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Abstract

This thesis puts forth a theory-directed approach coupled with spectroscopy aimed at the discovery
and understanding of light-matter interactions in semiconductors and metals.

The first part of the thesis presents the discovery and development of Zn-IV nitride materials.
The commercial prominence in the optoelectronics industry of tunable semiconductor alloy materials
based on nitride semiconductor devices, specifically InGaN, motivates the search for earth-abundant
alternatives for use in efficient, high-quality optoelectronic devices. II-IV-Ny compounds, which are
closely related to the wurtzite-structured ITI-N semiconductors, have similar electronic and optical
properties to InGaN namely direct band gaps, high quantum efficiencies and large optical absorption
coefficients. The choice of different group II and group IV elements provides chemical diversity that
can be exploited to tune the structural and electronic properties through the series of alloys. The
first theoretical and experimental investigation of the ZnSn,Ge;_,Ns series as a replacement for
III-nitrides is discussed here.

The second half of the thesis shows ab—initio calculations for surface plasmons and plasmonic hot
carrier dynamics. Surface plasmons, electromagnetic modes confined to the surface of a conductor-
dielectric interface, have sparked renewed interest because of their quantum nature and their broad
range of applications. The decay of surface plasmons is usually a detriment in the field of plasmonics,
but the possibility to capture the energy normally lost to heat would open new opportunities in photon
sensors, energy conversion devices and switching. A theoretical understanding of plasmon-driven hot
carrier generation and relaxation dynamics in the ultrafast regime is presented here. Additionally
calculations for plasmon-mediated upconversion as well as an energy-dependent transport model for
these non-equilibrium carriers are shown.

Finally, this thesis gives an outlook on the potential of non-equilibrium phenomena in metals

and semiconductors for future light-based technologies.
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1

Light-based Technologies and
Materials Innovation

A great deal of my work is just playing with equations and seeing what they give.

— Paul A.M. Dirac

1.1 Introduction

On 20 December 2013, The United Nations (UN) General Assembly 68th Session proclaimed 2015 as
the International Year of Light and Light-based Technologies (IYL 2015). This thesis introduction,
written in 2015, presents a good opportunity to reflect on the current and future impact of light-
based technologies and the role of physics in guiding that impact. For example, when we think
of light and energy there are two approaches that come to mind: the here and now technologies
(Si-based photovoltaics, solar thermal) and the "around the corner', high-risk, high-reward directions
awaiting further development. A common link between both approaches is materials innovation and

introducing new physics of light-matter interactions.

1.2 Discovery of new materials: Predictive materials physics

In many ways, the light-based technologies technologies in use today are limited by the performance

of materials. This motivates the discovery of new materials, exploring materials physics of existing
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materials and exploiting new device concepts.

Advanced materials share a common attribute: They are complex. Therefore achieving required
performance depends on exploiting the many degrees of freedom of materials development including
(but not limited to) multiple chemical components, nanoscale architectures, and tailored electronic
structures. This introduces enormous complexity in the discovery process, complexity that must be
understood and managed. A theory bias here would argue that we do not have the time or resources
to explore all the options experimentally. However, our current computational methods confer upon
us predictive power to accelerate discovery and innovation in materials.

During the past decade, computer simulations based on a quantum-mechanical description of
the interactions between electrons and atomic nuclei have had an increasingly important impact on
materials science, not only in fundamental understanding but also with a strong emphasis toward
materials design for future technologies. While the current theory tools are not perfect, they do
provide sufficient information for theory-directed design of new materials and new materials physics.

In addition to the computational design of materials for solar cells, artificial photosynthesis, and
photochemical pathways to fuels, the need to computationally predict and optimize the light-matter

interactions in materials is general and relevant to several light-based technologies including:

e Optical circuits
e Displays
e Solid-state lighting

e New light sources

A further link between established and to-be-developed technologies is that any new approaches
must to some extent be integrable with dominant pervasive technologies and processes. This raises
issues such as CMOS compatability and considerations of growth mechanisms, and on a more
fundamental level the importance of both interface and volume effects in any new materials. This is
particularly pertinent for nanostructured materials due to their increased surface-to-volume ratio.
Hence, an adequate description of the physics occurring at interfaces of any new optoelectronic

material must be taken into account in materials design and development from the start.
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In many cases, a single theory method or approach may not be enough. A strategy of multiscale
simulations must be used to translate the results of atomistic calculations to real-world scales. Some
aspects of this thesis (especially the chapters on ab initio plasmonics) illustrate the need and use of

multiscale theory.

1.3 Materials physics for energy

Solar technologies, whether photovoltaic or solar-fuel based, are ultimately limited by the efficiency
of the light absorber. One of the primary goals of this thesis has been to investigate new light capture
and conversion strategies through materials discovery. Artificial photosynthesis imposes unique
demands on the light absorbers, relative to conventional photovoltaics. In artificial photosynthetic
devices, either a single material, or two absorbers arranged in a tandem cell format (and current-
matched spectrally), must at minimum provide the thermodynamically required voltage of 1.23
V to split water, and must provide comparable voltages to reduce COy to methanol or other
fuel. However, very few Earth-abundant materials have been identified that have band-gaps in
the 1.5-2.2 eV range and satisfy the requirements for photoabsorbers in a solar fuels device. This
presents a unique opportunity for exploring new materials physics especially in context of wide
bandgap semiconductors. Optoelectronic properties and relaxation dynamics of these wide bandgap
semiconductors would find applications beyond artificial photosynthesis in solid state lighting and

photovoltaics.

1.4 High-throughput theory

As shown in recent work by Ceder, Jacobsen, Norskov, and others, it is now possible to scan hundreds
of thousands of possible combinations of elements across the entire periodic table, suggesting many
new materials solutions that far exceed the traditional intuition of experts in these fields. Even
incomplete and low-level theories have suggested novel combinations of materials for new energy
technologies. In principle, finding the best solution to solar harvesting and other issues related
to composition-dependent property optimization can now be accomplished using this approach.
Experimental synthesis and screening efforts to match the throughput of such computational

approaches are underway within the Joint Center for Artificial Photosynthesis and within other
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groups. The challenges associated with high-throughput theory (and to some extent experiments)
are picking the "level of theory" commensurate with the complexity of the material and the property

being screened for.

1.5 Optical phenomena in metals: Plasmonics

Prominent materials for photonic and optoelectronic components operating in the visible and
near-infrared part of the electromagnetic spectrum comprise metals and semiconductors. Metals
such as gold, silver, aluminium and copper are traditionally not materials of choice, due to their
substantial absorption losses caused both by intraband and interband transitions. However, metals
do provide a unique opportunity for photonics in this part of the spectrum, namely the existence
of highly confined surface waves at interfaces with dielectrics. Here, the electromagnetic field can,
under appropriate conditions, couple to the conduction electron plasma, setting up a hybrid mode,
termed surface plasmon. For extended interfaces, propagating modes with mode areas below the
diffraction limit are possible (surface plasmon polaritons), whereas metallic nanostructures act as
optical nano resonators with minute sub-diffraction-limit mode volumes (localized surface plasmons).

The last two decades have seen an explosion of interest in surface plasmons, and a distinct
research area of photonics, termed plasmonics, has emerged. This resurgence of interest in metal
optics was to great extend facilitated by rapid advances in nano fabrication, near-field optical
detection techniques, and computational modelling techniques taking the dispersion of the metal
into account.

The high mode confinement that surface plasmons offer is made possible by a substantial
penetration of the electric field into the metal itself, increasing with frequency until the surface
plasma frequency is approached. This leads to unavoidable absorption losses and hence to a trade-off
between localization and loss, which has hampered widespread applications of plasmonic waveguides
and nano resonators for applications in integrated photonics. However, over the past few years it has
been recognized that the optical losses also provide unique opportunities: Firstly, short dephasing
times of only a couple of femtoseconds allow, under appropriate circumstances, for substantial
emission enhancement of nearby (low internal quantum efficiency) nanoemitters. Secondly, decay of
surface plasmons via absorption creates electron/hole pairs, and if these hot carriers can be harvested

before thermalisation applications in hot carrier photodetector, catalysis, and nano chemistry seem
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possible.

1.6 Optoelectronics and Nanophotonics

The potential for an order of magnitude improvement in size reduction of optoelectronic devices
facilitated by plasmonic sub-diffraction-limit light confinement has intrigued researchers over the
last decade. This directly addresses both the size mismatch between current electronic and photonic
components, and furthermore promises substantial increases in modulation/switching speed, and
potentially also lower energy consumption. Yet as described in the previous section, the unavoidable
optical loss inherent in plasmonic light localization has to great extent hindered technological
adoption of this approach. Since the physical limitations and parameter space for localisation and
loss in plasmonic waveguides and nanostructures are well understood, focus has shifted to work on
the underlying plasmonic materials for further improvements in performance. On the one hand, for
the dominant plasmonic materials gold and silver, a substantial amount of research effort has been
put into achieving higher crystallinity and hence less domain- and surface-induced optical losses.
Examples include self-assembled-monolayer-assisted thin film growth for smoother films or back-
etching of silicon in silicon/noble metal multilayers in order to expose an essentially single-crystal
surface layer. At the same time, there is an active search for new plasmonic materials particularly in
the near-infrared part of the spectrum underway. Here, materials with improved temperature stability
such as TiN are attractive for applications such as Heat-assisted Magnetic Recording (HAMR), and
also from the viewpoint of CMOS compatibility. Other candidate materials for applications in the
near-to-mid-infrared are highly doped zinc oxides or perovskite-based ferroelectrics.

