission is routily observed. [103, 105]
By contrast, methyl-ammonium lead iodide (MAPbI) has o = 25 and rarely exhibits excitons
[114{116]. Second, the strong optical absorption coe cidrpredicted for ZTN helps explain

why excitons would be observed at all, given that the Ims inhis work are not high-quality
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single crystals as is typically the case when excitonic PL éssion is observed. [94] A counter-
example best illustrates this point: in the pseudo-directap material ZnSiP;, defect-related
emission dominates the PL spectrum even for single crystakmerial, due to the symmetry-
forbidden nature of the bandgap [29]. In ZTN, excitonic emigm can be observed due to
the high transition probability at the band edges, despitelte material having a large density

of point defects.

4.3.5 Implications for Electronic Structure

In general, excitonic PL emission can be used to estimate thandgap of the emitting
material within a few 10s of meV. [93] For the Ims in this work,the above conclusion that
the 1.50 eV peak is due to bound exciton recombination sugtgethat the bandgap is 1.50 eV
+0.012 eV 1.51 eV, plus 10{20 meV of exciton dissociation energy (the engy required
to bind the exciton to the relevant defect). [117] This bandgp value is consistent with the
predicted bandgap for cation-ordered ZTN (1.45 eV) recentlgublished as part of the octet-
rule-violating model of disorder mentioned throughout tts work.[33] However, due to the
known o -stoichiometry of these Ims, and the evidence for a alloy between ZnSnN and
ZnO as shown in Figure 4.1 and Figure 4.2, it is not physically gsible for these materials
to be fully cation-ordered. Instead, if all excess zinc ocpiges cation sites, then there exists
a minimum, non-zero concentration of ZgSn, -N motifs, which requires that the bandgap be
narrower than 1.5 eV, due to the increase in the fraction of ogtrule violating tetrahedra per
unit cell (x31). To rectify these pieces of evidence, we will revisit detemomplex formation in
the following discussion to gain insight into the e ects oftese complexes on the electronic
structure in zinc-rich ZTN.

It is important to highlight that the exciton peak is only observed forannealed Ims in
this work, which suggests the annealing treatment results ielectronically \clean" material.
Indeed, the motif-based model of cation disorder in ZTN indates that kinetically-limited

growth (such as RF sputtering) encouragess; disorder, which can be thermodynamically
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minimized by annealing treatment.[33] Additionally, the déect formation results from Fig-
ure 4.2 show that forming Zr,+20y defect complexes is thermodynamically favorable, and
therefore would be enhanced upon annealing. Thus, anneglitreatment could clear the
bandgap of defect states by forming these neutral complexessulting in electronically pris-
tine material even when there is atomic disorder. The benedal e ect of removing defect
levels and scattering centers by forming charge-neutraloplexes has been observed in other
materials systems, e.g. in Culn$g118] and MgZnO [119]. In this context, the exciton peak
is only observed after annealing because the heat treatmdatilitates neutral complex for-
mation, which renders previously electronically active dects benign. Therefore, observation
of an exciton peak by PL provides a signature of clean elechio structure in zinc tin nitride,

and highlights the defect tolerance of this material.
4.4 Conclusions

In this work, we have presented a detailed photoluminescen¢PL) investigation into the
electronic properties of low carrier density, zinc-rich ZN. Using high resolution XRD, sim-
ulated Monte-Carlo crystal structures, and calculated dett formation energies, we have
determined that zinc-rich ZTN is stabilized by the presencefaoxygen by forming an al-
loy between ZnSnN and ZnO. Furthermore, low temperature, temperature-depeaent, and
power-dependent PL was used to identify a bound exciton traition in annealed ZTN Ims
with zinc-rich composition. The presence of an exciton peak PL indicates electronically
clean material despite atomic disorder, and provides a wayp tgauge the electronic quality
of ZTN. Ultimately, this work demonstrates the defect tolerane inherent to zinc tin nitride,
and shows that it is possible to achieve both low carrier deitysand high quality electronic

structure in o -stoichiometric material.
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

