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CHAPTER 1 INTRODUCTION TO THESIS 

Background and significance 

The progress of civilization and the quest for low-pollution energy sources
1,2

 produces new 

applications for materials which must be met by the creation of new materials or the application 

of existing materials to new roles. Metastable nitride semiconductors are set of materials where 

known materials have not yet been matched to applications and unknown materials await 

discovery. This dissertation seeks to match known materials to applications while discovering 

new materials and measuring their properties. 

Metal nitrides are interesting materials because the nitrogen can behave in a manner 

characteristic of neighboring elements in the periodic table (oxygen and carbon),
3
 leading to a 

wide variety of current and future applications.
4
 For example, titanium nitride (TiN) is similar to 

titanium carbide in its structure and conductivity. TiN has been investigated for its catalytic 

properties
5
 and used commercially for it wear resistance.

6
 Nitrides can also be oxide-like, 

running the spectrum from the ionic Li3N to the covalent Si3N4.
3
 The oxide-like nitrides include 

many semiconductors, and the group III nitrides are well studied and include materials such as 

GaN, InN, and AlN which have been used in photovoltaic systems and in light emitting diodes 

(LEDs).
4,7

 Only more recently have nitride materials outside of the group III nitrides been 

explored for optoelectronic applications. The covalent copper nitride (Cu3N) has recently been 

predicted to possess electronic tolerance to physical defects,
8
 Ta3N5 has been used an absorber in 

water-splitting applications,
9
 and alloys of the group IV spinel nitrides have been proposed as 

LED materials with tunable band gaps.
10

  

This thesis explores some of the lesser-studied materials in the metal nitride family, 

copper nitride (Cu3N), two tin nitrides (Sn3N4 and SnN1-δ) and antimony oxynitride, via high-

throughput combinatorial methods.  

High-throughput combinatorial experiments provide a wide range of compositions and 

synthesis conditions which allow the scientist to rapidly optimize a property or set of properties 

in a materials family,
11,12

 or to explore synthesis space for unreported compounds.
13

 Our current 

implementation of high-throughput materials science involves three steps: 1) Producing thin film 

samples with spatial gradients in composition or growth conditions, 2) Measuring the properties 
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nitrogen chemical potential is a conceptual insight in the field of materials-by-design, in 

particular computational materials prediction, and was extended to the nitrides of tin, antimony, 

and bismuth.  

Chapter 3 focuses on the previously known binary tin nitride Sn3N4 and its group IV 

nitride relatives. We report a study of the semiconducting properties tin nitride by theory and 

experiment, and a computational study of related group IV nitride polymorphs. Thin film 

synthesis was accomplished by high-throughput reactive sputtering, and DFT+GW and DFT slab 

calculations were used to explore the electronic structure. For tin nitride, we find a band gap of 

1.54 eV and predict a large hole effective mass and a small electron effective mass. Periodic and 

structural trends in electrical properties are observed in the IV3N4 polymorphs. The results 

provide insight into the solid-state chemistry of the materials family and suggest that tunable 

semiconducting properties may be available in the group IV nitride alloys. 

Chapter 4 extends the work of Chapter 2 to tin nitride. We demonstrated for Cu3N that 

simultaneous modulation of substrate temperature and target-substrate distance allows facile 

exploration of temperature-pressure phase space. This phase space can also be thought of as the 

growth conditions in terms of production of more oxidized or more reduced films. Until now, 

crystalline tin nitride has only been observed in its fully oxidized Sn(IV) form: the spinel Sn3N4. 

Utilizing anion chemical potential modulation developed in Chapter 2, we explored conditions 

more reducing than those needed to produce Sn3N4. By decreasing the nitrogen chemical 

potential using the pressure (target-substrate distance) variable, we synthesized an amorphous 

analogue of the Sn3N4 spinel, which is known in the literature to be a slightly reduced compared 

to the ideal Sn3N4. By reducing the chemical potential of nitrogen using the temperature variable, 

we synthesized a crystalline SnN1-δ compound, which likely contains Sn(II) and Sn(IV) species. 

