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Conceptual Insights 

Exciton Photoluminescence and Benign Defect Complex Formation in Zinc Tin Nitride 

 
Ternary and multinary semiconductors provide chemical flexibility for tuning material properties 

such as doping and bandgap, but often suffer from atomic disorder detrimental to electrical 

transport. This tradeoff has led to a paradigm in which researchers assume ordered, defect-free 

material is prerequisite to device-grade electronic quality. This backdrop motivated our 

investigation into the structural and electronic properties of off-stoichiometric zinc tin nitride 

(ZTN), in which zinc-rich composition suppresses degenerate carrier concentration but leads to 

significant point defect density and raises concerns about nonradiative recombination. The main 

conceptual insight of this work is that benign defect complex formation can be a general 

mechanism underpinning defect tolerance in disordered materials. The critical finding is that by 

intentionally forming ZnSn-2ON  neutral defect complexes, a material with an extremely high 

defect density and can be induced to emit excitonic photoluminescence – a key descriptor of 

excellent material functionality for optoelectronic applications. The implications of this finding 

extend well beyond researchers interested in ZnSnN2, as inducing “defect tolerance” is the key 

to enabling new and low-cost materials to find viable applications, for example in solar energy. 

As such, this paper presents a new design principle for materials discovery and development. 
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Abstract

Emerging photovoltaic materials need to prove their viability by demonstrating excellent electronic

properties. In ternary and multinary semiconductors, disorder and off-stoichiometry often cause

defects that limit the potential for high-efficiency solar cells. Here we report on Zn-rich ZnSnN2

(Zn/Zn+Sn=0.67) photoluminescence, high-resolution X-ray diffraction, and electronic structure

calculations based on Monte-Carlo structural models. The mutual compensation of Zn excess and

O incorporation affords a desirable reduction of the otherwise degenerate n-type doping, but also

leads to a strongly off-stoichiometric and disordered atomic structure. It is therefore remarkable that

we observe only near-edge photoluminescence from well-resolved excitons and shallow donors and
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acceptors. Based on first principles calculations, this result is explained by the mutual passivation

of ZnSn and ON defects that renders both electronically benign. The calculated bandgaps range

between 1.4 and 1.8 eV, depending on the degree of non-equilibrium disorder. The experimentally

determined value of 1.5 eV in post-deposition annealed samples falls within this interval, indicating

that further bandgap engineering by disorder control should be feasible via appropriate annealing

protocols.

1 Introduction

Development of new semiconducting materials has experienced a renaissance over the past decade, as

prediction and screening capabilities for thin film inorganic compounds have reached new levels of sophis-

tication. This activity has sparked interest in novel material classes, including the hybrid perovskites,1

semiconducting ferroelectrics,2 and spintronic materials.3 Another class of materials recently receiving

attention is II-IV-V2 semiconductors, which are structural analogs of the well-known III-V materials.

ZnSnN2, part of the II-IV-V2 class and analog to InN, is one such emergent material currently under

investigation as a possible photovoltaic (PV) absorber.4,5

It was originally predicted that the bandgap of ZnSnN2 (ZTN) in its cation-ordered form would be

near 2 eV, and that fully random cation ordering would result in a bandgap of 1 eV.6 However, later

computational work showed that completely random cation occupation in ZTN would be a prohibitively

high-energy structure to form.7 An alternative description of cation disorder in ZTN was proposed, which

takes into account thermodynamic restrictions on the possible bonding configurations of the nitrogen

atom.7 It was found that for ZTN material grown at thermal equilibrium, the octet-rule for the anion

could be locally conserved while forming long-range disorder from alternating stacks of lattice planes

with either +120◦ or −120◦ rotations. In this equilibrium disorder case, the bandgap was not found to

vary significantly with degree of disorder. Another model for cation disorder in ZTN was developed from

the perspective of non-equilibrium growth, in which octet-rule violations could be kinetically frozen in by

growth methods such as sputtering.8 In this model, it was shown that the presence of octet-rule violating

tetrahedra (e.g. Zn3Sn1-N as opposed to the ground state Zn2Sn2-N) caused the bandgap to narrow,

and that increasing the concentration of these off-stoichiometric “motifs” could cause the bandgap to

