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Abstract

Zinc tin nitride (ZnSnN,) is one of the emerging ternary nitride semiconductors considered for
photovoltaic device applications due to its attractive and tunable material properties and earth
abundance of constituent elements. Computational predictions of the material properties sparked
experimental synthesis efforts, and currently there are a number of groups involved in ZnSnN,
research. In this article, we review the progress of research and development efforts in ZnSnN,
across the globe, and provide several highlights of accomplishments at the National Renewable
Energy Laboratory (NREL). The interplay between computational predictions and experimental
observations is discussed and exemplified by focusing on unintentional oxygen incorporation and
the resulting changes in optical and electronic properties. The research progress over the past
decade is summarized, and important future development directions are highlighted.

1. Introduction

Nitride semiconductors are a promising class of materials for a wide variety of energy conversion and
electronic device applications because of their intermediate bonding character compared to ionic
compounds (e.g. oxides, fluorides) and covalent materials (e.g. sulfides, phosphides) [1, 2]. The degree of
ionic character in nitrides provides a greater tolerance to structural defects due to atomic orbitals proximity
to the band edges and the partially covalent character. This is due to the high energy of the nitrogen 2p
orbital which provides better hybridization with metal orbitals, leading to lower bandgaps, improved charge
transport properties, and easier p-type doping [3, 4]. It is also interesting that nitrides are relatively
underexplored compared to many other materials’ families: there are over an order of magnitude more
oxides than nitrides in crystallographic databases [5, 6]. The lower energy of the N, compared to O,
molecule causes the apparently less stable character of nitrides, but after breaking the N, triple bond, nitrides
are just as stable as oxides as evidenced by their applications in hard and refractory coatings [7, 8].
Nevertheless, due to the stability of the N, molecule and the favorable nature of oxide formation, nitrides are
typically quite difficult to synthesize, especially in bulk form from molecular N, precursor. The main ways to
incorporate more reactive nitrogen into a growth are high pressure synthesis [9, 10]; thermal cracking of
ammonia NH; [11, 12]; sacrificial solid state azide precursors such as NaN3, also leading to Na flux [13, 14];
and RF or microwave frequency plasma of nitrogen N, [15, 16].

Binary III-V nitrides such as GaN, AIN, InN and their alloys with wurtzite crystal structures have already
revolutionized optoelectronic, electronic, and electromechanical technologies, including (In,Ga)N light
emitting diodes (LEDs) in solid state lighting [18, 19], (Al,Ga)N radio-frequency (RF) transistors in military
applications [20, 21], and (AL,Sc)N piezoelectric resonator microelectromechanical systems (MEMS) in
telecommunications [22, 23]. All these transformative results were largely dependent on the use of chemical
alloying to facilitate tuning of band offsets and other materials properties, and growth of epitaxial
heterostructures to improve materials quality and enable spatial variations in electronic structure [24-26].
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Figure 1. (a) Ternary character of II-IV-N, materials allows for tuning between a disordered wurtzite structure and an ordered
orthorhombic structure. (b) Bandgap vs Lattice constant for a several III-N and II-IV-N;, materials [17]. Note that the II-IV-N,
material bandgaps are for either ordered (or) or disordered (dis) phase, and the lattice constants are for the disordered phase.

III-Nitride materials have also opened the door to novel photovoltaic and photoelectrochemical applications,
beyond the well-known case of ‘dilute nitrides’ [27, 28]. Using metalorganic chemical vapor deposition
(MOCVD) to grow InGaN multiple quantum well (MQW) structures has opened up a pathway to high
efficiency solar cells at high temperatures of up to 600 °C, of particular interest for integration with
concentrated solar power (CSP) systems and space applications [29, 30]. GaN and InGaN nanowire
photoelectrodes have also been reported to exhibit hydrogen generation by photoelectrochemical water
splitting with high efficiency and stability [31-33].

Ternary wurtzite-derived II-IV-N, nitrides, such as ZnSnN, ZnGeN, ZnSiN,, can be thought of as
analogues to the wurtzite I1I-N nitrides, with the unit cell doubled and two group-III elements replaced by a
group-1I and a group-IV element [17]. The resulting hexagonal wurtzite-derived structure may also have
II/IV cation ordering, which leads to a lower-symmetry orthorhombic unit cell (figure 1(a)) and adds a
tuning parameter for bandgap and effective mass based on degree of cation disorder while maintaining
stoichiometry and lattice constant (figure 1(b)). As a result, Zn(Sn, Ge, Si)N, materials have a wide range of
bandgap tuning, ranging from >5 eV to ~1 eV, spanning the visible spectrum and extending into the IR and
UV. A transition from binary III-V towards ternary II-IV-N, chemistry also enables doping control through
the combination of off-stoichiometry and compensating defects. Among all these III-V and II-IV-N,
materials, ZnSnN, (ZTN) is one of the most attractive candidates for photovoltaic (PV) solar cell
applications, due to large abundance of the elemental sources [34] and the solar-matched bandgap [35].