Apart from the physical properties plasmonic materials in isolation, it is also necessary to gain
understanding and control over the materials physics at interfaces, particularly if both photonic
and electronic phenomena associated with highly concentrated optical fields are to be exploited.
Examples include plasmon-enhanced carrier transfer in Schottky-type photodetectors, or metallic
nanostructures coated with molecular overlayers for catalytic applications. It is in all these areas
that improvements in materials deposition and multilayer assembly go hand-in-hand with predictive
theoretical studies enriching both our understanding of the underlying physics, and guiding further
improvements. The employed methods necessarily are inherently quantum in nature, in contrast to

the mainly classical modelling of plasmonic devices solely exploiting optical effects, which is firmly
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based on the macroscopic Maxwell’s equations, in most cases.

1.7 Contents of this thesis

The underlying theme of this thesis is exploring light-matter interactions, from a joint theory and
experimental standpoint, in the context of high-risk, high-reward optoelectronic and nanophotonic
technologies. This work is motivated in part by the materials-based challenges in current devices and
in part by the search for new phenomena to enable novel optoelectronic and nanophotonic devices.

First part of the thesis presents the work my collaborators and I have done on Zn-IV nitrides,
an example of theory-directed functional materials design. The second half of the thesis presents
our work on ab initio calculations for plasmon decays and dynamics of hot carriers with a focus on

understanding optical phemomena in metals. The chapters are organized as follows:

e In Chapter 2, theory and calculations to understand the stability and defect behavior of
ZnSnNy are presented in context of Zn-IV nitride optoelectronics. The very small formation
enthalpy of ZnSnN, and the donor defects in this semiconductor, with potential photovoltaic

and solid state lighting applications, are discussed in detail.

e In Chapter 3, first-principles calculations as well as the synthesis and optoelectronic and
spectroscopic characterization of a series of direct band-gap Zn(Sn,Ge)Ny semiconductor alloys

are presented.

e In Chapter 4, a theoretical evaluation of the energy-conversion efficiency of systems that
rely on internal photoemission processes at metal-semiconductor Schottky-barrier diodes is
discussed in addition to the drawbacks of such an approach to plasmon decays. This chapter

sets the stage for the last chapters of this thesis.

e In Chapter 5, "Theoretical predictions for hot carrier generation from surface plasmon decay
in the interband limit’, we present predictions for the prompt distributions of excited ‘hot’
electrons and holes generated by plasmon decay, prior to inelastic relaxation, using a quantized

plasmon model with detailed electronic structure.

e In Chapter 6, we show the phonon-assisted and multi-plasmon contributions to plasmon decay

and in general discuss optical processes in metals in the ultrafast regime.
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e Finally, Chapter 7 summarizes the work done and future research directions for exploiting

light-matter interactions both in the II-IV nitrides and in metals.
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2

Zn-1V Nitride Optoelectronics

How wonderful that we have met with a paradox. Now we have some hope of making

progress.

— Niels Bohr

2.1 Chapter Overview:

ZnSnN; is an earth-abundant and visible-light-absorbing semiconductor, and has recently been
synthesized, exhibiting an unexpectedly high electron concentration. Using first-principles calcula-
tions, we find that ZnSnNs has a very small formation enthalpy, so it is challenging to synthesize
single-phase ZnSnNy without the coexistence of secondary phases. Based on the calculated formation
energy of defects, we showed that Snz, (Sn on Zn antisite) is the dominant intrinsic defect with
a high concentration, and Oy (O on N antisite) is a possible dopant. Both defects are donors,
and the high concentration of donor states form a defect band below the conduction band, making
the material degenerately n-type, which explains the observed high electron concentration. The
existence of the donor defect band does not induce any direct absorption of low-energy photons,
so ZnSnN, is a degenerately doped metal-like semiconducting material with an optical bandgap

around 2 eV, which is narrower than the bandgaps of conventional transparent conducting oxides.



2.2. INTRODUCTION

2.2 Introduction

Direct bandgap, earth abundant semiconductors with E; around 1.5 eV are essential for both
photovoltaic and solar to fuel (photocatalytic) energy conversion. |20} |6] Among the conventional
semiconductors, such as element Si and Ge, binary III-V (III=B, Al, Ga, In; V=N, P, As, Sb)
and II-VI (II=Zn, Cd; VI=0, S, Se, Te), only a limited number of candidates have suitable
bandgaps in the range 1.0-2.0 ¢V.[12] This motivates the search for earth-abundant alternatives
to current semiconductors for efficient, high-quality optoelectronics devices, photovoltaics and
photocatalytic energy conversion. One methodology for the search is to study ternary and multi-

ternary semiconductors with more elements and more flexible opto-electronic properties.

2.3 II-1IV nitrides

Fifty years ago, the design of ternary and quaternary semiconductors through the cation mutation in
binary II-VI and III-V semiconductors was proposed by Goodman and Pamplin:[5, |15} 1] (i) Through
replacing two Zn atoms in ZnSe by one Cu and one In atom, ZnSe is mutated into ternary CulnSes,
and if further replacing two In by Zn and Sn, CulnSes is mutated into quaternary CusZnSnSey. Both
CulnSe; and CusZnSnSey are high-efficiency light-absorber semiconductors for thin film solar cells,
which have been under intensive study during the past 30 years. |2, [25] (ii) Similarly through replacing
two Ga in GaN by Zn and Sn, GaN can be mutated into ZnSnNs, as shown in Fig. 2] In fact
this cation mutation, a cross substitution, leads to a class of ternary II-IV-V, semiconductors with
[1=Zn, Cd, IV=Si, Ge, Sn and V=N, P, As, Sbh, e.g., ZnGeNs and ZnSnP5. II-IV-Ny compounds are
closely related to the wurtzite-structure III-N semiconductors, but have a mixed A-site composition.
The choice of different group II and group IV elements provides chemical diversity that can be
exploited to tune structural and electronic properties through the series.

Compared to the well studied CulnSey (I-ITI-VI; class), the II-IV-V5 semiconductors have not
been studied extensively, e.g., the crystal structures and bandgaps of some II-IV-V, have been
determined until quite recently.[16, [19] One possible reason for the slow progress in the study of
II-IV-V3 materials may be related to the difficulty in synthesis of electronic quality samples. With
additional elements, it is more challenging to control the composition and to synthesize single-phase

and stoichiometric ternary compounds.
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Figure 2.1: The crystal structure plot of wurtzite GaN and ZnSnNs. Here GaN is plotted in a
supercell with the same size as the primitive cell of ZnSnNy in the Pna2; symmetry. The Pna2;
structure of ZnSnNy is equivalent to the wurtzite-kesterite Io-II-IV-VI, structure through replacing
I by Zn, IT and IV by Sn, and VI by N.

Using RF Magnetron Sputter Deposition, we recently synthesized a new II-IV-V5 compound,
ZnSnNy, for which the optical measurements reveal a direct bandgap about 2.0 eV. This successful
synthesis of ZnSnNy indicates that a series of II-IV-Vy semiconductors may be synthesized in the

future and a rich space of the material properties may be explored for different functionalities.

2.4 Phase Stability and formation of ZnSnN,

2.4.1 Phase Stability:

At the ground state, ZnSnNy crystalizes in a structure in the Pna2; symmetry with a 16-atom
primitive Cell, as shown in Fig. b). To study its thermodynamic stability, we first
calculated its formation energy, AH¢(ZnSnNs), which is defined as the total energy change of the
following reaction,

Zn(hep) + Sn(diamond) + Na(gas) — ZnSnN (2.1)

where Zn is in the hexagonal-close-packed (HCP) structure, Sn is in the diamond structure and Ny

is at the gas molecule state. Using the hybrid functional with a=0.31 (see the Experimental Section
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“Zn (CV) u’Zn (eV)
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0

ZnGeN2

1.4

Figure 2.2: (a) and (b) The calculated chemical potential range (in yellow shadow) that stabilize
single-phase ZnSnNs (a) and ZnGeNy (b). Outside the yellow region, different secondary phases as
labeled will form.

for details), a very small AH¢(ZnSnN3)=-0.17 eV /f.u. (-3.92 keal/mol) is found. Since the calculated
formation energy of compound semiconductors are sensitive to the specific pseudopotentials and
functionals, [4, |21] we also used a recently developed scheme which can predict the formation energy
of compound semiconductors with a high accuracy (the test calculations on 55 ternary compounds
show that the mean absolute error is only 0.048 eV /atom),[21] in order to evaluate the influence of
the calculation methods. Using the new scheme, AHf(ZnSnNy)=-0.14 eV /f.u., in good agreement
with the value from the hybrid functional calculation. To compare with the experimental values,
similar calculations are performed for other compounds, AH¢(ZnsN2)=-0.33 eV /f.u. (experimental:
-0.25 eV/f.u.[21]), AH¢(GaN)=-1.43 eV/f.u. (experimental: -1.62 eV /f.u.|21]) Considering the small
error with the new scheme, we believe the small formation energy of ZnSnNs has a high reliability.
We notice that a large AH¢(ZnSnN3)=-2.32 eV /f.u. had been reported from the calculation using
the linearized gradient muffin-tin orbital (LMTO) method,[17] which is in contrast with the present
results using the plane-wave pseudopotential method and the new scheme, and the origin of the
inconsistence is so far not clear.