The discovery of a novel, binary, semiconductor composed of Earth-abundant elements at mild 

synthesis conditions is exciting for two reasons. First, it demonstrates that the periodic table still 

holds compounds awaiting discovery. In the group IV nitrides, only the IV3N4 materials are 

known, and nitrides containing Si(II) and Ge(II) may possibly be prepared by this combinatorial 

sputtering method. Possible uses for this material include optoelectronic energy conversion 

application such as light emitting diodes, tandem photovoltaics, and photoelectrochemical water 

splitting, though the structure must be solved and the defect density reduced before practical 

applications are realizable. 
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Chapter 5 is a brief report on antimony oxynitride, Sb3N5-2xO3x, where x ≈ 0.4. Antimony 

oxynitride is an amorphous material that possesses very low conductivity and exhibits optical 

properties suggesting a semiconducting electronic structure. The material is metastable, and 

decomposes in inert atmosphere near 400°C. Gradual transformation to crystalline Sb2O3 was 

observed at ambient conditions, and this affect was more pronounced at films grown at increased 

substrate temperatures.  

Chapter 6 provides a summary of the conceptual insights contained in the preceding 

chapters. It also contains ideas to extend the work to future generations. The chapter is drolly 

subtitled “Great ideas undimmed by the challenges of actually trying them” and includes ideas to 

solve the crystal structure of SnN1-δ, ideas to prove that Cu3N (or any material) has defect 

tolerant surfaces, and extendable work in the Cu-Sn-N system. The chapter also contains 

references and names of collaborators to assist future researchers in completing these ideas.  
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Abstract 

Copper nitride (Cu3N) thin films were grown by reactive sputtering using a high-throughput 

combinatorial approach with orthogonal gradients of substrate temperature and target-substrate 

distance. This technique enables high-throughput modulation of the anion activity, and is broadly 

applicable to the combinatorial synthesis of other materials. Stable, phase pure Cu3N thin films 

were grown on glass substrates at temperatures between 150 and 200°C, depending on the target-

substrate distance. These 00L oriented thin films have 10-3 S/cm conductivity and 1.5 eV optical 

absorption onset, making Cu3N interesting for future studies in the context of solar energy 

conversion applications. The analysis of the synthetic results provides insights into the 

thermodynamic origins of the growth of metastable Cu3N, and sets a nitrogen chemical potential 

of +1 eV/atom as a lower limit of the anion activity that can be achieved in non-equilibrium thin 

film growth of metastable materials. The first step towards testing the transferability of this result 

to other materials was made by reactive sputtering of tin, antimony, and bismuth in nitrogen. 

 

Conceptual insights 

This work evaluates the potential for energy conversion applications of copper nitride, a rather 

unexplored simple binary metastable nitride semiconductor. Studying copper nitride in the 

context of solar energy conversion applications provides a conceptual advance in the field of 
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optoelectronic nitride semiconductors, a field that so far has been limited to group III nitrides. 

Further, shown herein is a high-throughput method for varying the activity of the anion during 

sputtering. The high-throughput variation of nitrogen activity demonstrated in this paper 

represents a readily applicable advance in the field of combinatorial materials science, which to 

date primarily focused on varying cation composition. Finally, this work provides a framework 

for evaluating the likelihood of synthesizing other non- equilibrium materials. The rationalization 

of the thermodynamic metastability of the copper nitride material in terms of its convex hull and 

atomic nitrogen chemical potential is a conceptual insight in the field of materials-by-design, in 

particular computational materials prediction, and was extended to the nitrides of tin, antimony, 

and bismuth. 

Introduction 

Semiconducting materials play an important role in modern technology due to their broad use in 

integrated circuits, chemical sensors, photodetectors, and other technologies. Of particular 

importance are the optoelectronic energy conversion applications of semiconductors, such as 

solar cells, light-emitting diodes, and phototelectrochemical devices. Thus the quest for new 

semiconducting materials, particularly Earth-abundant non-toxic systems, is a major research 

thrust in the field of materials science. Copper nitride (Cu3N) is a non-toxic metastable 

semiconducting material composed of Earth-abundant elements that has been proposed for 

applications in metallization layers,1–3 tunnel junctions,4 and resistive random-access memory 