2

Page 4 of 20Materials Horizons



close entirely at fully-random cation occupation. It was also proposed that such “3:1-disorder” could

be thermodynamically minimized with annealing, suggesting a possible way to control non-equilibrium

cation disorder in ZTN.8

Unfortunately, the degenerate nature of stoichiometric ZTN has largely frustrated efforts to study

the relationship between cation ordering and bandgap in this material.9,10 The problem is similar to

the situation in early research on InN, the low bandgap member of the III-N materials, in which the

fundamental gap was overestimated by >1 eV for decades due to a Burstein-Moss shift caused by degen-

erate n-type doping.11 Despite these difficulties, effective methods for controlling the carrier density in

ZTN have recently been developed, specifically by growing zinc-rich films with added hydrogen and then

annealing in activated nitrogen.12 However, the question of whether or not off-stoichiometric films with

high defect density will have good carrier transport properties as a solar absorber remains unanswered.

In this work, we present an investigation into the structure, electronic quality, and defect interactions

in low carrier density, zinc-rich ZTN. Using Pawley fitting of high-resolution X-ray diffraction, Monte

Carlo simulated structures, and Rutherford backscattering spectrometry we determine that zinc-rich

composition in ZTN is facilitated by the presence of oxygen by modeling the material as an alloy between

ZnSnN2 and ZnO. Zinc-rich films were found to exhibit only near-edge photoluminescence emission from

excitons and shallow donors and acceptors, which attests to the high electronic quality of the material

despite off-stoichiometry and structural disorder. This finding is explained using defect formation energy

calculations that reveal mutual compensation between ZnSn and ON defects, producing electronically

benign defect complexes and reducing the density of charged defects. Together, these findings show that

it is possible to achieve both low carrier density and high electronic quality in off-stoichiometric zinc tin

nitride, which differentiates it from other emerging photovoltaic absorbers for which structural disorder

precludes excellent electronic properties.

2 Methods

2.1 Experiment

Combinatorial Sputter Deposition. Four compositionally graded sample libraries of Zn1+xSn1-xN2 with

0 ≤ x ≤ 0.4 were deposited by radio frequency (RF) co-sputtering onto stationary Eagle XG R© glass

3
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substrates heated to 200◦C. In all four depositions, metallic zinc and tin targets inclined at 45◦ to the

substrate normal were used as cation sources, and an RF plasma source positioned orthogonally to the

substrate was used to supply activated forming gas. The forming gas mixture was 5% H2 balanced

in N2. Two of the libraries were left as-deposited for characterization, while two of the libraries were

annealed at 400◦C for 6 h in-situ (i.e. without breaking vacuum) under pure reactive nitrogen flow

and then allowed to naturally cool. Two libraries were deposited for each treatment type to ensure

reproducibility of the results. The base pressure of the chamber immediately prior to each deposition

was 10-6 Torr or less, as determined by an ion gauge. One additional library grown in pure nitrogen and

left as-deposited, but otherwise grown using the same conditions as those described above, was used for

comparison during the high-resolution X-ray diffraction measurements.

Characterization. Each sample was first characterized for cation composition and film thickness using

spatially-resolved X-ray fluorescence spectroscopy (XRF). XRF was performed with Rh L-series exci-

tation in energy-dispersive mode using Fischer XDV-SDD software, and a thickness model calibrated

by DekTak profilometry. Throughout this work, the composition of each film is given as a ratio of the

cation composition, Zn/(Zn+Sn), due to the inability of XRF to reliably measure nitrogen content.

For reference, Zn/(Zn+Sn)=0.50 corresponds to stoichiometric composition (i.e. Zn1Sn1N2 or 50% Zn

on the cation sub-lattice) and any value larger than 0.50 corresponds to zinc-rich cation composition.

Carrier density was measured as a function of zinc content using room temperature Hall effect measure-

ments, as described in a previous work.12 Regions of each library with cation composition Zn/(Zn+Sn)

= 0.67, all of which exhibited n-type carrier density in the range 4 x 1016–2 x 1017 cm-3, were selected

for photoluminescence (PL) spectroscopy. PL emission spectra were measured on 2-3 such regions

from each library at 4.25 K using excitation with a 632.8 nm HeNe continuous wave laser operated

at 10 mW, where the excitation spot diameter was approximately 250 µm. Variable temperature and

power-dependent PL measurements were performed using the same excitation source. Excitation power

spanned 0.1–10 mW at 4.25 K for the power-dependent measurements, and measurement temperature

spanned 4.25–250 K at 10 mW for the temperature-dependent measurements. Finally high-resolution