This article reviews the progress and challenges in research and development of ZnSnN, materials and
applications. First, we outline a history of ZnSnN, investigations around the world, as published in peer
reviewed literature. Second, we highlight a few recent accomplishments in ZnSnN, research by our team at
National Renewable Energy Laboratory (NREL), with the focus on understanding and controlling ZnSnN,
structure and properties. Finally, we briefly summarize this research and highlight important next steps
necessary to advance ZnSnN, materials and devices. In summary, we conclude that although ZnSnN, device
development has seen only limited success so far, significant progress has been made in ZnSnN, materials
research, which should enable improved devices in the near future.

2. Brief history of ZnSnN, research

In this section, we briefly summarize the history of research on ZnSnN, published in literature. Highlights
include both computational and experimental studies of synthesis, structure, optical and electrical properties,
as well as ZnSnN; containing photovoltaic devices. A summary of key milestones in ZnSnN, research for
each of these topics is presented in figure 2, with corresponding references listed in supplemental table SI.

2.1. Computational studies

Research interest in ZnSnN, was started by the computational modelling of the Zn-IV-N, compounds in
2008 [39, 40]. Using Density Functional Theory (DFT) with Local Density Approximation (LDA), physical
properties such as phonon density, band dispersions, specific heat, lattice constant, dielectric constants,
elasticity and polarization properties were calculated. Follow-up publications from the same group further
investigated the band structure and electronic properties and reported a computed bandgap of 1.65 eV for
ZTN [41], which was later revised to 2.02 eV [42]. Further research focused on the computed band
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Figure 2. Critical milestones in the timeline of ZnSnNj research and development. The corresponding references are listed in
supplemental table S1 (available online at stacks.iop.org/JPENERGY/02/032007/mmedia).
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Figure 3. Defect formation energy in ZnSnN, as a function of Fermi energy when chemical potentials of Zn, Sn, and N are —0.11,
—0.02, and —0.02 eV respectively. Reproduced from [36] with permission from Wiley.

alignment of ZTN with ZnO and GaN and a type II band alignment was reported, suggesting potential solar

cell application [43].

With time, first principles modelling evolved, taking into account the results from experimental findings.
Early analyses assumed there is a fully ‘ordered’ or a fully ‘disordered’ crystal structure, which could not
explain the apparent lattice disorder deduced from x-ray diffraction spectra and the insensitivity of the
bandgap to such apparent disorder. Fully ordered ZnSnNj is kinetically unfavorable, and the
octet-rule-violating fully random structures are energetically very costly. A significant achievement of the
computational studies was the explanation of disorder as mixing of two different octet-rule preserving
charge-neutral crystal structures (Pna2; and Pmc2; phases) [44]. Fully ‘random-like’ XRD was explained
with random stacking of the two structures, while properties like bandgap was defined by local disorder.

Phase stability and defect distribution (figure 3) of ZTN based on first principle calculations were
presented [36], indicating that Snz, antisites are the dominant donor defect, along with possible deep Oy
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Figure 5. Measured J-V data for ZnSnN; diodes on SnO, both with and without an Al O3 bulffer layer. Reprinted with permission
from [38]. Copyright 2018 American Chemical Society.

impurities. However, based on updated calculations of the point defects, the calculations predicted no deep
(intrinsic) defects in the structure of ZTN [45]. The p-type dopability of ZTN with Li, Na and K was
investigated computationally, and Liz, was identified as a potential shallow acceptor [46]. Recently these
point defect models have been further revised and refined [47, 48], taking into account effects of cation
disorder and off-stoichiometry that are often observed in experimental literature. Alternative structures of
ZTN were also computationally predicted, such as ZTN/ZnO short-period superlattices [49] and 2D ZTN
[50], and potential for photocatalytic applications of the latter was suggested. However, no reports of
experimental synthesis of the 2D or superlattice structures have been published to date.

2.2. Experimental studies

Experimental synthesis of ZnSnN, was achieved in 2013 by three independent research groups, using
radio-frequency (RF) sputtering [51], molecular beam epitaxy (MBE) [52], and plasma-assisted
vapor-liquid—solid (PVLS) growth [53]. A follow-up study explored the region of temperature and Zn:Sn
composition for high quality ZTN growth [54]. MBE was used to grow ZTN epitaxially on Yttria-stabilized
Zircona (YSZ) substrates [52], and it was predicted that the bandgap of ZTN is tunable between 1.0 and
2.0 eV, based on the level of cation disorder in the films [55]. Zn/Sn off-stoichiometry in MBE growth was
later investigated, with claims that the resulting films exhibit a monoclinic structure, indicative of cation
disorder [56]. The first reported reportedly orthorhombic ZTN was grown by MBE on LiGaO, substrates
[57]. PMBE was used to grow non-polar single crystal ZnSnN, with pseudo-wurtzite [11-20] orientation on
sapphire substrate with ZnO bulffer layer [58].