(RRAM).5 Stoichiometric, nitrogen-rich, and copper-rich Cu3N materials have been previously 

reported.6–9 The published electrical conductivities vary from ~30 S/cm 10 to ~10-3 S/cm 11 and 

the published optical absorption onsets are in the range of 1.4 to 1.8 eV.7,11 There is 

disagreement regarding the value of the electronic band gap in Cu3N, some of which may be the 

result of inconsistent terminology,12 but reported values range from 0.25 eV to 1.90 eV.7,13 This 

range nevertheless suggests that the binary Cu3N has a potential as a solar absorber, and one of 

the goals of this work is to evaluate this possibility. The related ternary copper nitride CuTaN2, 

which has the same linear N-Cu-N structural motifs as Cu3N, has been recently reported to be 

promising for solar energy conversion applications because of its calculated band gap of 1.3 eV, 

measured absorption onset at 1.5 eV, and large calculated absorption coefficient of 105 cm-1 just 

0.1 eV above the onset.14 The N-Cu-N structural motifs in both Cu3N and CuTaN2 lead to anti-
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bonding character of the valence band maximum, which could result in tolerance of the electrical 

properties of these copper nitride materials to structural defects.15                                                           

Most of the prior work on Cu3N has been in thin film form with the samples 

produced by reactive sputtering. In the reactive sputtering of Cu3N, nitrogen gas reacts with 

a copper metal target forming on its surface a copper nitride compound layer. Argon and 

nitrogen ions are created in plasma and accelerated by electric field towards the Cu target, 

sputtering off the Cu3N compound layer. The sputtered Cu and N species, partially reacting 

in the gas phase, are collected on a glass substrate where the Cu3N compound re-forms. 

Since Cu3N is thermodynamically metastable with respect to decomposition into copper and 

nitrogen (+0.2 eV/at),16 an important variable in the growth of Cu3N is the activity of 

nitrogen at the film surface. For a given partial pressure of nitrogen, nitrogen activity is 

expected to decrease with increasing target-substrate distance due to gas-phase 

recombination of sputtered N species, and to decrease with increasing substrate temperature 

due to N2 emission from the growing film. While the temperature10,11,13,17 and pressure6–

8,11,17–19 variables of Cu3N growth have been investigated, the target-substrate distance effect 

on nitrogen activity has not been studied so far. In this work we study the effect of nitrogen 

activity on the synthesis, structure and properties of copper nitride by simultaneous control 

of the target-substrate distance and substrate temperature.  

An efficient way to establish fundamental synthesis-structure-property relationships in 

materials is the thin film combinatorial approach.20 Our current implementation21 of this high-

throughput experimental strategy relies on (a) establishing gradients in growth parameters across 

the substrate during synthesis, (b) measuring the properties of the resulting combinatorial 

libraries as a function of position, and (c) analysing the resulting large amounts of data in a semi-

automated way. Current combinatorial literature contains many examples of cation composition 

gradients,22–26 and a few examples of substrate temperature gradients,27–31 however, anion 

activity so far has not been studied via a high-throughput method. The present work fills this gap 

by growing copper nitride thin films with orthogonal gradients of temperature (TS) and target-

substrate distance (dTS), such that each point on the substrate experiences a unique combination 

of TS and dTS growth conditions. In this experiment, equivalent nitrogen activity is achievable by 

different combinations of TS and dTS, enabling direct mapping of the constant nitrogen activity 

contours as a function of these two variables. 
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Experimental 

The copper nitride thin film sample libraries were deposited on glass substrates by radio-

frequency (RF) reactive sputtering of copper in 10 mTorr of nitrogen supplied through an RF 

atom source, balanced by 10 mTorr of argon supplied through a mass flow controller. The 

substrate was mounted at 45° relative to the sputter gun, resulting in a dTS gradient of 13 to 15 

cm. Only one side of the substrate was in thermal contact with a heater resulting in a TS gradient 

of 140 - 280°C perpendicular to the dTS gradient. Each sample library was characterized at 88 

points for phase purity using X-ray diffraction (XRD), for absorption properties using optical 

spectroscopy and for conductivity using sheet resistance measured by four-point probe combined 

with thickness measured by X-ray fluorescence (XRF). The morphology of selected sample areas 

was imaged with scanning electron microscopy (SEM). More details about the experimental 

methods can be found in the supplementary information as well as our prior publications.23,25 

Results and discussion 

As shown in Figure 1, phase pure 00L oriented Cu3N thin films were produced at low substrate 

temperatures and short target-substrate distances. Higher synthesis temperatures and longer 

target-substrate distances resulted in randomly oriented Cu3N films, possibly seeded by 

nanoscale copper inclusions that are not detectable by XRD. The transition between the 00L 

oriented and the polycrystalline regions occurred between TS ≈ β00°C at dTS = 13 cm and TS ≈ 

140°C at dTS = 15 cm. Crystalline copper inclusions and subsequently pure copper films were 

observed in the XRD at the highest temperatures and the longest target-substrate distances. Note 

that the co-existence of Cu and Cu3N indicates non-equilibrium synthesis according to the Gibbs 

phase rule. The production of both Cu1+ and Cu0 species in this experiment demonstrates that the 

anion activity was modulated by the simultaneous control of the substrate temperature and the 

target-substrate distance. This strategy may be also applicable to other material systems, as 

shown later in the paper for tin, antimony and bismuth.  