X-ray diffraction (HRXRD) measurements were taken as a function of zinc content for one annealed and

one as-deposited sample library. Measurements were performed at the Stanford Synchrotron Radiation

Lightsource (SSRL) beamline 2-1 using an X-ray energy of 15.5 keV (λ=0.7999 Å) and a Si(111) analyzer

4
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crystal and photomultiplier tube detector. The diffraction patterns were collected in flat-plate geometry

with an incident angle fixed at 2◦ to optimize the signal from the thin film and minimize the substrate

background. Due to strong texturing in the deposited films, unit cell parameters were extracted via

Pawley refinement of the HRXRD data using the TOPAS 6 Academic software package. We utilized

the hexagonal Wurtzite prototype, space group P63mc, as the base structure for Pawley refinement.

The data was well fit by standard Gaussian + Lorenzian peak broadening profiles with an anisotropic

broadening factor to account for texturing.

2.2 Computation

First principles calculations were performed with the Vienna Ab initio Simulation Package (VASP)

using the projector-augmented-wave (PAW) potentials.13 We employed density functional theory (DFT)

in the generalized gradient approximation,14 on-site Coulomb interactions (DFT+U) for Zn-d orbitals

(U = 6 eV),15 hybrid functionals,16 and total-energy calculations in the random-phase approximation

(RPA).17 N and O soft pseudopotentials were used with a cut-off energy of 380 eV for the plane wave

basis set. The ordered ground state of ZTN has an orthorhombic crystal structure in the space group

Pna21 (33).

For defect calculations, a 2x2x2 supercell with 128 atoms was constructed. The bulk/defect supercells

were relaxed with a 2x2x2 Gamma k-point mesh. The convergence criteria is when the total energy

difference for each electronic step is less than 10-5 eV and total force on each ion is less than 0.02 eV.

Defect formation energies with band gap corrections were performed as described in Ref. [18], where

the GW corrected band gap value (Eg = 1.41 eV) was used (https://materials.nrel.gov). Finite size

corrections were applied as described in Ref. [19]. For electronic structure calculations in disordered

ZTN, we used the same supercells as for the defect calculations, and extended the approach of Ref. [8]

for the case of off-stoichiometric (Zn-rich and O-containing) ZTN, which was achieved by including both

N- and O-centered motifs in the model Hamiltonian. Monte-Carlo simulations and single-shot hybrid

functional (SSH+U) calculations for the electronic structure were performed in an analogous fashion as

in Ref. [8]. The mixing parameter (α) for the SSH+U functional was tuned to be 0.1617 for ZTNO

supercells with Zn/(Zn+Sn) = 0.67. This choice can reproduce the GW calculated band structures of

5
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small ZTNO cells with the same Zn or O ratio. A detailed account of the defect phase diagram in the

Zn-Sn-N-O system and the resulting electronic structures will be given elsewhere.

3 Results and Discussion

3.1 Structure
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Figure 1: (a) Representative HRXRD diffraction pattern taken at 15.5 keV of an annealed ZTN film
grown with added hydrogen (blue trace), and the associated Pawley fit (red trace) with residual (black
trace). The red tick marks give the peak positions for cation-disordered, wurtzite ZTN. (b) Extracted a
lattice parameter as a function of increasing zinc content for three sample libraries measured by HRXRD.
The gray symbols in panel (b) give RPA-corrected a lattice parameters calculated from atomic models
generated from MC simulations for Teff = 2000 K (squares) and 700 K (circles) (more details in the
text). The dashed vertical line indicates stoichiometric cation composition. For all films, a was found to
decrease linearly with increasing zinc content up to a threshold. Note that the slope of the linear region
of the experimental lines matches the slope of the computed lines, indicating good agreement between
theory and experiment.

We begin by presenting HRXRD patterns for as-deposited and annealed ZTN films, grown either with

added hydrogen or without, measured as a function of zinc content (Figure 1). Figure 1a shows represen-

tative HRXRD taken of a zinc-rich (Zn/(Zn+Sn)=0.67), low carrier density sample of ZTN grown with

added H2 and annealed post-growth under activated nitrogen (blue trace).10 This sample corresponds to

the champion low carrier density samples reported in a previous work.12 The red trace is the associated

Pawley fit, the black trace shows the residual between the fit and experiment, and the red tick marks

give the peak positions for cation disordered, wurtzite ZTN (determined by processing a DFT-relaxed

6
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structure through VESTA). An amorphous background can be seen in Figure 1a, which is an artifact

of the glass substrates on which these films were grown, and has been discussed in more detail in a

previous work.8 For SEM imaging of the microstructure for as-deposited and annealed films, we direct

the reader to the supplemental information of Ref. [12].