The first ZTN growth by RF sputtering used sapphire and GaN as substrates [51]. The structure was
found to be wurtzite-derived and reported orthorhombic, and a high degenerate doping concentration of
102! cm~? was identified. Discrepancy between the measured optical bandgap of 2 eV and the calculated
direct bandgap of 1.42 eV was explained by conduction band filling due to the Burstein-Moss effect. The
work function and valence band position were measured in a follow up study [59], and it was concluded that
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surface states due to ambient oxygen exposure caused band bending, shifting the Fermi level towards
mid-gap. Highly crystalline ZTN thin films were studied for chemical environments of the constituent
elements using XPS and Mossbauer spectrometry, and an ambient oxygen contamination mechanism
through the grain boundary was proposed [60]. Piezotronic and piezophototronic properties of
combinatorial RF sputter deposited ZnSnN, have also been studied [61].

Several other reports of ZTN growth by RF sputtering have been published. Doping control has been
achieved by Zn-rich off-stoichiometry using combinatorial cosputtering (figure 4) in 2015 [37, 62]. Similar
combinatorial RF sputter deposited ZTN papers continue to be published, which report changes in different
physical properties as a function of Zn-Sn off-stoichiometry [63—67]. Epitaxially grown ZTN thin films on
YSZ(111) substrates were RF sputter deposited from a stoichiometric Zn-Sn target[68], with a detailed
analysis of optical absorption of unintentionally oxygen-doped ZTN thin film epi-layers, and of carrier
scattering by neutral impurities [69]. A very recent study utilized a combined RF/DC magnetron sputter
method and reported carrier mobility above 22 cm? V~! s7! with n-type carrier concentration below
10" cm™3 [70], hypothesizing enhanced decomposition of N, molecules into activated nitrogen atoms.
RF-free DC magnetron sputtering has been used by a single research group thus far [71] to grow ZTN and
fabricate functioning ZTN solar cells.

As for other growth techniques, PVLS was also used to synthesize polycrystalline (pX) ZTN, and the
available range of growth conditions were identified [53, 54]. The bandgap measured by photoluminescence
(PL) was 1.7 eV and wurtzite-like structure was reported from XRD data. More recently, ZTN pX bulk
samples were synthesized by high-pressure metathesis reaction [72], and an optical bandgap of 1.4 eV was
measured. However, in a follow-up study, a bandgap of near 1.0 eV was reported for the disordered wurtzite
structure [73]. There has not been any report of Chemical Vapor Deposition (CVD) growth of ZTN thus far,
however ZnGeN, and ZnSiN, growth by MOCVD has been reported [74]. Since several different Sn
containing CVD precursors exist, ZTN growth by CVD (likely, plasma assisted) may be possible too.

An important observation across the experimental studies is the wide variance of the measured electrical
properties and optical bandgaps (table 1), with values ranging for carrier concentration 10'~10*! cm~3, for
electron mobility 0.5-22.7 cm? V~! s~!, and for optical bandgap 1.0-2.4 eV. This is due to the fact that
crystal structure, defect density, Zn-Sn stoichiometry, and oxygen level all play a part in determining the
bandgap and charge transport properties. In particular, local disorder, which may [75], or may not [65] be
detectable from the conventional XRD measurement, directly impacts the optical bandgap [44]. In addition,
ZTN can be an n-type degenerate semiconductor, so the carrier concentration may also shift the measured
optical bandgap due to Burstein-Moss filling of the bands. The level of intentional or unintentional oxygen
incorporation and its effect on bandgap only came into attention in very recent literature [48]. All these
parameters often remain under-reported in literature, so care should be taken by the scientific community in
interpreting the past literature and future publications.

2.3. Device fabrication and modeling

Despite enormous potential for device applications, to date only one research group reported PV device
fabrication with ZTN deposited using DC magnetron sputtering. For initial devices, ZTN was deposited on
p-Si substrates, with Zn-rich off-stoichiometric film of ~10'7 cm ™2 electron concentration [77].
Current-voltage rectification was demonstrated with this p-Si/n-ZTN heterojunction diode structure. In two
follow up publications, p-SnO/n-ZTN solar cells were reported, with n-ZTN prepared using DC magnetron
sputtering [78]. The reported photo conversion efficiency was improved up to 1.54% by using an Al,O;
buffer layer [38], with the reported J-V data shown in figure 5.

In addition to these experimental reports, the prospect of PV device fabrication based on ZTN absorber
was also investigated by modeling [79]. Simulated device performance of a ZTN/Mg:CuCrO, solar cell,
indicated a possible efficiency of 23% in the ideal case of no defects present. Furthermore, various
performance-limiting real-world criteria, such as presence of band tails in ZTN, minority carrier mobility,
defect levels/recombination centers and band alignment with p-TCO, were investigated and their impact on
PV device performance was projected. The importance of maximizing hole mobility was highlighted in this
modeling work, since a high hole mobility was shown to have a significant positive effect on several
performance parameters even in the presence of band tails or recombination center defects.