Now we will discuss how the small formation energy influences the synthesis of ZnSnN,. In

the synthesis environment, the "richness" or partial pressure of the component elements can be

11
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tuned, which can be quantitatively described by the chemical potentials of the component elements,
WzZn, UWSn, UN- tzn=0, usn,=0, uny=0 are defined when Zn, Sn and N are so rich that their pure
elemental phase like HCP Zn, diamond Sn, N2 molecule can be formed. To avoid the formation of
secondary phase such as the elemental phases and binary compound ZnzNs, the following conditions

should be satisfied,

bzn <0, pusn <0, uy <0
(2.2)

3pzn + 2N < AHg(ZnsNg)

Under the thermodynamic equilibrium state that stabilizes ZnSnNs, the following equation should
also be satisfied,

Hzn + fsn + 2/,(,1\] = AHf(ZHSDNg) (23)

With all these requirements satisfied, pz, and pg, are limited in a certain region in the (pzn, tisn)
plane as shown in Fig. a), and py depends on them according Eq. As a result of the small
AH¢(ZnSnNsy), the stable region of ZnSnNy is quite narrow, and the tunable range of uz, and pgy,
is less than 0.05 eV. In contrast, another closely related II-IV-V5 semiconductor ZnGeNs has a much
larger formation energy (-1.31 eV /f.u.) and wider stable region in the (tizn, pge) plane, as shown in
Fig. b). The obvious difference indicates that it is much more difficult to synthesize single-phase
ZnSnNs than ZnGeNs,. Actually in the literature, ZnGeNs had been synthesized for decades while
ZnSnNs was synthesized recently. The reason for the large difference may be related to the weaker
Sn-N bond than Ge-N, which also causes the Sn-N compound Sn3zN, to have a positive formation
energy (so not shown in Fig. the experimental value is still unavailable) while GesNy4 have a
negative formation energy -0.98 éV/f.u. The much smaller formation energy of ZnSnNs than that of
ZnGeNjy is comparable with the situation between InN (-0.06 eV/f.u.) and GaN (-1.43 eV /f.u.).[21]
As a result of narrow small stable region, the coexistence of secondary phases such as Zn, Sn metals
and ZngNy is highly possible in the synthesized smaples. The coexisting Zn or Sn metal can be one
possible origin of the high electron concentration. Based on these results, strategies to avoid the
formation and exclude the coexistence of these secondary phases are critical to future applications

and improvement of the ZnSnNy semiconductor.
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2.5 ZnSnN, defect physics

Alternative to the formation of secondary phases, the formation of point defects in the ZnSnNy
lattice is also possible, and influences its properties. Whether a point defect « in the charge state
g will form or not depends on its formation energy, AH («, ¢q), which is a function of the chemical

potential of elements and chemical potential of electrons (Fermi energy), as described by,
AH(a,q) = AHo(a, q) + Z nip; +qEr, (2.4)

where AHy(«, q) is the formation energy when the chemical potentials u; of all elements i (i=Zn,
Sn, N) are zero and the Fermi energy Er=0 (EF is referenced to the valence band maximum (VBM)
eigenenergy of the host semiconductor), and can be calculated using the supercell model.[24] [22] n;
is the number of atom ¢, and ¢ is the number of electrons exchanged between the semiconductor
and the atmosphere in forming the defect.

The calculated formation energies of six possible defects in ZnSnNs is shown in Fig. (c),
where the lowest-energy charge state is shown for each defect at a certain Fermi energy and the
chemical potentials of the elements are set at the center of the stable region in Fig. a). Two
obvious characters can be identified: (i) the donor defects such as Snyg,, antisite (Sn substituing Zn),
Vi (N vacancy) and Zn; (Zn on the interstitial site surrounded by four N anions) have much lower
formation energy than the acceptor defects, such as Zng,, Vz, and N;. The much lower formation
energies of these donor defects determine the intrinsic n-type conductivity (self-doping) of ZnSnNj.
The values become negative when the Fermi energy approaches zero (VBM), i.e., they will form
spontaneously in p-type samples, quenching mobile hole conductivity and pinning the Fermi energy
close to the conduction band minimum (CBM) emergy, so the p-type doping is impossible based on
this thermodynamic analysis. This can also be understood according to the low VBM energy of
ZnSnNj (the GaN/ZnSnNy valence band offset calculation shows that the VBM of ZnSnNj is as low
as that of GaN|[13]) and the conventional doping limit rule, which states that a semiconductor is
difficult to be doped p-type if the valence band is too low in energy.

(ii) Sny, antisite has the lowest formation energy through the whole Fermi energy range, so it is
the dominant intrinsic defect of this ternary semiconductor. At the neutral charge state (¢=0), the

020

formation energy is only 0.13 eV, which corresponds to a population around 102° cm~=3 at the room
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Sn 5s, N 2s, 2p
CBM

Sn 5s, N 2s
Sn,,, defect band

N 2p, Zn 3d, Sn 5d
VBM

Figure 2.3: (a) Schematic plot of ZnSnNs band structure, with the Snyz,, defect band below the
lowest conduction band. (b) Calculated band structure of ZnSnNy along high-symmetry lines in the
Brillouin zone. (c) the wavefunction of Sny,, donor state, (d) the wavefunction of Ox donor state.
For (c) and (d), the defect and dopant concentration is 5.6x 102 ¢cm™3.

temperature, and a even higher population at higher growth temperature. As a donor defect, Sng,
induces a donor level below the CBM state, which are occupied by two electrons (Sn has two more
valence electrons than Zn). The calculated (0/2+) transition energy level of Sny,, is 0.37 €V below
CBM, i.e., when the Fermi energy is below this level, Snz,, will be ionized and the two electrons on
the donor level will be donated to the system. Since it has a much lower formation energy and thus
much higher population than any other intrinsic defects, the Fermi energy of the ZnSnNy samples is
pinned by Sny, to above the (0/2+) transition energy level.

Although the transition energy level of Sny,, is not shallow, the corresponding donor state is not
localized, as shown by the delocalized wave-function over the whole supercell in Fig. C). This
can be understood according to its component. The bandgap of ZnSnNs is opened between the
valence band states composed of N-2p +Zn-3d orbitals and the conduction band states composed of
Sn-5s+N-2s orbitals (see Fig. a)). The donor state of Snyz,, has the similar component to
the lowest conduction band states, and is distributed on all Sn and N atoms in the whole supercell.
Considering that the concentration of Snz,, can be as high as 102° cm ™3 (one defect among hundreds
of atoms), the interaction between the nearby defects makes the donor states be continuous to form
an occupied defect band, as shown schematically in Fig. a). Our calculation with one Sny,, defect
in an 128-atom supercell and 2x2x2 k-point mesh shows that the Sny,, defect band has a large
dispersion (2 eV band width) and overlaps with the conduction bands. Because of the overlapping,

the electrons in this defect band can be taken as the electron carriers (Note, this is insensitive to
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the calculated (0/2+) level, and different from the situation when the defect concentration is low
and the electrons on the donor states need to be ionized to the conduction band to become the
electron carriers) and the system becomes almost metallic, which gives an explanation to the high
concentration of electron carriers revealed by the Hall measurement.[10] Since the tunable chemical
potential range of Zn and Sn is very narrow (less than 0.05 €V), it is limited to increase the Snz,
formation energy by changing the chemical potential of elements, and thus it is difficult to suppress
the electron concentration in ZnSnNy by changing the growth environment.

With the possible origin of the high electron concentration attributed to high population of Snz,,
defects, we need to revisit the Burstein-Moss effect in ZnSnNs samples,|10] which means that when
the free electrons fill the conduction bands, the absorption onset shifts to higher energy. However,
in ZnSnNs the electrons are actually occupying the donor defect bands below the CBM, rather than
filling the conduction band as shown schematically in Fig. a), so the absorption onset of photons
will not shift up significantly with the electron concentration, i.e., the high electron concentration
produced by the Snz, defects in ZnSnNs does not result in obvious Burstein-Moss effect. On the
other hand, possible absorption may also happen through the electron excitation from the occupied
defect band to the higher-energy conduction band. However, both our calculated band structure
(Fig. [2.3(b)) and previously calculated band structure using different functionals show that the
second conduction band is more than 2.5 eV higher than the lowest conduction band,|16 10] so
there is no direct absorption of lower-energy photons. Based on this analysis, the bandgap (about
2.0 eV) revealed by optical measurements|10] should be close to the fundamental bandgap of the
defect-free ZnSnNy. Because of the coexistence of metal-like high electron concentration and the 2.0
eV absorption onset (bandgap), ZnSnNy can be taken as a new conducting material, which has a
narrower bandgap than the conventional wide-gap transparent conducting oxides.|23]

In addition to the intrinsic defects, unintentional doping by extrinsic impurity atoms is also
possible, e.g., the O impurity atom may exist in the lattice. The calculated formation energy of
Oy is shown in Fig. (c) when the oxygen chemical potential po=AH¢(ZnO)-pz,=-3.43 €V, and
the value can be decreased significantly as po increases (the oxygen partial pressure increases).
Therefore, a very low partial pressure of oxygen is required to suppress the formation of Oy ansites,|9]
otherwise, O donors can also cause a high electron concentration. The (0/4) transition energy
level of Oy is 0.21 eV below CBM and the corresponding donor state is also delocalized over the

whole supercell, as shown in Fig. [2.3[(d), so the Oy states can also form a defect band, similar to
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the Snz,, states. Therefore the above discussion about the donor defect band and optical transitions

work also for the Oy impurities.