In the course of this thesis, systematic material developmiewas applied to the relatively
unstudied semiconductor, zinc tin nitride (ZTN). In this process, insights were gained into
the defect physics and cation ordering of this material, anthis knowledge was used to
identify the processing criteria necessary to achieve cool of the electrical transport and
optical absorption properties. First, a broad combinatoriasurvey of the composition and
growth temperature space was performed, through which it wdound that ZTN can tolerate
large deviations from stoichiometry. It was in this initialwork that the more important e ect
of anion site (as opposed to cation site) defects on the degeate n-type carrier density was
rst determined. This was achieved by showing that zinc-ric composition could lower the
as-grown carrier density by two orders of magnitude (from #®to 10" cm 2), which would
not be possible if zinc interstitial (Zn) or tin-on-zinc antisite (Sryz,) donor defects played a
signi cant role (since Zn concentration should increase with higher zinc content, ansince
Zns, compensating Sp, defects alone would result in p-type material without addibnal
sources of donated electrons).

Next, a detailed study was undertaken on the e ects of hydrogeimpurities and post-
growth annealing treatment on the point defect pro le and ulimate carrier concentration
of zinc-rich material. Through this work, it was found that nodulating the Fermi level
position is critical for accptor defect formation without ®If-compensation. Speci cally, a
corollary mechanism to that of hydrogen in GaN was identi edn ZTN, by which hydrogen
impurities maintain the Fermi level position near the condation band by incorporating
as compensating donors during growth. This Fermi level caml was found to facilitate
acceptor (Zns,) defect formation without an attendant increase in native dnor defects. By

then annealing these zinc-rich, hydrogen-passivated Imafter deposition, hydrogen drive-
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out was shown to activate the additional Zg, acceptors, which were then able to compensate
for a lower concentration of anion site donor defects than wtil have been present without
the added hydrogen. This work resulted in a further decrease n-type carrier density to

10'¢ cm 3, and signaled the achievement of full control of the n-typeagrier density of
ZTN over a range relevant for a photovoltaic absorber mateai.

Finally, the champion low carrier density material identi ed in the previous two studies
(zinc-rich, grown with added hydrogen and annealed in actied nitrogen) was investigated
by photoluminescence (PL) spectroscopy to determine theeetronic structure characteris-
tics. Structural measurements, Monte-Carlo modeling, andefect formation energy calcu-
lations, rst revealed that far zinc-rich composition is sabilized by the presence of oxygen
that forms defect complexes with excess zinc, resulting imalloy between ZnSnN and
ZnO. Then, low temperature, temperature-dependent, and per-dependent PL characteri-
zation revealed excitonic photoemission in annealed, zinich Ims. This nding was used
to conclude that despite atomic disorder, o -stoichiomety, and high defect concentration,
low-carrier density ZTN is rendered electronically pristie as a result of annealing treat-
ment. The mechanism responsible was concluded to be forneattiof Zns,+20y defects,
which are encouraged by thermodynamic equilibration upongst-growth annealing. This
work showed that it is possible to achieve low carrier dengiZTN using o -stoichiometry
while still maintaining high quality electronic structure.

Overall, this thesis has produced three main scienti ¢ advaces in the eld of zinc tin
nitride development. First, it has shown that cation-site déects, such as Sp antisites
or Zn;, are not the main source of n-type degeneracy in ZTN, and thahstead anion-site
defects of the types \ and Oy are much more signi cant. Suppression of these anion-
site defects, either through carefully controlled growth anditions or by encouraging defect
complex formation with post-growth annealing, is criticato synthesizingsemiconducting(as
opposed to metallic-like) ZTN. Second, this thesis has dengirated that hydrogen-assisted

Fermi level modulation is a broadly applicable strategy foovercoming self-compensation in
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semiconductors, and does not apply only to gallium nitrideAdding hydrogen during growth
and driving it out with post-growth annealing was shown heilie to be an e ective tool for
suppressing compensating defect formation while attempty to counter-dope degenerately
n-type ZTN. There is no reason why this strategy could not be badly applied to other
semiconducting materials with problematic compensatingedect formation, and represents
a new option for controlling electronic properties in a wideange of materials. Finally, this
thesis has established that zinc-rich material with high dect density can exhibit high quality
electronic structure, so long as the material has a su cientevel of oxygen to complex with
the excess zinc and is subjected to post-growth annealing.