A peak shift to higher diffraction angle was observed with increasing off-stoichiometry for all peaks

in the three measured libraries (as-deposited, as-deposited with added H2, and grown with H2 then

annealed). Diffraction patterns for the three ZTN libraries were fit using Pawley refinement to extract

the a-parameter as a function of zinc content, as shown in Figure 1b. The value of the a-parameter was

found to decrease linearly with increasing zinc content up to a threshold for the three sample libraries.

After the threshold in zinc content, the variation in a-parameter with zinc content deviates from linearity,

although the value of a continues to decrease. Note that for the samples grown in hydrogen (maroon

and black symbols), the a-parameter is offset to larger values compared to the values for the N2-grown

library across the entire zinc composition range. This offset can be explained as resulting from hydrogen

incorporation in the lattice, which is supported by the lower hydrogen content measured by secondary

ion mass spectrometry (SIMS) in N2-grown films compared to H2-grown films reported in a previous

work.12

Generally, XRD peak shifts like those observed in Figure 1b can be thought of in the context of

Vegard’s Law, in which linear lattice parameter shifts for an alloy of two materials (A and B) indicate

successful A1-xBx mixing on a single crystal lattice without phase separation.21,22 For the zinc-rich ZTN

films in this work, which are known to contain approximately 14 at.% oxygen (see Figure S1 in the

Supplemental), the most plausible alloy model would be between stoichiometric ZnSnN2 and ZnO, since

both materials share a wurtzite crystal structure (as opposed to the binary Zn3N2 phase, which has

anti-bixbyite structure).23 For such an alloy to form, oxygen impurities would need to incorporate onto

lattice sites, specifically as oxygen substitutional defects (ON), which have been proposed several times

previously.4,12,24 Thus, we hypothesize that low carrier density, zinc-rich ZTN grown in the presence of

background oxygen consists of an alloy between ZnSnN2 and ZnO, in which carrier density is reduced

via the formation of defect complexes involving oxygen and excess zinc.

Based on this alloy hypothesis, we performed Monte-Carlo (MC) simulations for off-stoichiometric

Zn1+xSn1-x(N1-xOx)2. The temperature in the MC calculations can be identified with the “effective

temperature” (Teff) that is used as a descriptor for non-equilibrium growth.25 Thus, as-grown films

7
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with a higher degree of non-equilibrium disorder have a higher Teff that can be far above the actual

growth temperature. During annealing, the disorder is reduced and Teff approaches the actual anneal

temperature. We use here Teff = 2000 K as an estimate for the as-grown film,25 and Teff = 700 K

for the limit of a more-equilibrated annealed film. In order to correct the systematic overestimation of

lattice parameters in DFT-GGA by 1–2%, we determined a scaling factor obtained from random phase

approximation (RPA) calculations for the Pmc21 structure of ZTN, which has a smaller 8-atom primitive

cell.7 Thus, for the ordered Pna21 ground state of ZTN, we obtained a = 6.773 Å, b = 5.879 Å, and

c = 5.509 Å. These orthorhombic a and b values correspond to an average hexagonal lattice constant

of a = 3.390 Å. The atomistic models of the MC simulations were used to determine the composition

dependence of the lattice constants, which is discussed further below.

Notably, the calculated wurtzite lattice constant agrees perfectly with the experimental value for sto-

ichiometric ZTN deposited without H2 (blue symbols), although an uncertainty around 0.01 Å (0.3%)

should be expected even after the RPA correction.26 More importantly, the rate of decrease of the calcu-

lated a-parameters with increasing zinc content is in excellent agreement with that of the experimentally-

determined values. This consistency with experiment allows two conclusions to be drawn: (1) excess

zinc in off-stoichiometric films occupies cation sites instead of forming a secondary phase, and (2) oxygen

incorporation encourages formation of the zinc-rich structure, which supports the ZnSnN2/ZnO alloy

hypothesis proposed above.