2.6 Conclusions

In conclusion, we find that ZnSnNs has a very narrow stable region in the element chemical potential
space, so its single-phase synthesis is a challenge. The study of defect properties shows that the
semiconductor is intrinsically self-doped to n-type by high population of defects such as Snz,, and
Oy impurities. The high population of these donor defects results in a high concentration of electron
carriers, and make the system almost metallic, explaining the experimental observation. Since these
electrons stay on the donor defect band below the CBM, they do not influence the onset of the
optical absorption (optical bandgap). Therefore ZnSnNy can be regarded as a new material that

combines a metallic conductivity with a direct semiconductor bandgap.

2.7 Computational details:

The structural relaxation and electronic structure calculations are performed within the density
functional theory (DFT) formalism as implemented in the VASP code.[7] The frozen-core projector
augmented-wave potentials|8] were employed with an energy cutoff of 400 €V for the plane wave
basis set. A 6x6x6 Monkhorst-Pack k-point mesh is included in the Brillouin zone integration for
the 16-atom primitive cell and single k-point is included for the 128-atom supercell, which is used
for the simulation of defects. Test calculations with denser k-point mesh show the calculated results
are well converged. For the exchange-correlation functional, we used the non-local hybrid functional
(HSE[14]) in which a percentage (known as the mixing parameter «) of the semi-local GGA exchange
potential is replaced by screened Fock exchange. Here based on the similarity in the crystal and
electronic structure between GaN and ZnSnNs, the mixing parameter « is set to 0.31, following the
previous calculation setup which predicts a bandgap of 3.5 eV for GaN, in good agreement with the
experimental value.[11] (18] It predicts a direct bandgap of 1.84 eV for ZnSnNs, close to the value
from the optical measurement (2.0 eV).|10] We notice that there are contradictive results in the

calculated bandgaps from different level of approximations to the exchange-correlation functional,
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from 1.42 eV (HSE with o =0.25[10]) to 2.02 eV (GW]|16 [17]). To see if such approximations
influence the conclusions of the current paper, test calculations are also performed with different

a parameters (=0, 0.25), which show that the conclusions are independent of the specific functionals.
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3

Zn(Sn,Ge)Ny Semiconductor
Alloys

I think nature’s imagination is so much greater than man’s,
she’s never going to let us relazx.

— R. P. Feynman

3.0.1 Chapter Overview

This chapter describes the first-principles calculations as well as the synthesis and optoelectronic and
spectroscopic characterization of a series of direct band-gap semiconductor alloys, ZnSn(1 —x)Ge;Na.
These materials have a crystal structure and electronic structure similar to that of the InGaN
alloys. ZnSn(1 — x)Ge,Ny alloys with various compositions were synthesized, with the elements
fully miscible across the composition range without evidence for phase separation, as shown by
X-ray diffraction and X-ray absorption fine-structure spectroscopy. The optical band gaps of the
ZnSn(1 — x)Ge, Ny alloys range from ~ 2.0 to ~ 3.1 eV, and nitrogen K-edge X-ray absorption and
emission spectroscopy showed that the conduction-band minimum shifted to higher energy with the
addition of Ge, while the valence-band maximum remained at constant energy. Relatively small
values were measured (0.29 €V) and calculated (0.67 V) for the band-bowing parameters for the
band gaps of the ZnSn(1 — x)Ge, N, alloys, indicating that the band gaps of the ZnSn(1 — z)Ge, N

alloy series could be tuned almost monotonically by control of the Sn/Ge ratio.
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3.1 Introduction

InGaN-based semiconductor materials have attained commercial prominence in optoelectronics
in part due to the large range in electronic band gaps facilitated by tuning the In/Ga ratio of
InGaN alloys. |14} |15] The experimentally determined fundamental gap of GaN is 3.51 eV|[14], while
that of InN is 0.69 €V.|7], |10], Hence, InGaN alloys provide a simple class of semiconductors whose
fundamental band gap can, in principle, span the entire visible spectrum and beyond. However the
InGaN semiconductors are difficult to synthesize as homogeneous alloys, without phase separation,
across the full range of In/Ga ratios. This behavior has limited the compositional range for which
InGaN typically exhibits high radiative efficiency, in turn limiting the range of light-emitting,
photovoltaic or photoelectrochemical device applications of such materials. The large volume
difference between InN and GaN|[15] promotes clustering to relieve internal strains, and precludes
the straightforward synthesis of high-quality crystals that have sufficiently high In concentrations
to produce a band gap of the alloy in the green range of the color spectrum.[15] Additionally,
the reliance on indium, with its limited economically viable sources, could potentially limit the
large-scale incorporation of InGaN in solar energy-conversion applications. These factors motivate
the search for alternatives to current III-nitride semiconductors for both optoelectronics and solar

energy-conversion applications.

3.2 Tunability in Zn(Sn,Ge)N;

The II-IV-Ns compounds, closely related to the wurtzite-structured III-N semiconductors, have
similar electronic and optical properties to InGaN, e.g. direct band gaps and large optical absorption
coefficients.[9, |11}, 15, [13] The choice of different group II and group IV elements provides chemical
diversity that can be exploited to tune the structural and electronic properties through the series of
alloys.

ZnSnNs (ZnGeNs) can be considered as derived from binary GaN by the replacement of two
Ga atoms by Zn+Sn (Zn+Ge) atoms.[2, 1] GaN is more stable in the wurtzite structure, therefore
ZnSnNs and ZnGeNjy can crystallize in the wurtzite-derived structure with two primitive cells, (i)
the one with the Pna2; symmetry, shown in Fig[3.1fa(i)) (called wurtzite-chalcopyrite structure[2,

1] ) and (ii) the one with the Pmc2; symmetry (called wurtzite-CuAu structure[2, 1] , shown in
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Figure 3.1: (a) The crystal structure of (i) a random In,Ga(l — x)N alloy, (ii) ZnSnNy ground-state
structure with the Pna2; symmetry, and (iii) the special quasi-random structure of ZnSny.5Gey.5Ns.
The structures can be derived from the GaN wurtzite structure by replacement of the Ga cations
by different cations: (i) In, (ii) Zn and Sn, and (iii) Zn, Sn and Ge; The green, purple, red, blue
and yellow balls show the N, Ga (In), Zn, Sn and Ge atoms in order. (b) The calculated formation
enthalpies of ZnSn,Ge(1 — x)N; alloys with diffe%rint compositions x (x = 0, 0.25, 0.5, 0.75 and 1).
Sn and Ge atoms are randomly distributed on The Sn sites in the ZnSnNy structure with Pna2;
symmetry. The red line shows the fit according to Equation 7?7, with the interaction parameters 2
= 67 meV /atom, and the blue line shows the formation enthalpies of In,Ga(1 — x)N alloys, with the
interaction parameter {2 = 166 meV/ atom taken from Ref. (¢) XRD ©-20 scans around the
(002) reflection for films with various compositions grown on c-plane GaN template substrates. For
comparison, data points are also shown for films grown on sapphire (d) Linear relationship between
the (002) peak position and the alloy composition. (e) Ge XANES and (f) FT EXAFS (k3-weighted)
spectra of ZnGeNy and Zn(Ge,Sn)Ns.
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Fig[3.I)a(ii))). Other structures have larger primitive cells than these two structures and thus can
be considered a mixing of these two structures, with intermediate properties.

Because our calculations, as well as previous calculations, |9} |13, [12] have shown that the
wurtzite-chalcopyrite structure has a lower energy than the wurtzite-CuAu structure, our theoretical
investigation of the ZnSn(1 — x)Ge, Ny alloys focused on the wurtzite-chalcopyrite structure, with
Sn and Ge randomly distributed on the Sn/Ge sublattice. Calculations of disordered semiconductor
alloys must realistically describe the random cation lattice site occupancy for the isovalent elements
(Sn and Ge here). Hence we used the well-developed special-quasi-random structures (SQS|18l [17])
approach to describe the disordered occupation of Sn and Ge on cation sites. For a given supercell
size, special quasi-random structures (SQS) have site occupations (the Sn/Ge sites in this chapter)
optimized to best reproduce the structural correlation functions of a completely random alloy, so
the calculated formation energy and the calculated band gaps should also be close to those of the
random alloys. Fig a(iii)) illustrates the SQS model having a composition x=0.5, for which the
Sn and Ge were randomized on the 16 Sn/Ge cation sites. Detailed structural information of SQS
are given in the computational details section.

Fig b) shows the calculated formation enthalpy of the ZnSn,Ge(1 — x)Ny and In(1 — z)Ga,N
alloys, describing the solubility of mixing of Sn and Ge in their sublattice. The formation enthalpy
of the alloys is given by:

AH{(z) = E(z) — (1 — 2)E(0) — 2E(1) (3.1)

where E(x) is the total energy of the alloy having the compositional parameter x, i.e., E(0) and
E(1) are the total energies of ZnSnNy and ZnGeNjy respectively. The values of E(x) were calculated
using standard first-principles methods. The calculated formation enthalpies exhibited an upward
bowing in the dependence on the composition, x, indicating that these materials are expected to
prefer to phase separate at 0 K into ZnSnNs and ZnGeNs. The calculated additional energy cost for
mixing Sn and Ge cations is given by the calculated formation enthalpies.