3. Highlights from ZnSnN, materials research at NREL

In this section, we highlight several research accomplishments on ZnSnN, material at the National
Renewable Energy Laboratory (NREL) which has enabled a better understanding of its structure and
properties by the scientific community.
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Table 1. Reported properties of ZnSnNj,, in both theoretical and experimental publications.

Year of Method Bandgap (eV) Electron Concen-  Electron References
Publication tration (cm ™) Mobility
(cm?V7ls™h
2009 Computations—LDA 0.7 — — [39]
2011 Computations—LDA, GGA 2.02 — — [41, 42]
2012 Experiments—MBE 2.0 — — [76]
2013 Computations—LDA, QSGW 1.8 — — [43]
2013 Computations—PBE, 1.12-2.09, 3x10%-1x10* 10 [52]
Experiments—MBE 2.12-2.38
2013 Computations—Plasma VLS 1.7 — [53]
2013 Experiments—REF Sputtering 2.0 5x10'71x10*! <10 [51]
2015 Experiments—RF Sputtering ~ 1.0-1.4 2x101%2x10% 1.1-8.3 [37]
2015 Experiments—DC Sputtering 1.9 2x10'772x10"® 1.86-3.98 [71]
2016 Experiments—Metathesis 1.4 — — [72]
2017 Experiments—RF Sputtering ~ ~1.0 4x10'%2x10™ 0.5-8.8 [62]
2017 Computations—Monte Carlo  0.8-1.4 — — [47]
2018 Experiments—RF Sputtering 1.8 1x10" 3.8 [60]
2018 Experiments—REF Sputtering ~ 1.67 9.58x10"7 3.79 [38]
2019 Computations—Monte Carlo  1.4-1.9 10'7-10% — [48]
2019 Experiments—Plasma MBE 1.6-2.0 6x10'8-3x10% 9.8-22.5 [58]
2020 Experiments—Sputtering 1.43 9.92x10'° 22.7 [70]

LDA—Local Density Approximation, GGA—Generalized Gradient Approximation, PBE—Perdew-Burke- Ernzerhof gradient corrected
functional, QSGW—self-consistent GW approximation

3.1. Monte Carlo simulations of disorder in stoichiometric ZTN [47]

Early literature on computational predictions of disorder in ZnSnN, considered only one of the two extreme
limits: fully randomized cation disorder [52], or a minimum level of disorder maintaining the local octet rule
[42, 44]. However, due to electrostatic interactions in heterovalent systems (here 7Zn*T and Sn*t), significant
short-range order effects would be expected between these two limits. To bridge the gap between these two
limits of disorder, a motif-based model Hamiltonian was used for Monte Carlo simulations with a 128-atom
supercell for varying degrees of disorder. The model Hamiltonian motifs were centered on the N anion, and

expanded the energy out to AH = 2 " ¢; jn; j, in which 7; ; counts the number of N-Zn;Sn; motifs, and e is
irj
the energy of the motif, calculated using a least-squares fit to DFT energies with randomly distributed

cations and equal numbers of Zn and Sn.

The effective temperature of the simulation started at 3500 °C and was cooled at a rate of 10* K™! to give
a measure of disorder resulting from non-equilibrium growth. A transition from the octet-rule conserving
7Zn,Sn, motif to introduction of more Zn3Sn; and Zn;Snz motifs at around T = 2000 °C was observed, as
shown in figure 6(a). Given that sputtering is a common synthesis technique used for ZTN grown, this
effective temperature is feasible in experimental synthesis due to the high energy, non-equilibrium nature of
this growth technique. The amount of 31 and 13 motifs can be used as a descriptor for cation disorder of the
stoichiometric ZnSnN,. Toward higher effective temperatures, the amount Zn;Sn; and Zn; Sn; motifs in the
model leveled out at around 0.2, rather than continuing along the initial exponential increase trend. With an
increasing level of disorder, exchange defects could not form independently and are subject to constraints.
The energetically unfavorable Zn4 and Sny motifs did not show up in appreciable amounts at any effective
temperature. This leveling out of the motif fractions showed an effective phase transition resulting from the
effects of configurational entropy.

Comparing measured XRD of a stoichiometric ZnSnNj film to simulated XRD for supercells with
varying degrees and types of disorder (e.g. octet-rule conserving vs. fully random cation distribution)
showed a lack of the cation ordering present in the experimental sample. However, even a moderate degree of
octet-rule violating disorder would lead to patterns indistinguishable from the fully randomized structure,
due to insensitivity in the XRD patterns to further increasing levels of disorder. The lattice parameters of the
wurtzite structure and the orthorhombic cation-ordered structure are very similar, further impeding
structure identification of the experimental results via XRD.