3.2 Photoluminescence Spectroscopy

Next we present photoluminescence (PL) emission spectra taken at 4.25 K for zinc-rich, annealed ZTN

films grown in hydrogen (Figure 2; the same films as the zinc-rich films in Figure 1). Three films

displayed in Figure 2 were as-deposited and three were annealed under activated nitrogen. For each set

(red and grey), two spectra were measured on different regions of the same thin film library, and the

third spectrum was measured for a second library. For all films, a broad PL emission peak is observed

near 1.42 eV, but the intensity and line shapes vary depending on the sample. For annealed films (red

traces), a sharper peak appears near 1.48–1.50 eV. As described below, this high-energy peak is assigned

to bound excitons in the higher-electronic-quality annealed films.
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Figure 2: Representative low-temperature PL spectra from ZTN samples with Zn/(Zn+Sn)=0.67, either
annealed or as-deposited, plotted with a vertical offset and normalized for comparison. All spectra were
taken from samples with n-type carrier density in the range 4 x 1016–2 x 1017 cm-3. Note the appearance
of a peak at 1.48-1.50 eV for films that have been annealed, and the absence of such a peak for as-
deposited films.

Literature reports on ZTN photoluminescence are consistent with the PL data shown here. Previ-

ously, we observed luminescence in the range 1.35–1.50 eV for as-deposited films with varying stoichiom-

etry (all zinc-rich).4 Two works by another group reported PL emission spectra for ZTN grown by the

vapor-liquid-solid method (VLS), in which transitions at 1.50 eV and 1.72 eV were ascribed to defect

and near-band-edge luminescence, respectively.7,27 Given that the films were grown closer to equilibrium

than the films in this work (VLS growth being similar to flux growth), the higher energy luminescence

may be the result of a wider bandgap due to a lower fraction of non-equilibrium disorder.

Attribution of the PL emission in Figure 2 to exciton (annealed samples) and band-edge (as-deposited

samples) recombination are supported by the lineshapes, temperature and power-dependencies (see

below), and by comparison with the room temperature optical absorption spectra shown for annealed

and as-deposited films in Figure S2 of the Supplemental.

To identify the origin of PL emission peaks in Figure 2, we used power- and temperature-dependent

PL measurements. As shown in Figure 3a, the 1.49 eV peak position does not shift with increasing

laser power, while the peaks centered around 1.42 eV blue-shift by 25 meV/decade of excitation (black
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Figure 3: Power dependent (a) and temperature-dependent (b) PL emission spectra taken of the same
annealed, zinc-rich sample with Zn/(Zn+Sn)=0.67. Spectra in both panels are vertically offset for ease
of comparison. In panel (a), the peak at 1.49 eV does not shift as laser power is increased. Several peaks
are observed at lower energy, and these blue-shift with increasing laser power. In panel (b), the 1.49 eV
peak intensity is quenched as measurement temperature increases. Emission above 90 K is attributed
to band-edge luminescence.

arrow). In addition, the linewidth for 1.49 eV emission is constant when injection changes by 100x,

while the sub-band structure of the low-energy peak changes significantly. As shown in Figure S3 of the

Supplemental, the PL emission intensity vs. excitation intensity data can be described as power laws

PL ∝ P n, where n = 1.1 for the exciton emission and n = 0.88 for the defect emission. The exponent

n < 1 is typical for defect emission, while n > 1 is typical for exciton emission.28

As a function of temperature (Figure 3b), the 1.49 eV peak intensity decreases until quenching after

90 K (yellow trace). This suggests that the thermal energy at >100 K is larger than the exciton binding

energy, and emission at higher temperatures is attributed to the free and bound carriers, not excitons.

A semiconductor with a bandgap of 1.5 eV is expected to have approximate exciton binding energy of

7-8 meV ( e.g., GaAs or InP), and free carrier emission at >100 K is typical for such semiconductors. As

expected, the free/bound carrier PL emission peak (T >100 K) is broader than the exciton PL emission

peak (T <100 K).
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1.49 eV peak as a function of temperature. The data has been fit with the Varshni equation, which
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We used the model of Equation (1) to analyze the temperature-dependent intensity of the exciton

and defect PL emission:

I(T ) =
I0

(1 + Ae−Ea/kBT )
(1)

where I0 is the PL peak intensity at 0 K, A is a constant, kB is Boltzmann’s constant, and Ea is

the activation energy for the transition.28 We find Edefect
a = 49 ± 10 meV for the 1.42 eV peak, and

Eexciton
a = 12±1 meV for the 1.49 eV peak. Eexciton

a = 12±1 meV is slightly larger than the expected free

exciton binding energy (≤ 10 meV), and could indicate the exciton binding energy to defects. Because

the defect (1.42 eV) PL emission band has complex structure, only a limited temperature range was

used in estimating the defect activation energy. Defect PL emission is discussed in detail in Section 3.3.