To compare these quantities with the formation enthalpies of other alloys, the calculated formation
enthalpies were fitted to Equation to yield the interaction parameter, 2, of the Sn/Ge-mixed

alloys:
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AHy(x) = Qz(1 — x) (3.2)

The fit shown by the lines in Fig [3.I{b) indicated that the calculated data were in accord with
the relationship of Equation The interaction parameter was calculated to be 67 meV /atom (268
meV /mixed-atom). For comparison, Fig b) also plots the calculated formation enthalpies of the
In(1 — z)Ga,N alloy series using an interaction parameter of 166 meV /atom (332 meV /mixed-atom).
11 The smaller calculated interaction parameter of the ZnSn(1 — x)Ge, Ny alloys indicates that Sn
and Ge are expected to be more easily mixed in the Sn/Ge sublattice than in the In/Ga sublattice
of the In(1 — 2)Ga,N alloys. Hence a higher compositional uniformity can be expected in the
ZnSn(1 — x)Ge,Ny alloys relative to that of the In(1 — x)Ga,N alloys.

The theoretically predicted compositional uniformity of the ZnSn(1 — z)Ge,Ny alloys was in
accord with the structural characterization data of the experimentally synthesized alloys. X-ray
diffraction was used to characterize the long-range order of the materials, to thereby determine if
the material was a continuous alloy or a mixture of different phases. The observation of a strong
peak corresponding to the (002) reflection of ZnSn,Ge(l — )Nz, coupled with weak peaks or no
peaks in any other crystallographic directions, indicated that the films were strongly textured, with
the (001) planes oriented parallel to the surface of the substrate. The (002) peak positions for
ZnSnNj and ZnGeNs were confirmed by calculations based on theoretical lattice parameters (a=6.70,
b=5.81, ¢=5.42 A for ZnSnNj, and a=6.39, b=5.41, ¢=5.15 A for ZnGeNy), and the intermediate
compositions of ZnSn,Ge(1 —x)Ny are expected to have peaks with 20 positions in between those of
ZnSnNs and ZnGeNs. Fig[3.1(c) presents X-ray diffraction ©-20 scans around the (002) reflection
for films with various compositions grown on c-plane GaN template substrates. The (002) peak
position increased steadily with increasing germanium content in the alloy series, indicating an
apparent lack of phase separation in the material. Additionally, the 20 position of the (002) peak
increased monotonically with increasing germanium content, implying that the unit cell continuously
expanded and contracted as the composition was changed, which is consistent with the calculated
volume change of the alloys with varied composition. Fig d) further highlights the continuous
nature of the alloying of the films, indicated by the linear relationship between the (002) peak
position and the alloy composition. Data are shown from many samples with various compositions,

with a linear fit of the data for films grown on GaN templates. For comparison, data points are also
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shown for films grown on sapphire. The films grown on GaN were of higher crystalline quality than
those grown on sapphire30 because the lattice mismatch between GaN and ZnSn,Ge(l — x)Ny is
about half of the mismatch between sapphire and ZnSn,Ge(1 — 2)Ns.

The observed compositional uniformity is in contrast to the behavior of the In,Ga(1 —z)N alloys,
in which the large lattice mismatch between InN and GalN causes the indium to segregate, resulting
in phase separation and the consequent formation of distinct domains of InN and GaN in alloys
with high indium content.[15] X-ray diffraction measurements for phase-separated In,Ga(l — x)N
showed two separate peaks, representing the two different lattice parameters present in the material.
In contrast, one prominent peak was observed for ZnSn,Ge(l — )Ny in the 20 range of the (002)
reflection, and no peaks were observed at the 20 positions of ZnSnNs or ZnGeNs for films with 0
< x < 1. The existence of a single (002) peak reinforces the conclusion that ZnSn,Gel — x)Nj
is an alloy with continuous variable composition and is not a mixture of different phases. Hence
this materials system should allow access to the entire range of band gap values by use of existing
growth strategies.

Fig (e)-(f) show the Ge X-ray absorption near-edge structure (XANES) and extended- edge
X-ray absorption fine structure (EXAFS) spectra of the Zn(Sn)GeNs alloys as a function of changes
in the Sn:Ge ratio. For comparison, the X-ray absorption spectrum of ZnGeNj is also displayed
(Ge K-edge). Although the rising edge energy of Ge stayed constant as the Sn loading increased,
the EXAFS spectra clearly showed the structural changes of the alloys. In Fig f)7 the intensity
of the first peak that corresponds to the Ge-N interactions increased when the Sn to Ge ratio was
increased above 50 percent (Fig d). Additionally, the intensity of the second peak, that contained
contributions from Ge-Ge, Ge-Sn, and Zn-Ge interactions around 3.2 — 3.3 A(note that the x-axis
of Fig f is an apparent distance, and it is 0.5A shorter than the actual distances), decreased
significantly. The EXAFS curve-fitting results are shown in the Appendix A. Figure [AT1] with
the fitting parameters summarized in Appendix A. For ZnGeNg, the initial fitting parameters were
taken from the crystal structure, and the coordination number (N) was fixed accordingly. The fitted
result agrees well with the experimental data shown in Appendix ??. For ZnSn,Ge(l — z)Ny, a
Ge-Sn path around 3.3 A was included for the curve fitting, and the coordination numbers for the
Ge-Ge and Ge-Sn interactions were varied during the fitting. As the fraction of Sn increased, the N
number of Ge-Sn increased, while that of Ge-Ge decreased. However, the Debye-Waller factors (o?)

of the Ge-Ge, Ge-Zn, and Ge-Sn interactions become large in the presence of Sn, as evidenced by
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the weak peak intensity around the peak II region (Fig (f)) The data therefore indicate that
a large distance heterogeneity around 3.3 A was present in these samples, presumably due to the
presence of Ge-Ge, Ge-Zn, and Ge-Sn interactions.

Spectroscopic ellipsometric measurements were used to probe the optical absorption properties
of the alloys, particularly near the absorption onset of the materials. The absorption exhibited an
obvious blue shift as the Ge composition increased (Fig[3.2h). For direct band-gap semiconductors,
the value of the band gap can be estimated by linear extrapolation to the energy axis of a plot of
the square of the absorption coefficient (a?) versus the photon energy. The fitted gaps are 2.0 eV
for ZnSnNy [3, 9] and 3.1 eV for ZnGeNy. These values are close to those measured previously for
different samples, around 2.0 eV (2.0 €V, 1.7 €V, and 2.12-2.38 ¢V) for ZnSnN; and around 3.2-3.4
eV [4, |13} 112} 3| |5] for ZnGeN,y. As we can see, there is still uncertainty in the exact values of the
gaps, but it is safe to say that the gap of ZnSnN; is around 2.0 eV and that of ZnGeNs is around
3.2 eV. Fig b) shows the change in optical band gap as a function of composition, with the band
gap ranging from 2.0 to 3.1 eV and thereby allowing access to the entire range of band gaps between
ZnSnNy and ZnGeNs, the two end-point compositions. For comparison, Fig b) also presents the
experimental band gap change for the In(1 — )Ga,N alloys (cited from Ref. [15]). The band gap
range spanned by the ZnSn1 — 2)Ge, Ny alloys (2.0-3.2 €V from the experiments and 1.84 to 3.89
eV from the calculations) is much narrower than that of the In(1 — z)Ga,N alloys (about 0.6-3.4
€V from experiments). This difference can primarily be related to the higher band gap of ZnSnNy
relative to that of InN (replacement of two In in InN by Zn and Sn produces an increase of about
1.4 €V in the band gap).

The band gap of the alloy series clearly depended nearly linearly on the composition x, as

evidenced by the bowing parameter b, defined as:

Ey(z) =xzE4(1) + (1 — 2)Eq(0) — bz(1l — ) (3.3)

A bowing parameter of b = 0.29 eV was determined from the measured band gaps of ZnSn(1 —
x)Ge,Na, whereas a value of b = 0.67 eV was obtained from the calculated band gaps of the same
alloy series (b = 0.3 eV was also predicted by Punya and Lambrecht for the x=0.5 alloy[12]), as shown
in Fig c). Despite an obvious difference, both b values are small, and are significantly smaller
than b for the In(1 — 2)Ga,N alloy series. The small value of b indicates that the ZnSn(1 — x)Ge;Nj
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Figure 3.2: (a) Spectroscopic ellipsometry of ZnSn(1 — x)Ge, Ny alloys showing the tunability from
2-3.1 eV of the optical band gap, as a function of composition in the alloy series. The dependence
of the band gap of the ZnSn(1 — 2)Ge,N; alloys and In(1 — 2)Ga,N alloys on the composition
parameter, x: (b) experimental data, and (c) calculated results. The filled diamonds and circles are
taken from the experimental measurements and the alloy calculations respectively, and the lines
show the fits according to Equation The experimental data for In(1 — z)Ga,N are from Ref.

g
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alloy band gaps can be tuned almost linearly by control over the Sn/Ge composition.