The magnitude of the bandgap of ordered orthorhombic ZnSnN, had not been well established, and
experimental measurements gave values anywhere between 1 and 2 eV. Note that the variation in these
literature values was in part due to Burstein-Moss filling of the bands, which is discussed further in this
article. To calculate the electronic structure as a function of disorder, a parameterized single-shot hybrid + U
(SSH + U) function was used, keeping the DFT + U wave functions fixed to avoid the computational
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Figure 6. (a) Calculated concentration x of Zns—g, motifs in ZnSnNj as a function of effective temperature. (b) Comparison
between calculated (dashed) and experimental (solid) absorption spectra of ZnSnN,. Reproduced from [47] with permission
from the American Physical Society.

complexity of having to diagonalize the hybrid functional Hamiltonian each time. From these calculations,
the absorption spectra were calculated for the fully ordered, octet-rule conserving disordered, and for
varying degrees of 31 disordered stoichiometric structures. Introducing disorder but conserving the octet
rule resulted in only minimal reduction of the bandgap by around 0.02 eV, while a band-gap reduction of
0.3-0.4 eV for intermediate levels of disorder around X3; = 0.1 was shown to be plausible, as shown in figure
6(b). The bandgap was calculated at 1.5 eV in the ordered orthorhombic state, and to approach 1 eV with
increased levels of disorder characterized by increasing 31 and 13 motifs.

Disorder also had an effect on the inverse participation ratio (IPR) near the band edges, which measures
the inverse fraction of atoms contributing to the density of states (DOS). The IPR effectively gives a measure
of the localization of the electronic density of states, where IPR = 1 is complete delocalization, and IPR = 10
implies the state is localized on average of one out of ten atoms. Moderate localization effects occurred
around the valence-band maximum for the formation of Zn;Sn; and Zn,;Sns, but the conduction band
remained essentially unperturbed for these conditions. Full randomization resulted in a continuum of defect
states throughout the band-gap region, confirming the closing of the gap for highly disordered ZnSnN,.

3.2. Doping tuning by off-stoichiometry and transport properties [37]

Experimental exploration of ZTN at NREL [37] involved combinatorial RF sputter deposition from Zn and
Sn targets with an activated N, source (figure 4). With PV and photoelectrochemical (PEC) device
applications as the long term vision, the goal was to lower carrier concentration for this degenerate n-type
semiconductor while maintaining sufficiently high mobility. Zn/Sn off-stoichiometry along with variations
in deposition temperature were explored to study the cation disorder and phase stability as a function of
growth conditions and composition.

Figure 7 represents the summary of deposition temperature and stoichiometry space explored via
combinatorial experiments. ZTN thin films were deposited on glass substrates with orthogonal Zn-to-Sn
gradients in cation composition between 0.30 and 0.75 Zn/(Zn + Sn) and growth temperatures ranging from
35 to 340 °C. Films grown in the temperature range from 160 to 340 °C with cation compositions from
0.45-0.70 Zn/(Zn + Sn) exhibited the typical wurtzite crystal structure, with no signs of secondary phase
formation. Temperatures over 350 °C were found to be non-optimal, with no net deposition or deposition of
metallic Zn and Sn. The absence of secondary phases over variable growth conditions and wide range of Zn
off-stoichiometry might be in part due to the use of an activated N source, but there could be other factors as
well. Single point TEM analysis confirmed polycrystalline film morphology, with some preferential
orientation (texturing) along the c-axis (0001) direction. No metallic Zn or Sn precipitates were observed in
electron backscatter diffraction (EBSD) grain orientation maps for stoichiometric or 0.55 Zn/(Zn + Sn)
films. However, small regions of high dislocation density and nano-scale voids were observed within grain
interiors from HAADF and HRTEM.

The cation-ordered orthorhombic ZTN structure has a predicted bandgap of around 1.5 eV, while the
cation-disordered wurtzite-derived structure approaches 1 eV [47]. As the cation composition of Zn
decreases from 0.60 to 0.40 Zn/(Zn + Sn), the following trends are observed: (i) absorption onset increased
from 1.0 to 1.4 eV, (ii) more free carrier absorption was observed, as shown by the increase in absorption
coefficient at low photon energies preceding the absorption edge, and (iii) carrier concentration increased.
These trends suggest that a Burstein-Moss shift was responsible for increasing the apparent bandgap for films
with lower Zn content. Curve fitting of the absorption edge vs. carrier density plot revealed an effective mass
ofm” =05 m.. PL was observed as a broad peak at 1.35-1.5 eV, which was further investigated in later
research.
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Figure 7. Material property (wurtzite crystal structure, low carrier density, and free carrier absorption) as a function of growth
temperature and cation composition in ZTN. Stoichiometric ZnSnSn; is at Zn/(Zn 4 Sn) = 0.5 reproduced from [37] with
permission from The Royal Society of Chemistry.

Conductivity varied over four orders of magnitude as a function of cation composition and growth
temperature, with a minimum conductivity occurring at around Zn/(Zn + Sn) = 0.65. This point also
corresponded to a minimum in free electron density, decreasing by more than 2 orders of magnitude with
the same trends as the conductivity. The lowest n-type carrier density was 1.8 x 10'® cm—? for film grown at
230 °C with Zn/(Zn + Sn) of 0.70. This carrier density was 2 orders of magnitude lower than what was
previously reported [51]. Zn off-stoichiometry aided in the reduction in carriers, likely through
compensation of Oy and Vy defects (both low energy defects in ZnSnNj) via excess Zn on the disordered
cation sublattice compensating these anion defects.