With the progression of ZTN development, four research thriss have begun to de ne the
eld. One area of active research will undoubtedly be furthrespectroscopic investigations
into the relationship between order parameter and bandgapOther ZTN researchers have
already reported some PL results on as-deposited materjd¥4] and this line of investigation
will surely continue. Furthermore, the topic of cation disader as it relates to controlling
bandgap and other material properties (such as electricakinsport) has been active for years
in semiconductors like CeZnSnS[63] and ZnSnB,[44] and ZnSnN provides fertile ground
for new investigations by these groups. A related researchrust that has not yet received
su cient research attention is epitaxial growth techniques that could produce higher crys-
talline quality ZTN material. Directed development of epiaxial growth techniques for high
quality thin Ims (especially by industrially-relevant te chniques like sputter deposition) are
greatly needed in this eld. Another burgeoning area of ZTN deslopment is for application
in photovoltaic cells.[38, 111] The methods used to reducarder density in ZTN (which is
critical to device integration) can be paired with bene cid oxygen incorporation to reduce
the density of defect states through neutral complex formain. These methods de-couple
carrier density control from the e ect of defects on chargeatrier transport, which is critical

for continued development of ZTN for photovoltaic absorbeapplications.
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APPENDIX A
SUPPORTING INFORMATION FROM CHAPTER 2

Figure A.1 shows conductivity as a function of growth temperaire for Zn-rich Ims with
cation composition of 0.60 Zn/(Zn+Sn). Conductivity of Zn+ich Ims varied by more than
an order of magnitude as a function of increasing growth terepature; from 0.1{5.5 S cr.
This variation of conductivity with temperature was not as ponounced as for variation
with composition for a xed growth temperature. The criticd temperature at which the

conductivity trend switched from decreasing to increasingias found to be 120C.

: Zn/(Zn+Sn) = 0.60 A

Conductivity (S cm'l)
w
T

(0] SN, S D T I
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Figure A.1l: Conductivity as determined by 4-point probe pairé with thickness measure-
ments, shown as a function of growth temperature for Zn-richms with 0.60 Zn/(Zn+Sn).
Conductivity decreases until 120C, after which the conductivity increases again. The overal
change in conductivity was more than an order of magnitude.

Figure A.2 shows a transmission electron diraction (TED) patern from a nominally
stoichiometric Im grown at 300 C with the six smallest di raction rings numbered in white
(left panel), and a corresponding table giving the calculad lattice spacing from each ring
(right panel). The experimental lattice spacing values wer found to be consistent with a

wurtzite lattice. These values are also consistent with Iite parameters calculated previ-
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ously for cation-disordered ZnSnl in which the c-axis lattice parameter was 5.5 and

the a-axis lattice parameter was 3.38\.[28]

Diffraction | Lattice Spacing
Ring Q)
1 2.97
2 2.77
3 2.58
4 2.02
5 1.70
6 1.56

Figure A.2: TED pattern taken from a nominally stoichiometric Im grown at 300 C (left)
with the six smallest di raction rings numbered in white. A table giving the corresponding
lattice spacing for each diraction ring is shown on the righ These lattice spacing values
are consistent with a wurtzite lattice for ZnSnN.

Figure A.3 shows the results of temperature-dependent Hall ece performed on one
stoichiometric (Zn/(Zn+Sn) = 0.50) and one zinc-rich (Zn/(Zn+Sn) = 0.60) Im grown
at 230 C, respectively. No signi cant temperature dependence wadbserved in the carrier
density or mobility shown in panel (a), and neither for condctivity shown in panel (b).
Despite the relatively low carrier density observed in zindch Ims, these results indicate

these samples are still degenerate.
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Figure A.3: Temperature-dependent Hall e ect data taken from iéher stoichiometric
(Zn/(Zn+Sn) = 0.50) or zinc-rich (Zn/(Zn+Sn) = 0.60) Ims, r espectively. No signi cant
temperature dependence was observed in the carrier densstymobility (a), nor for conduc-
tivity (b), indicating both Ims are still degenerate despite the reduction in carrier density

with increased zinc.