Fig (a,b) presents the calculated band structures for the two end-point compounds, ZnSnN,
and ZnGeNsy. The two band structures were similar in that both materials have direct band gaps.
Additionally both materials have a lowest conduction band with a large dispersion, with the width of
the band about 2 eV, while the highest valence bands are relatively flat in both cases. This behavior
is consistent with the orbital component of the two bands, in that (i) the lowest conduction band is
composed mainly of the antibonding state of the hybridization between Sn 5s (Ge 4s) and N 2s
orbitals, so this band is delocalized with a significant dispersion, and (ii) the highest valence bands
are composed mainly of the N 2p states, with a weaker hybridization with Zn 3d states (because the
Zn 3d eigenenergy is low and deep in the valence band, the hybridization is weaker, and the Sn 4d
eigenenergy is much lower, so the hybridization is negligible). Hence the states are localized and
have a small dispersion.

The primary difference between the band structure of ZnSnNy and ZnGeNs is in the value of the
band gap of each system. Calculations using the hybrid functional (mixing parameter=0.31) yielded
a band gap of 1.84 eV for ZnSnNs, which is much smaller than the band gap of ZnGeNs (3.89 eV
). Because both compounds have the top part of their valence bands determined by the N 2p and
Zn 3d states, the valence band offset should be small. This expectation is supported by the direct
valence band offset calculations, and a valence band offset about 0.4 €V has been found.[12] The
much smaller band gap of ZnSnNs compared to ZnGeNj is therefore derived from the much lower
conduction-band minimum state, i.e., the large conduction-band offset between ZnGeNsy/ZnSnNs.
This behavior occurs because the conduction-band minimum state is the antibonding state of Sn
5s (Ge 4s)+N 2s hybridization. In addition, (i) the Sn 5s orbital energy is much lower than Ge 4s
orbital energy; and (ii) the Sn atom has much larger radius than Ge, so the Sn-N bond length is
much larger than the Ge-N bond length, thus the Sn 5s + N 2s hybridization is weaker than the
Ge 4s +N 2s hybridization, resulting in a lower energy antibonding state for ZnSnNy relative to
ZnGeNs.

Because the band-gap difference is about 1.6-2.0 eV and valence-band offset is only 0.4 eV, we
estimate that the ZnGeNy/ZnSnNy conduction-band offset is large, i.e., larger than 1.2 eV. When
the Sn/Ge composition is changed in the ZnSn(1 — x)Ge, Ny alloys, the band gap change therefore
results mainly from the shift in the position of the conduction band. Furthermore, because the band

gap depends almost linearly on composition, the conduction-band edge should shift almost linearly
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Figure 3.3: Calculated band structure of (a) ZnSnNy and (b) ZnGeNs, along the high-symmetry
lines of the Brillouin zone. (c) Nitrogen K-edge XANES spectra for samples with different Ge content
as well as the end-point compositions, ZnSnNy and ZnGeNs. The vertical line (red) indicates the
evolution of the conduction-band minimum towards higher energies as a function of increasing Ge
content. (d) Nitrogen K-edge X-ray emission spectra for samples with different Ge content. As

indicated by the vertical line (black), little move%ent occurred in the valence-band maximum with
varying Ge content.
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with the composition parameter, x.

3.3 X-ray spectroscopy of Zn(Sn,Ge)N,

The analysis described above was supported by X-ray spectroscopic data of the electronic structure
of these alloys, which was used to complement the spectroscopic ellipsometry data. Ellipsometry is
typically restricted to the region close to the band gap, and provides information about the position
of energy levels but does not provide information about the localization or about the orbitals that
characterize the electronic states. X-ray spectroscopy has element selectivity due to absorption via
the core states, whereas chemical sensitivity is obtained due to the participation of valence electrons.
Furthermore, due to the dipolar nature of the transitions, particular symmetry information can be
obtained. X-ray absorption spectroscopy specifically probes the local unoccupied electronic structure,
and is therefore related to the conduction band, whereas x-ray emission spectroscopy (XES) provides
information about the local occupied electronic structure, and is therefore related to the valence
band. Although the nitrogen K-edge XES/XAS spectra do not allow for direct determination of the
band gap, due to the element specificity and selection rules of XES/XAS, the data do reflect the
conduction and valence band characteristics and additionally provide information on the role that
specific elements play in determining the electronic structure of the alloys. The spectral features are
sensitive to changes in the chemical environment around the element being probed and also provide
information about the oxidation state of the absorbing atom, the electronic configuration, and the
site symmetry. Thus, X-ray spectroscopy provides a complementary picture of the conduction-band
and valence-band states that is distinct from the information obtained via optical transitions.[6]
Using the dipole selection rules, the nitrogen K-edge XAS involves transitions from localized N
1s-like state to unoccupied states with p-character in the CB, whereas XES involves transitions from
occupied p states in the VB to the 1s core hole.

Fig|3.3(c) shows the X-ray absorption data for the ZnSn,Ge(1 — x)N samples with varying
Sn:Ge ratios, as well as the XAS data for pure ZnSnNs and ZnGeN,. As indicated by the vertical
line, the absorption threshold, which corresponds to the conduction-band minimum, shifted to
higher energies as the Ge content increased. For ZnSnNy, the absorption onset was around 396.6
eV whereas for ZnGeNs; the onset was observed at approximately 397.5 eV, with the values for the

alloys falling between these two extremes. This behavior is qualitatively consistent with the above
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analysis based on the large conduction-band offset between ZnSnNy and ZnGeNs.

Fig d) presents the N K « emission spectra, which reflect the valence band partial density
of states, for different samples with varying Ge concentration. Fig|3.3(d) also presents the X-ray
emission spectrum of ZnSnNs. Two features, labeled as A and B, were distinct in all of the spectra,
but upon incorporation of Ge, a shoulder labeled as C appeared between A and B, with this shoulder
becoming more prominent as the Ge content increased. Feature B also became more pronounced as
the Ge content increased. Feature A, appearing at 393.6 eV, mainly corresponds to N 2p occupied
states, whereas the low energy feature B, that appeared between 386.2 and 386.5 eV originates from
nitrogen 2p states hybridized with Zn 3d, Ge 4s and Sn 5s states. These assignments are in accord
with previous results. |6} |13] The appearance of shoulder C with the addition of Ge is ascribable to
the mixing of Ge 4p states with N 2p states, whereas the enhancement in feature B results from the
contribution of Ge 4s states. This increase in the partial density of states observed in the lower
energy part of the valence band below 392 eV, as displayed by the features B and C, indicates a
stronger s-p-d hybridization in case of the alloy samples. As indicated by the vertical black line, the
valence-band maximum did not shift upon addition of Ge, which is consistent with the calculated
small valence-band offset. Thus, a gradual increase in the band gap with increasing Ge content

primarily occurred by the reorganization of conduction-band minimum to higher energies.

3.4 Conclusions

In summary, the experimental observations and first principles calculations of the ZnSn,Ge(1 —z)N3
semiconductors described herein have shown that the alloys can be tuned to span a large portion
of the solar spectrum. The band gap in the ZnSn(1 — x)Ge;N; is tunable from 2 eV (ZnSnN3) to
3.1 eV (ZnGeNy), with a linear dependence on the composition arising from the smaller lattice
mismatch between ZnSnNy and ZnGeNy as compared to the lattice mismatch in the In,Ga(l — )N
alloys that span the same energy gap range, consistent with theoretical predictions. Thus, the
ZnSn;Ge(1 — )N, alloys potentially could be useful as earth-abundant light absorbers for artificial

photosynthetic devices as well as a replacement for InGaN in nitride-based optoelectronic devices.
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3.5 Calculation methods:

The structural relaxation and electronic structure were calculated within the density functional
formalism as implemented in the VASP code. [§] For the exchange-correlation potential, both the
generalized gradient approximation (GGA) in the PBE form, and the non-local hybrid functional,
(HSE 23) in which 31 % (known as the mixing parameter) of the semi-local GGA exchange potential
was replaced by screened Fock exchange, were used. For the 16-atom orthorhombic unit cells of
ZnSnN, and ZnGeNsy, both the structural relaxation and electronic structural calculations were
performed using the hybrid functional calculations. For the structural relaxation of the 64-atom
special quasi-random structure (SQS) for the ZnSn,Ge(1 — )Ny alloys, the structural relaxation
was performed using the PBE functional, due to the heavy calculation cost of the hybrid functional.
The following electronic structure calculation was also performed using the hybrid functional. The d
states of the group II and IV elements were treated explicitly as valence. The interaction between
the core electrons and the valence electrons was included by the standard frozen-core projector
augmented-wave potentials. An energy cut-off of 400 eV was applied in all cases. For Brillouin-zone
integration, k-point meshes that were equivalent to the 62 Monkhorst-Pack meshes for a 16-atom
orthorhombic unit cell were used. All lattice vectors and atomic positions were fully relaxed by

minimization of the quantum mechanical stresses and forces.

3.5.1 Calculated density of states

The calculated density of states for ZnSnN2 and ZnGeN2 is given ibelow, with the energy relative

to the valence band maximum (VBM) eigen-energy.

3.6 Materials Synthesis

3.6.1 Deposition via Reactive RF Magnetron Sputtering

Thin films were synthesized in an AJA International sputtering chamber (base pressure 10~8 Torr)
from a combined Zng.755n¢.25 target and an elemental Ge target in an Ar/Ny gas mixture (3mTorr)

with varying power on the Ge target to vary the composition. The films were deposited on c-sapphire

and LUMILOG c-GaN template substrates.
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Figure 3.4: Calculated total and partial density of states of ZnSnN5,. The partial density of states is
projected on Zn, Sn, Ge and N s, p, and d orbitals respectively.
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3.7 Experimental methods:

3.7.1 X-ray spectroscopy:

X-ray spectroscopic data were collected at the Advanced Light Source (ALS) at Lawrence Berkeley

National Laboratory, with an electron energy of 1.9 GeV and an average current of 500 mA.