Carrier mobility ranged from 1.1 to 8.3 cm? V! s71 with no clear trend across temperature or
composition. The inverse relationship between carrier density and mobility as a function of cation
stoichiometry suggested the loss of charge scattering centers with increasing Zn content. This could be due to
the formation of defect complexes with increasing Zn content. Rutherford Backscattering Spectroscopy
(RBS) on a nominally stoichiometric sample showed around 4% O incorporation, further substantiating the
possible effect of defect complexes involving the Oy and Vy defects. For stoichiometric and 0.6
Zn/(Zn + Sn) films, no temperature dependence of carrier concentration and mobility was observed.

3.3. Doping control by incorporation and removal of hydrogen [62]

Following in the footsteps of GaN p-type doping control [81], continuation of this experimental study of
ZTN deposition [62] involved changing the ambient gases present during the deposition, and incorporation
of a post-deposition annealing step. Based on the findings from the previous study, the films were deposited
at 200 °C in forming gas (5% H,/balance N,), via RF sputtering with N, plasma. The anneal was performed
at 400 °C for 6 h with activated N, ambient. ZTN films grown with forming gas, followed by annealing in N,
exhibited a decreased n-type carrier density down to 4 x 10'® cm ™ for Zn-rich films

(Zn/(Zn + Sn) = 0.68), as shown in figure 8. This was a significant achievement, since this carrier
concentration is low enough for use as a PV light absorber layer. However, electron mobility consistently
decreased from 5-8 cm? V! s7! to less than 1 cm? V~! s~! upon annealing, possibly due to an increase in
the activated acceptor density, leading to increased ionized point defect scattering.

SIMS measurements on films grown in forming gas revealed twice as much H in the as-deposited films
compared to the annealed films. Changes in carrier concentration can be explained by the change in
hydrogen content from a point defect perspective: (i) For Zn-rich films, Zng, anti-site acceptor defects
compensated the donor-like nitrogen vacancies Vi and Oy unintentional impurities. (ii) H atoms could
form complexes w/excess Zn atoms, rendering them electrically neutral. Formation energy of donor defects
is a function of Fermi energy level, and the lower concentration of active acceptor defects could lower the
driving force to form additional donor defects. (iii) Zn-H complexes dissociated during annealing,
re-activating the Zng, acceptors, and compensating Oy and Vy donor defects. Assuming 4% overall oxygen
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defects and singly ionized Vy defects, this suggested an anion concentration of 3.5% Vy defects, similar to
the 2.5% value from previous results.

3.4. Exciton PL and defect complexes in ZTN [80]

A more focused investigation into the electronic quality and defect interactions of Zn-rich ZTN films is
presented in [80]. The thin film deposition scheme remained identical to previous reports, including selected
samples with post-deposition annealing. Characterization of the films was performed via high-resolution
x-ray diffraction (HRXRD), XRF and PL. Certain experimentally characterized properties of ZTN thin films,
such as a reduced carrier concentration at Zn-rich off-stoichiometry, could not be fully explained with the
defect model available. Based on the measured oxygen content of these films, this study modeled the material
as an alloy between ZTN and ZnO for Zn-rich films to better explain the characterization data.

The a-parameter of the lattice was found using Pawley refinement of the HRXRD data for films deposited
in nitrogen and forming gas without annealing, and in forming gas with annealing. The a-parameter
decreased linearly with increasing Zn content in all three samples up to a threshold. For the films grown in
forming gas, the a-parameter was offset to larger values compared to the N,-grown library, which may be due
to hydrogen incorporation in the lattice. This theory is supported by SIMS measurement from previous work.

Vegard’s law was applied to the observed linear lattice parameter shifts, which then suggests successful
mixing in the alloy between ZTN and ZnO. This would necessitate oxygen impurity incorporation onto the
nitrogen lattice sites as oxygen substitutional defects (Ox). Based on this alloy hypothesis, Monte Carlo (MC)
simulations were performed for off-stoichiometric Zn; ;,Sn;_x(N;_4Oy),. Effective temperature acts as a
measure of disorder present in the film, and during annealing the disorder is reduced, so the T approached
the physical annealing temperature in the experiments. Consistency between the lattice parameters
calculated and in the experimentally deposited films allows for two conclusions to be drawn: (1) excess Zn
occupies the cation sites rather than forming a secondary phase, and (2) oxygen incorporation encourages
formation of the Zn-rich structure, supporting the ZTN/ZnO alloy hypothesis.