84



APPENDIX B
SUPPORTING INFORMATION FROM CHAPTER 3

Table B.1: Carrier density, mobility, and normalized depthaveraged hydrogen counts mea-
sured for ZTN Ims with Zn/(Zn+Sn)=0.68, representing the four deposition and annealing
combinations presented in Chapter 3. The lowest carrier dsity was observed for growth
in forming gas followed by annealing, although annealing esistently lowered mobility irre-
spective of the growth atmosphere.

Growth Annealing Carrier Den- Mobility E ective pH, Norm. Avg.
Atmosphere Conditions  sity (cm %)  (cm?V s 1) (Torr) H, Content
N None 1.96 0.01x10® 876 0.02 4.5 x 107 0.38

N 400 C, 6 hr 6.00 1.00x10Y7 0.28 0.06 1.0 x 10° 0.57

5% Hp in N2 None 461 0.03x107 580 0.03 1.0 x 1038 1.0

5% Hy in N3 400 C, 6 hr 400 2.00x10® 0.50 0.20 1.0 x 108 0.59

Table B.1 summarizes the electrical transport properties easured by Hall e ect for
zinc-rich Ims representing each of the four sample prepatian conditions studied in this
work. Additionally, averaged normalized hydrogen counts nasured by secondary ion mass
spectrometry (SIMS) for each sample are noted. Carrier detyswas lowest for growth in
forming gas followed by annealing, although mobility consiently decreased upon anneal-
ing regardless of the growth atmosphere. The hydrogen cosnineasured by Secondary lon
Mass Spectrometry (SIMS) can be compared to the e ective pHn the chamber during
growth (either from residual water base pressure or intemtnal addition with forming gas)
for each sample. Samples grown without added hydrogen exhibyydrogen levels that track
with water base pressure, while the as-deposited samplegrowith added hydrogen exhibits
twice as much hydrogen as its annealed counterpart. The sartevel of residual hydrogen
was observed for both annealed samples, even though the mardensity was an order of

magnitude lower for the sample grown with hydrogen, leadin the conclusion that adding
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hydrogen during growth (and its subsequent removal) signtantly alters the achievable ac-
ceptor density.

Figure B.1 shows absorption coe cient versus photon energysadetermined by UV-Vis-
NIR spectroscopy for Zn34SnyesN2 Ims grown either with added hydrogen (grey and purple
curves) or without (orange and black curves). Absorption et and strength are essentially
unchanged with annealing treatment (orange and purple) cgmared to their as-deposited

counterparts (grey and black).

Zn/(Zn+Sn) = 0.67
2—|IIIIIII|IIIIIII|IIIIIIIT
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Figure B.1: Optical absorption spectra of the four samples sttussed in this study. The color
legend of the lines is the same as in Figure 3.1 and Figure 3.2.

Figure B.2 shows SIMS results for the nitrogen content befoend after annealing of the
samples grown with addition of hydrogen. The nitrogen to met ratio remains the same
within the error bars, de ned as one standard deviation beteen measurement on three
nominally equivalent points on the sample. Thus, these reksl indicate that changes in
carrier density with annealing are not a ected by loss of nibgen.

Figure B.3 shows cross-sectional bright eld transmissionlextron microscopy (TEM)

for the annealed Im grown with added hydrogen (i.e. the lows carrier density Im in
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Figure B.2: SIMS results for nitrogen content before and afteannealing for samples grown
in the presence of hydrogen. The nitrogen to metal ratio renres the same within the error
of the measurement.

this work). Measured grain diameter is<50 nm on average and grain boundaries are less
de ned than for as-deposited Ims grown in pure nitrogen.[3] Additionally, atomic-scale
crystallinity (Figure B.3b) and a polycrystalline ring pattern (Figure B.3c) were observed by
dark eld TEM and selected area electron di raction (SAED), respectively. These results
indicate that crystallinity is maintained, albeit with a reduction in grain size, during the
hydrogen incorporation and removal process.

Figure B.4 shows scanning TEM (STEM) composition maps in cressection of Sn, Zn,
and N taken from a Zn ,3Sny72N> Im grown in forming gas and then annealed. These
images were taken from the same Im displayed in Figure B.3. Aepresentative line scan
(100 nm) shows consistent Zn and Sn composition across a oggin the high angle annular
dark eld (HAADF) image with high contrast. High contrast regions would be expected
to exhibit the most pronounced chemical variation, and yethte composition is found to be
constant. Uniform distribution of zinc and tin as observed irFigure B.4 con rms that no
phase separation occurred during the hydrogen incorporati and removal process.