Soft X-Ray Measurements: Nitrogen K-edge XAS and XES measurements were performed
using beamline 7.0.1. The beam line was equipped with a 99-pole, 5 cm period undulator and a
spherical grating monochromator|[16], and delivered intense radiation with a narrow band-pass. For
x-ray absorption, the beam-line resolution was set to 0.15 eV at 400 eV. Spectra were recorded in
total electron yield (TEY) mode by measurement of the sample drain current and total fluorescence
yield (TFY) mode using a channeltron. The incident photon energy was calibrated by measurement
of the X-ray absorption spectrum of hexagonal boron nitride (BN) during the experiment. The
spectra were normalized to the photocurrent produced by a gold mesh that was inserted in the
beamline between the last mirror and the sample. The incident radiation had a linear p-polarization
(E vector in the plane of incidence), and samples were oriented at a grazing incidence with an angle
of 20° with respect to the incident beam. X-ray emission spectra were recorded using a grazing
incidence spectrometer16 that had a resolution of 0.4 €V at the N K-edge. With a Rowland circle
geometry, the spectrometer consisted of a 20 ym wide and 2 cm long entrance slit, a spherical
grating with a 5 m radius and 1200 lines mm™1, and a two-dimensional detector. The emission
spectra were measured with the spectrometer mounted at angle of 90° relative to the incident
beam. The emission energies were calibrated using the elastic peaks of emission spectra of the N

K-edge that were produced by the BN reference sample. All data were collected at room temperature.

Hard X-Ray Measurements: Hard X-ray absorption spectra (XAS) were collected at beam
line 10.3.2. The radiation was monochromatized by a Si (111) double-crystal monochromator. The
intensity of the incident X-ray beam was monitored by use of a No-filled ion chamber (I0) positioned
in front of the sample. Fluorescence spectra were recorded using a seven-element Ge solid-state
detector. The monochromator energy was calibrated relative to the rising-edge energy of a Ge
foil (11103.00 eV). Data reduction of the XAS spectra was performed using custom-made software

(Matthew Marcus). The pre-edge and post-edge contributions were subtracted from the XAS spectra,
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and the results were normalized with respect to the edge jump. Background removal in k-space
was performed by use of a five-domain cubic spline. Curve fitting was performed with Artemis and
IFEFFIT software using ab initio calculated phases and amplitudes from the program FEFF 8.2.
The details of the curve fitting are discussed in the Appendices.

3.7.2 X-ray Diffraction (XRD)

The structure and phase of the II-IV nitrides was evaluated by XRD obtained using a PANalytical
X’Pert diffractometer with a Cu K « source (A = 1.5406A ), over a 20 range of 30° to 43° for the

thin films on a c-plane oriented sapphire substrate.

3.7.3 Spectroscopic Ellipsometry:

Spectroscopic ellipsometry was performed on samples grown on c-sapphire. Data were collected
at an incidence angle of 70° for 250 nm < A < 2300 nm, with a Xe lamp visible light source
and a Fourier-transform infrared spectrometer. The value of the band gap is estimated by linear
extrapolation to the energy axis of a plot of the square of the absorption coefficient (o) versus the

photon energy as is typical for direct band-gap semiconductors.
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4. DECAY OF SURFACE PLASMONS

4

Decay of surface plasmons

Make things as simple as possible, but not simpler.

— Albert Einstein

4.1 Chapter Overview

The decay of surface plasmon resonances into hot electron-hole pairs has recently been utilized in
Schottky barrier optical detectors and energy conversion devices, in contrast to many applications
where damping is to be ardently avoided. Collection of hot electrons generated by the efficient
absorption of light in metallic nanostructures in contact with semiconductor substrates can provide a
basis for the construction of solar energy-conversion devices. In this chapter we evaluate theoretically
the energy-conversion efficiency of systems that rely on internal photoemission processes at metal-
semiconductor Schottky-barrier diodes. In this calculation, the current-voltage characteristics are
given by the internal photoemission yield as well as by the thermionic dark current over a varied-
energy barrier height. The Fowler model in all cases predicts solar energy-conversion efficiencies
of less than 1 % for such systems. However, relaxation of the assumptions regarding constraints
on the escape cone and momentum conservation at the interface yields solar energy-conversion
efficiencies as high as 1-10%, under some assumed (albeit optimistic) operating conditions. Under
these conditions, the energy-conversion efficiency is mainly limited by the thermionic dark current,
the distribution of hot electron energies, and hot-electron momentum considerations. Drawbacks of

the IPE model and the question of quantum effects in describing plasmon decays will be addressed
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in this chapter.

4.2 Introduction

4.2.1 Device physics motivated use of plasmon decays

The energy-conversion efficiencies of record-setting pn-junction photovoltaics are rapidly approaching
the theoretical single-bandgap Shockley-Queisser limit of 32 % under unconcentrated sunlight.[20]
Multi-junction solar cells (that still operate within the Shockley-Queisser limitations for each absorber
and junction) can provide much higher efficiencies partly by reducing the amount of sub-bandgap
light lost, but such devices also have much higher costs than single-bandgap devices due to the need
to produce multiple high-purity semiconductor materials to capture the incident light and convert
it into a collected electrical current. Another possible device architecture considered here consists
of a single band gap semiconductor homojunction or heterojunction device used in combination
with a metal-semiconductor Schottky junction formed from that same light absorber. In such
an approach, in addition to collection of above band-gap carriers generated in the semiconductor
(again subject to the Shockley-Queisser limit), the metal would additionally serve to generate “hot
“electron-hole pairs in the metal which would then be emitted into the semiconductor and collected
as an additional photocurrent. The process of hot carrier internal photoemission (IPE) from the
metal to the semiconductor over a tunable Schottky barrier has therefore been proposed as a possible
solar energy conversion device formation strategy.|[22] This metal-absorber device structure (similar
in some ways to a dye-sensitized solar cell) could therefore provide an interesting device integration
possibility when placed optically behind a single-junction solar cell, serving to increase the overall
efficiency of the whole system by virtue of the presence of this second capture and conversion system
in the overall device structure. Though referred to as “hot electron” or “hot hole” emission/capture,
we emphasize that the device physics are different from “hot carrier” solar cells.[19] Such hot carrier
metal/semiconductor device structures could in principle be beneficially used in solid-state[22} 4,
13] or photoelectrochemical systems[15} |16} |5 |14] to collect photons having energies lower than the
energy band gap of a semiconductor, in essence serving as the second junction in a tandem structure
but not requiring necessarily a second pure semiconductor light absorber as in a conventional tandem

cell arrangement. Plasmonic structures have been demonstrated to provide highly efficient light
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scattering and trapping elements, in some cases providing enhancements in solar energy conversion. |2,
1}, |17] In the context of hot-electron devices, the large extinction cross-section at a surface plasmon
resonance enables very thin films of nanostructures to absorb a significant fraction of the solar
spectrum. [17] The collective plasmon oscillation may also play a role in increasing the photoemission
yield,[10} |12] though the details of the hot-carrier dynamics after surface plasmon decay are still
under study. At the small dimensions of plasmonic structures, the effects of electron scattering at
surfaces strongly modifies the yield even in the semiclassical IPE model.|12]

In this chapter an analysis of the efficiency limits for energy conversion via IPE, capturing the key
optical and electronic processes in such devices is presented. Section presents the current-voltage
characteristics and energy-conversion efficiency based on simple Fowler theory and thermionic
emission; section [L.4]reviews the three-step model of internal photoemission and describes explicitly
the inherent assumptions of Fowler theory; section refines the yield including the effect of
phonon scattering and thin-film enhancement; section [£.6] presents example calculations of the
limiting efficiency under various assumptions; and the discussion section goes over the application of
these approaches to plasmonic structures. Previous estimates of the internal photoemission (IPE)
yield and energy-conversion efficiency of such systems have used simple Fowler theory and/or have
used a simplified treatment of the carrier dynamics, with a recent study by White and Catchpole
consequently calculating a maximum best case solar energy-conversion efficiency of 8% for such
systems.[23] In contrast, we describe the situation in which realistic assumptions are made and
the carrier dynamics are fully treated. Our most generous efficiency estimates agree with previous
“absolute upper-limit” efficiency values,[12} |23| 4] which assumed that the momentum requirements
at the interface governing emission (the hot electron escape cone) can be relaxed for nanostructures.
However, our more in-depth analysis shows that even for nanostructures of dimensions on the
order of 20 nm, the practically obtainable efficiency is lowered by orders of magnitude due to
the limiting effects of the hot electron mean free path in conjunction with the requirement of a
critical momentum normal to the interface. The lowered efficiency limits calculated herein thus
serve as a more realistic framework for establishing the expected efficiencies, design parameters, and
performance characteristics, of an actual energy-conversion system based on metallic hot-carrier

internal photoemission.
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Figure 4.1: (a) Internal photoemission band diagram for hot electrons emitted from a metal into
an n-type semiconductor. (b) Schematic of isotropic distribution of hot electron momentum on a
sphere in momentum space with a limited escape cone. (c) Sketch of a possible energy conversion
device layout where light passing through a photovoltaic solar cell and the semiconductor collector
is absorbed in the metal emitter.
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4.3 Internal photoemission and efficiency

Fowler developed the basic theory of photon-induced emission of electrons from metals in the early
20th century.[7] Though refinements have been made,[23, |10] the simple Fowler equation has proven
to be in accord with experimental data for the internal photoemission yield26 in both magnitude

and spectral behavior:

1 (hw — ¢p)?