The Zn-rich films were found to exhibit only near-band-edge PL from excitons, shallow donors, and
acceptors. This confirmed the high electronic quality and helps explain the incongruity with
off-stoichiometry and structural disorder via defect formation energy calculations. Low temperature PL
taken at 4.25 K showed a broad PL emission peak near 1.42 eV for both annealed and unannealed films, as
shown in figure 9, which is attributed to band-edge recombination. For annealed films, a sharper peak
occurred at 1.48-1.50 eV, which did not show up in the as-deposited films. This high-energy peak was
assigned to bound excitons in the annealed films.

Power and temperature dependent PL emission spectra were taken for the annealed Zn-rich sample to
determine the origin of the PL emission peaks. With increasing excitation laser power, the 1.49 eV peak
position did not shift, while the 1.42 peak exhibited a blue-shift of 25 meV per decade. As temperature was
increased, the 1.49 eV peak intensity decreased until it quenched out at 90 K. Applying the Varshni equation
to the 1.49 eV peak to determine the temperature-dependent bandgap changes in the high-energy PL peak
shift resulted in Varshni parameters intermediate to the values for GaN and InN, and the temperature
dependence was determined to be 0.2 meV K, or 60 meV over the range of 0-300 K. The 1.42 eV PL peak
for the films cannot be explained using the donor-acceptor pair (DAP) recombination model and may be
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Figure 9. Photoluminescence spectra of annealed and as-deposited ZTN films. Reproduced from [80] with permission from The
Royal Society of Chemistry.

due to electrostatic potential fluctuations at the band edges or bandgap variations due to variations in the
cation disorder after annealing.

The exciton peak was only observed for annealed ZTN films, suggesting that the annealing step modifies
the electronic structure to enhance exciton emission. Calculations for the defects were performed using a
nitrogen chemical potential of AuN = +0.5¢eV, which is positive to account for the activated nitrogen
source. From these calculations, the formation energy of Zns, acceptor for n-type ZTN decreases as it
complexes with more Oy donors. The bandgap was found to widen as the effective temperature decreased in
the MC runs, corresponding to decreased non-equilibrium disorder created by the annealing step. Since
(Zng, + 20y) is a neutral defect pair, it is rendered electronically benign, effectively reducing the density of
defect states in the bandgap. This increases the electronic quality and allows for the observed exciton
luminescence despite structural disorder.

3.5. Temperature dependent Hall measurements [82]

O-containing ZTN (ZTNO) exhibits attractive properties such as a lower carrier concentration and near
band edge photoluminescence, which is explained in earlier experimental and computational studies [80]
based on a ZTN/ZnO solid solution model. This study aimed to experimentally validate this defect model by
performing temperature-dependent Hall effect measurements on polycrystalline ZTNO thin films prepared
by RF sputtering. The studied films were of Zn-rich off-stoichiometry with increasing Zn content,
corresponding to increased concentration of oxygen impurities. The deposition procedure was identical to
the films of [80]. The oxygen content of the films was quantified by SIMS measurement calibrated with RBS
data. A cation ratio of O/(O + N) = 0.28 was measured for the sample with Zn/(Zn + Sn) = 0.65, with a
decreasing level of oxygen incorporation with decreasing Zn content.

Temperature dependence of the carrier concentration was mostly flat, indicating the absence of deep
donors and acceptors. The carrier mobility was also observed to be temperature independent for the
near-stoichiometric degenerate samples. With increasing Zn composition, the samples turned
non-degenerate, carrier mobility increased became more temperature dependent.

Temperature-dependent carrier mobility for the non-degenerate ZnSnN, samples was fitted with a
mobility model based on possible scattering mechanisms of neutral defects, ionized impurities, and grain
boundaries (GB). The concentrations of those defects and the effective potential barrier due to GB was
calculated from the model, as shown in figure 10. Several orders of magnitude higher concentrations for the
ionized donors-acceptors and also the neutral defects, compared to the carrier concentration, validate the
notion that ZTNO is a heavily compensated material. Inclusion of neutral defects was essential to the
accuracy of the model. First principles computational modeling data of ZTNO was used to complement the
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Figure 11. Calculated dependence of the ZTN band diagram on oxygen content. Reproduced from [48] with permission from
Wiley.

results from mobility modelling. The neutral defects were assigned to the abundantly available (Zng,-20y)°
defect complexes.

3.6. Dual Sublattice mixing in ZnSnN,:O [48]

Some of the most promising electronic properties for ZTN thin films have been shown to occur in
oxygen-containing Zn-rich samples. Understanding the role of oxygen in ZTN introduces a level of
complexity that requires more than just the typical defect models. The following need to be accounted for:
(1) nonequilibrium synthesis leads to chemical potentials that can exceed equilibrium limits, (2) defects are
likely to form pairs and complexes at high concentrations, (3) short range order is likely to occur, as is
statistical defect pair formation, (4) the electronic band structure is altered by these defects, and (5) band
edge shifts affect defect formation energies and change the defect equilibrium environment.