Figure B.5 shows an experimental XRD pattern from the same Immaged in Figure B.1,

overlaid with a calculated pattern for orthorhombic, catim-ordered ZnSnN. All experimen-
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100 nm

Figure B.3: (a) Cross-sectional bright eld TEM for the lowes carrier density Im in this

work revealed narrow<50 nm grains. (b) Atomic-scale crystallinity and columnar gowth
were conrmed by dark eld TEM imaging, and (c) a polycrystaline SAED pattern was
observed. The dark eld image shown in (b) corresponds to thdi raction condition circled

in red on the SAED pattern.

tally observed re ections are in good agreement with the maire ections of the calculated
spectra. No evidence of diraction peaks at smaller angles nof peak-splitting was ob-
served, which are indicative of orthorhombic super-latte ordering. Therefore, we conclude
the o -stoichiometric Zn1.x SnixN> Ims in this work exhibit cation disordered, wurtzite-like
structure, which is consistent with our previous ndings. 35]

Figure B.6 shows cross-sectional scanning electron micrgsg (SEM) images of as-
deposited and annealed ZngSny72N, thin Ims grown in pure N,. Average grain diam-
eter measured for each sample is 43 nm and 47 3 nm for the as-deposited and annealed
samples, respectively. Therefore, grain size in maintach@pon annealing for samples grown
in N,, despite the order of magnitude reduction in majority carer mobility (Table B.1).
This leads to the conclusion that the drop in mobility obsered upon annealing is due to
increased ionized point defect scattering after acceptoctavation, and not due to microstruc-

tural changes from the anneal.
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Figure B.4: Energy dispersive X-ray spectroscopy (EDS) comgition maps in cross section
showing zinc, tin, and nitrogen content is uniformly distrbuted throughout the Im. A
representative STEM line scan shows consistent zinc and taignal across a region of high
contrast in the HAADF image, where chemical variation is expeet to be highest, thus
con rming the absence of phase separation.
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Figure B.5: XRD pattern from the lowest carrier density Im in this work, showing good
agreement with the cation-disordered, wurtzite-like crytal structure of ZnSnN,. No other

peaks are visible in the XRD pattern, indicating long-range lpase purity for Ims grown

using the hydrogen incorporation and removal technique.
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Figure B.6: Cross-sectional SEM images of as-deposited (adaannealed (b) Zn ,gSmny 72N>
thin Ims grown in pure N,. Average grain diameter for both samples is 45 nm, even
though the annealed Im exhibited mobility an order of magrtude lower. Therefore, ionized
point defect scattering is a better explanation for the moliity reduction than is a change in
microstructure due to annealing.
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APPENDIX C
SUPPORTING INFORMATION FROM CHAPTER 4

As shown in Figure C.1, the room temperature absorption coe @nt curves for both
annealed and as-deposited Zn-Sn-N thin Ims in this work aren good agreement with the
low temperature photoluminescence signal. However, subpgabsorption can be seen in both
panels (a) and (b). Such sub-gap absorption likely result® inon-radiative recombination

during the PL process, since emission below 1.4 eV is weak ot nbserved.
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Figure C.1: Comparison between the low temperature PL signahd the room temperature
absorption coe cient for (a) annealed and (b) as-deposite@TN Ims grown in hydrogen.

Figure C.2 shows the results of a power law t to the intensity a a function of incident
laser power for the peak at 1.50 eV (red circles) and the shifty transition between 1.42{
1.47 eV (black squares) observed in Figure 4.4. The slope ottedine isk, extracted using
the functional form I (P) / P¥, indicates the type of recombination giving rise to the peak
in question. Values greater than unity are typical of excito recombination, while values of

k less than unity are characteristic of defect-assisted raubination.
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Figure C.2: Power law t of the 1.50 eV and 1.42 eV peak intensés as a function of incident
laser power. The slope of each line is denoté&d and is found to be greater than unity for
the 1.50 eV peak and less than unity for the 1.42 eV peak.
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