Yeow (Aw) ~ ——
Fow () SEr  hw

(4.1)

where £ is the reduced Planck constant, w is the incident light frequency, ¢ is the barrier height
(in units of energy), and Ep is the Fermi energy of the emitter, with the value of Er describing the
curvature of the conduction band in momentum space (Fig. a)). The Fowler yield is based on a
semiclassical model of hot electrons emitted over an energetic barrier, with the critical assumption
that the kinetic energy normal to the barrier must be greater than the barrier height. As depicted in
Fig. b), for a spherical Fermi surface, this assumption gives rise to a limited escape cone for hot
electrons, because the momentum normal to the interface must be larger than a critical value, p.rit.
The escape cone limitation results in zero yield at the threshold photon energy as well as a slow rise
with photon energy if the Fermi energy is large compared to the photon energies of interest. This
latter condition is true for visible light incident on noble metal emitters; for instance, both silver
and gold have a Fermi energy near 5.5 eV (which was the value for Er used in our calculations).

The collector material can be either an insulator or a semiconductor, and the built-in electric
fields of metal-semiconductor Schottky barriers assist in the collection of the emitted hot carriers.
In principle a metal-insulator-metal diode could also be used for energy conversion, but in our
calculations the maximum energy-conversion efficiency was found to be equivalent to that of a
metal-semiconductor diode, so the conceptually and notationally simpler Schottky barrier case
will be discussed here, in which the metal is the emitter and the semiconductor is the collector.
Considering hot-electron emission, the optimal semiconductor will be a highly doped n-type material,
and the Fermi energy in the semiconductor should be nearly equal to the conduction-band energy.
Equivalent considerations apply to a p-type semiconductor that would collect hot holes, but here
for clarity we consider only the n-type case. To operate in power-generation mode, the diode
must be forward-biased (by applying a positive voltage to the metal), in contrast to most internal

photoemission detection experiments in which reverse bias aids in extracting the carriers. The

44
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current-voltage characteristics can be determined by considering the reverse photocurrent density
due to internal photoemission Jppet0, the dark forward current density due to thermionic emission

from the collector to the emitter Jgq.%, and the properties of the illumination source. The efficiency

is given by:
Percent Efficiency = |Jph°t°; JdarkWXlOO (4.2)
il
— Joemes 10V (hw) (L) d(hw) + Jaan (V)| V
= X100 (4.3)

fohwmax Iﬂ]d(hf(ﬂ)

where V is the operating voltage, P;;; is the illumination irradiance, I;; is the spectral irradiance,
and the integration is performed up to a maximum energy. Note that here the yield Y is the external
quantum yield, but Y is assumed to be equal to the internal quantum yield under the condition
of negligible optical reflection losses. To model the AM1.5 solar spectrum, the spectral irradiance
was assumed to be a 5800 K blackbody with a total irradiance of 95 mW cm™2. which provides an
easily integratable function that generally matches the shape and irradiance of the AM1.5 spectrum.

The thermionic dark current is given by:

a(V—9p)
Jdarkfcherm = A*Tze kT : (44)

where A* is the Richardson’s constant, T is the absolute temperature, and % is Boltzmann’s
constant. Here we are assuming that the operating voltage is less than the barrier height but a few
times greater than the thermal voltage kT. Though Richardson’s constant is given as 120 A cm™2
K~1, in our calculations we generously assumed the more optimistic value of A*= 50 A cm™2K~1
which applies for thermionic emission involving a semiconductor like silicon; however, this more
optimistic value only results in a maximum of 10% relative efficiency increase relative to the more
stringent condition with A*=120 A cm™ 2K~ 1.

Fig. (a) displays the efficiency for hot carrier internal photoemission assuming the simple
Fowler yield based on equations refeqn:JAPeqnl,eqn:JAPeqn2, eqn:JAPeqn3. Because one applica-

tion of this concept involves capture of sub-bandgap illumination below a traditional photovoltaic
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Figure 4.2: (a) Solar conversion efficiency for internal photoemission over a metal-semiconductor
Schottky barrier based upon the simple Fowler equation. (b) Optimized barrier height and maximum
power point voltage (Vipp) used to calculate the curve in (a). Inset: Example current-voltage curve
with maximum power shown as the dotted box.

46



4.4. THE THREE-STEP MODEL FOR INTERNAL PHOTOEMISSION

cell as shown schematically in Fig. c), the efficiency is plotted as a function of maximum photon
energy. Hence the maximum photon energy would be 1.1 eV for a Si solar cell, 3.0 eV for a TiO5
photoelectrochemical device, or about 4 eV for the entire solar spectrum. The inset shows an example
current-voltage behaviour, which has a shape that is similar to a standard pn-junction or Schottky
solar cell, but at a much lower operating voltage and current. Fig. b) displays the barrier height
and voltage at the maximum power point, Vmpp for the maximum efficiency values displayed in Fig.
a). The yield is highest for a small energy barrier, but avoiding the thermionic dark current
requires a larger barrier. Specifically, for operation at 1 sun and 300 K, a difference of approximately
0.7 eV between barrier height and V,,,, is required to keep the thermionic dark current less than
the photocurrent. The thermionic dark current for metal-semiconductor Schottky barrier solar cells
can be reduced by introducing a higher barrier for majority carriers, but internal photoemission is

entirely a majority-carrier process, so any extra barrier will also reduce the photocurrent.

4.4 The three-step model for internal photoemission

Because the simple Fowler equation predicts that the maximum efficiency of an energy-conversion
device based on internal photoemission is approximately 1%, it is useful to analyze the assumptions
and mechanisms involved in derivation of the Fowler theory to determine the conditions, if any,
that could result in higher efficiencies. The semiclassical model of internal photoemission involves
three steps: hot-electron excitation, hot-electron transport to the interfacial barrier, and hot-
electron emission over the energetic barrier from the emitter material into the collector material.
Although the actual processes of light absorption and excitation of the collective electron cloud are
quantum-mechanical phenomena, we assume herein that after light absorption, the “hot electron”
behaves as a quasiparticle whose transport can be described semiclassically within a free-electron-
like band structure. Light is absorbed in the metal when the photon’s perturbing electric field
causes electronic transitions. Consequently the material response is described macroscopically by a
frequency-dependent dielectric constant, €, determined empirically for bulk materials. Assuming
that this local, linear permittivity is a valid description for nanoscale structures such as plasmonic

absorbers, Maxwell’s equations yield the spectral power absorption as:
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Pups = —%Re[—V.S} (4.5)
= f%w|E\21m[e] (4.6)
X TNe (47)

where S is the Poynting vector, E is the electric field of the incident electromagnetic wave, and 7,
is the hot electron generation rate per length. The spatial distribution of absorbed power is obtained
from equation [4.7] and for antenna-like structures, the absorbed power is highest near the surfaces
around the midpoint where the highest currents flow. Assuming that the probability is low for an
absorbed photon to couple directly to phonons or multiple electron excitations (because many-body
excitations are not very probable), the spatial power absorption normalized by the incident power
then directly corresponds to the spatial distribution of hot-electron generation. Such calculations are
readily performed using e.g. full-field finite difference time domain simulations, but the generation
profile depends significantly on the geometry of the antenna and system as a whole. Hence, for
simplicity, the generation profile was assumed herein to be uniform throughout a film of thickness
d, i.e. 7= 1/d. The electron-hole pair excited by light was assumed to have a total energy equal
to the photon energy, so the hot electron energy, E.;, can range from 0 to max photon energy. In
the simplest approximation, the distribution of energies would be uniform in this range. However,
considering the electronic density of states g(E) and nondirect transitions in which momentum can
be supplied by surfaces, defects, or phonons, the probability of excitation to a certain energy E=Ep
+ E.; is just the multiplied probability of the existing initial and final states, normalized to the total

number of transitions possible:

9(E)g(E ~ hw)dE
£ G(Eg(B' — ) dE!

Erp

Po(Eu)dE = (48)

For a free-electron-like metal with a parabolic band structure at low temperature, such that the

tails of the Fermi distribution can be ignored, the hot electron energy distribution becomes

VEp + EqVEp + Eq — hwdE
[or BB = hwdE

Py(Eu)dE =
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which was used in these calculations. Many metals are free-electron like near the Fermi energy,
e.g. for gold the bands with d-orbital character lie about 1.6 eV below the Fermi level, so this
approximation is most valid for low photon energy excitation. The relative distribution of hot
electrons and hot holes varies depending on the material, and low-lying bands could favor hot holes
over hot electrons due to the increased density of states below the Fermi level; modification of the
“electron distribution joint density of states” could in principle enhance (or decrease) the yield and
efficiency. After excitation, the hot electron quasiparticle must move through the material to reach
a collecting interface. Because phonon scattering is a quasielastic process, only electron-electron
scattering is assumed to cause significant energy loss of the hot electrons. Typically about half of
the hot electron’s energy is lost in an electron-electron scattering event, and the resulting electron
can no longer surmount the barrier. The mean free path for electron-electron scattering therefore
determines the probability P;,; that the hot electron will reach the interface, if s