Continuing with the motif-based Hamiltonian approach put forth in [47], an additional level of disorder
was introduced by adding oxygen to the system. Thus, the motifs were each either centered around oxygen or
nitrogen atoms. Net doping depends on defect equilibrium through both the pair/cluster binding energy and
the law of mass action. With dilute O compositions, the equilibrium Fermi level Ep first increased, causing
n-type doping, as shown in figure 11. This trend did not continue, as at higher O concentrations, the
conduction band maximum (CBM) increased, in effect decreasing the doping levels.

There is the possibility to form stable pairs of defects with opposite charge, such as Ox ! and Zng,> .
Association and dissociation of the free pair defects with opposite charge to create a charge neutral group
(Zng, + 20y pairs) is of importance in the charge balancing and doping levels. At low O levels, net doping
increases due to the single-donor nature of the oxygen on the nitrogen site (41 charge). With increasing O
incorporation, most of the Oy donors are passivated by Znsg,, which effectively couples the O/N and Zn/Sn
stoichiometry. This brings it closer to the ideal formula for Zn; 4,Sn;_yN,_,,0,, corresponding to a
ZTN/ZnO solid solution. Net doping starts to decrease above 1.84 at% O.

Use of a nitrogen plasma source changes the thermodynamics of the system and assists in formation of
the nonequilibrium state, since the activity of the nitrogen is increased. This introduces additional range for
the chemical potentials, which expands accessibility of the phase space of ZTN. Fairly high oxygen
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concentrations, along with a concomitant Zn-rich cation ratio and activated nitrogen source, is predicted to
yield the lowest doping levels, even lower than those in oxygen-free ZTN. There is a trade-off between the
ideal bandgap of ZTN (around 1.5 eV) and lowering the carrier concentration. ZTNO is always n-type, with
carrier concentrations up to 102 cm~2 at Sn-rich and intermediate nitrogen activities. With highly activated
nitrogen, at Zn-rich conditions, electron density can be reduced to the 10" cm ™ range according to the
theoretical model.

Opverall, this paper added to the computational approach by incorporating nonequilibrium, insight from
growth conditions, disorder, and off-stoichiometry from impurities interacting with defects. The role that
oxygen plays in ZTN electronic structure was investigated, and an explanation for the decrease in carrier
concentrations with some level of oxygen incorporation was presented.

4. Summary, conclusions, and future work

As summarized in figure 2, ZTN research has come a long way in the past decade, starting from promising
computational predictions in 2008 and initial successful synthesis in 2013. ZTN and other II-IV-V, materials
have been predicted to have a wide range of optical and electronic properties, depending on composition and
cation ordering. The crystal structure of ZTN, and in particular its cation disorder, has been extensively
studied by different computational methods. ZTN has been synthesized in epitaxial, polycrystalline and
powder forms by a wide range of bulk and thin-film deposition techniques. The optical absorption onset,
photoluminescence, electron density, Hall mobility, and other relevant properties have been measured by
multiple groups. Control of cation ordering and its tuning of the bandgap has been claimed, albeit with
limited experimental evidence. A few reports on PV device demonstrations also exist, but there are no
reports on reproducing these fabrication or measurement experiments yet.

ZTN research activities at NREL over the last few years have impacted the global research efforts in
investigating this emerging material. Experimental exploration of ZTN using high throughput combinatorial
RF sputtering surveyed the temperature and Zn-to-Sn ratio space for ZnSnN, deposition [37], leading to
significant reduction of unintentional doping. The results of the experimental studies were complemented by
first principles calculations, which explained the character of cation disorder and allowed for predictions of
the electrical and optical properties [47]. The use of forming gas during deposition and optimized
post-deposition annealing resulted in the lowest reported electron concentration approaching 10'® cm™
thus far for ZTN, with minimal reduction in carrier mobility [62], and with room-temperature
near-band-edge photoluminescence [80]. The most recent computational study explained the role of oxygen
in ZTN growth, highlighting that the zinc-rich oxygen-substituted material should rather be thought of as
zinc tin oxy-nitride[48], and the following temperature-dependent Hall effect measurements supported
these predictions [82]. The close relationship between computational and experimental work in the ZTN
material system has allowed for in-depth analysis and iterative model formation, which could be the key to
improving ZTN and other new materials in the next generation of PV device applications.

One of the most important findings in ZTN research was that oxygen incorporation plays a critical role
in the electronic quality and defect interactions in ZTN films. Oxygen incorporation into the ZTN films was
shown to be experimentally facile if not inevitable, due to a base pressure of water in the sputtering chamber
rather than through intentional oxygen incorporation [37, 80]. This factor may have led to a wide range of
carrier concentrations with no distinguishing factor to differentiate between the varying films (table 1). On
one hand, oxygen substitution in stoichiometric ZnSnN, leads to degenerate electron density, which is
detrimental to PV device applications. On the other hand, addition of Zn beyond the stoichiometric
amounts to form a ZTN:ZnO alloy can be utilized to reduce carrier concentrations down to 10'® cm™3 [62],
which brings the material closer to device applications in PV solar cells. Thus, more systematic reporting of
the zinc to tin ratio and oxygen to nitrogen ratio in ZTN films would be important in future research.
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