In addition, the high-energy PL peak shift in Figure 3b is indicative of temperature-dependent

bandgap changes. Therefore, we used the Varshni equation to analyze the bandgap temperature depen-

dence:29

Eg(T ) = Eg(0)− αT 2

T + β
(2)

This analysis is shown in Figure 4b, where we find Eg(0) = 1.497 eV. The Varshni parameters extracted

for the zinc-rich, annealed ZTN film used in Figures 3 and 4 are α = 0.71 ± 0.06 meV/K and β = 488

± 40 K. These values lie intermediate to the values for GaN (α, β = 0.91 meV/K, 830 K)30 and InN
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(0.41 meV/K, 454 K).31 The temperature dependence of the bandgap for zinc-rich ZTN was determined

to be 0.2 meV/K, or ∼60 meV over the range 0–300 K.

3.3 Defect Luminescence

As observed in Figure 3a, the defect PL peak (1.42 eV) blue-shifts by 25 meV/decade of excitation. In

semiconductors dominated by point defects, a PL peak that shifts to higher energy with increased laser

power is attributed to donor-acceptor pair (DAP) recombination, in which the blue-shift occurs due

to increasing stabilization of donor-acceptor pairs by their Coulomb attraction in the final state.32–35

However, for heavily doped or highly compensated semiconductors, the DAP model does not apply,

because it assumes the concentration of point defects (or dopants) to be dilute.34,36 For the films in

this work, which are best modeled as an alloy between ZnSnN2 and ZnO due to zinc-rich composition

and significant oxygen incorporation, any dilute-defect assumption could be erroneous. Therefore, the

1.42 eV PL peak observed for the films in this work cannot be explained using the DAP model.

Two other possibilities for the origin of the 1.42 eV peak are electrostatic potential fluctuations

at the band edges,34,37–39 or variations in the bandgap due to varying degrees of cation disorder after

annealing.8,40 In the potential fluctuations model (sometimes termed quasi-donor-acceptor-pair),38,40

spatial variation in the distribution of defects throughout the semiconductor leads to variation in the

extent of the defect states into the bandgap.37 In the bandgap variation model, non-uniform distribution

of ordered and disordered cation arrangements causes the band edge densities of states to fluctuate.40

In both cases, the blue-shift with increased laser power results from photogenerated carriers filling

local energy minima, which causes additional carriers generated by increased excitation to populate the

available higher energy states. Also in both cases, the red-shift with increasing temperature is caused by

increased carrier mobility allowing carriers trapped in local minima to overcome the potential barriers

and redistribute to lower-energy levels. Either of these models would be a good fit for the origin of the

1.42 eV peak observed in this work.

3.4 Defects and Electronic Structure

At this point, it is important to discuss how exciton emission can be observed, considering these films

are known to have high point defect density and significant atomic and structural disorder. We note
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that the exciton peak is only observed for annealed ZTN films, suggesting the annealing treatment

modifies the electronic structure such that exciton emission is enhanced. To understand how this might

occur, we used calculated defect formation energies coupled with bandgap calculations for ZnSn(N1-xOx)2

(ZTNO) to compare the effects of defect interactions and thermal equilibration to the conclusions drawn

in Section 3.4. These data are presented in Figure 5.
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Figure 5: (a) Defect formation energies calculated for the isolated ZnSn acceptor and different possible
defect complexes involving ZnSn. Details on the chemical potentials and bandgap used are given in the
text. Note the significant reduction in formation energy for the ZnSn acceptor when complexed with a
pair of ON donors. (b) The band gap calculated in the SSH+U approach as a function of the effective
temperature Teff in the Monte Carlo simulation for Zn/(Zn+Sn) = 0.67. The bandgap determined from
the PL data is consistent with Teff = 1500 K, indicating an intermediate level of thermal equilibration.

Our defect calculations show a strong preference for oxygen incorporation in ZTN, and that oxygen

presence plays an essential role in compensating Zn excess. Figure 5a shows the defect formation energy

(∆Hf ) as a function of Fermi energy for the isolated ZnSn defect and a number of possible defect

complexes involving ZnSn. These calculations were performed using nitrogen chemical potential ∆µN =

+0.50 eV, Zn chemical potential ∆µZn = -0.52 eV, and oxygen chemical potential ∆µO = -3.22 eV. The

positive non-equilibrium value for ∆µN was used to account for the activated nitrogen source utilized in

deposition,41 ∆µZn was taken at the phase boundary between ZTN and Zn3N2 to account for zinc-rich

composition, and ∆µO was taken at the equilibrium with ZnO. As seen in Figure 5a, the formation

energy of the ZnSn acceptor for n-type ZTN (i.e. ∆EF ≈ ECBM) decreases sequentially as it complexes

with an increasing number of ON donors (going from green, to yellow, to blue lines). Such low formation

energy of the ZnSn+2ON complex is consistent with the significant oxygen incorporation measured by

RBS (Figure S1), and explains the ability to grow highly Zn-rich films in this and previous works without
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precipitation of Zn3N2 or ZnO secondary phases.4,12 Furthermore, the mutual compensation of ZnSn and

ON supports the ZnSnN2/ZnO alloy hypothesis proposed earlier.

Figure 5b shows the calculated bandgap of ZTNO as a function of the effective temperature (Teff)

defined in Section 3.1 for the Monte Carlo (MC) simulations. The calculated bandgaps were obtained

from two independent MC seeds at the same composition (Zn/(Zn+Sn) = 0.67) as the samples used

for PL analysis. We find the ZTNO bandgap widens as Teff decreases in the MC simulation, which

corresponds to decreasing non-equilibrium disorder (i.e. minimizing the fraction of N-Zn3Sn1 tetrahe-

dra).8 During cooling in the MC runs, short range order was found to increase, indicated by larger

fractions of energetically preferable N-Zn2Sn2 and O-Zn4 motifs. Compared to previous MC simulations

in stoichiometric ZnSnN2,8 the excess Zn/O incorporation in these models leads to a larger bandgap

for comparable Teff. The reduction of Teff in the MC simulations in this work can be correlated with

the experimental annealing treatment. Thus, the 1.5 eV bandgap estimated from the PL measurements

corresponds to Teff ≈ 1500 K, which is consistent with annealed films having a lower degree of non-

equilibrium disorder, and suggests that suitable annealing protocols could lead to a further increase in

the bandgap.

Taken together, the conclusions from the defect and bandgap calculations can be used to understand

how exciton luminescence is observed in the films in this work. We note that the lowest formation

energy complex in Figure 5a (ZnSn+2ON) is a neutral defect pair, which renders it electronically benign.

Upon annealing, the ZTN films discussed herein are brought closer to equilibrium (as shown in Fig-

ure 5b), which encourages formation of the benign ZnSn+2ON defect. Thus, there is reason to believe

that annealing treatment reduces the density of defect states in the bandgap by forming these neutral

complexes, resulting in higher electronic quality and allowing exciton luminescence to be observed de-

spite structural disorder. Indeed, the beneficial effect of removing defect levels and scattering centers

by forming charge-neutral complexes has been observed in other materials systems, e.g. in CuInSe2
42

and MgZnO.43 Finding evidence for this effect in zinc tin nitride suggests that appropriate growth and

annealing protocols can be used to produce material with both low carrier density and good minority

carrier transport properties.
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4 Conclusion

Here we have presented an experimental and computational investigation into the structure, electronic

quality, and defect interactions in low carrier density, zinc-rich ZTN. We observed near band edge

photoluminescence from well-resolved excitons and shallow defects in zinc-rich material with a high

degree of structural disorder. First principles calculations explain this result by the mutual passivation

of ZnSn and ON defects that forms electronically benign defect complexes and reduces the density of

charged defects in the material. Calculated bandgaps for ZnSn(N1-xOx)2 as a function of effective

temperature showed the bandgap widens as non-equilibrium disorder decreases, which can be correlated

to the effects of the annealing treatment in experiment. The bandgap estimated from PL data for low

carrier density material is 1.5 eV, corresponding to an intermediate level of disorder and suggesting

that bandgap tuning through disorder control should be possible via appropriate annealing protocols.

Ultimately, the results of this work demonstrate the possibility to achieve high electronic quality in

off-stoichiometric zinc tin nitride despite structural disorder, which places it in company with other

successful thin film PV materials.
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