 There are two likely mechanisms that can explain the measured synthesis phase map of 

the metastable copper nitride (Fig. 1). The first mechanism, which is thermodynamic in nature, is 

that a sufficiently high concentration of reactive nitrogen species is present at the surface of the 

growing copper nitride film at low target-substrate distances (due to decreased opportunity for 
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Fig. 2.1: Copper nitride growth map as a function of substrate temperature and target-substrate distance. The 

dashed line separates growth conditions which produced phase pure Cu3N from those which produced Cu3N & Cu. 

Along this line ΔμN= +0.8 eV/N. The dotted line separates growth conditions which produced Cu3N & Cu from 

those which produced Cu. The colour scale is the degree of crystallographic orientation and is the sum of the areas 

of the 001 and 002 peaks divided by the areas of the four measured Cu3N peaks, with the value of 0.3 corresponding 

to a randomly oriented film. 

2N/N2 gas phase neutralization) and low substrate temperatures (due to less likely reemission of 

N2 from the growing film). The second mechanism, kinetic in origin, is that the high arrival rates 

of copper and nitrogen atoms suppress the reemission of N2 by adding more material before 

molecular nitrogen can form. In order to test these two hypotheses, we compared the films grown 

with (i) the nitrogen atom source on (250 W) and off (0 W) and thus resulting in different 

concentrations of reactive nitrogen species, and (ii) with different power applied to Cu target (15 

W, 20 W and 25 W) and thus resulting in different rates of arriving copper and nitrogen atoms. 

As shown in supplementary Figure S1, the first experiment led to dramatic decrease in the size of 

the phase pure region while the second experiment did not significantly change the results when 

compared to Fig. 1. The results of these two experiments indicate that in the studied range of 

conditions the concentration of reactive nitrogen species rather than the rate of arrival of copper 

and nitrogen atoms controls the growth chemistry of copper nitride. Thus, sparingly, the driving 

force behind the synthesis of phase-pure metastable Cu3N can be viewed as thermodynamic 

rather than kinetic in its origin. 

As show in Figure 2, conductivities of the 00L oriented thin films deposited at <160°C 

were consistently in the range of 5x10-4 S/cm to 2x10-3 S/cm. The conductivity numbers and 

XRD patterns of these Cu3N samples did not change after 1+ years of sample storage at ambient 

conditions, suggesting that the films are shelf-stable. By increasing the substrate temperature to 

170 - 220°C, the conductivity rose by a factor of 10 - 1000, and for some of these samples 

copper inclusions were observed in the XRD (Fig. 2 right axis). Such inclusions or similar 

copper richness are possible reasons for large variations of copper nitride conductivity reported 
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in the literature.7,32 Thin films deposited at 270 - 280°C substrate temperature had 103 S/cm 

conductivity consistent with predominantly metallic copper clearly observed by XRD.  

As demonstrated in Figure 3, for the phase pure 00L oriented Cu3N thin films grown at a 

substrate temperature of 160°C and at short (13.0 - 13.5 cm) target-substrate distances, the 

optical absorption onset ranged from 1.4 to 1.6 eV and the onset was steepest (lower portion of 

 

 

 

 

 

 

Fig. 2.2: Electrical properties and phase purity of copper nitride thin films. The right axis is the area of Cu3N XRD 

peaks divided by the areas of Cu3N and Cu XRD peaks. Thus a value of unity corresponds to phase pure Cu3N. The 

spread of data for fixed TS results from the differences in dTS = 13.0, 13.7, 14.3 and 15.0 cm. 

 

Fig. 3a and Fig. 3b). In contrast, significant sub-gap absorption was observed in the 

polycrystalline samples grown at longer target-substrate distances with a decrease in the 

steepness of the onset (dashed line in Fig. 3a and Fig. 3b). Finally, small copper inclusions are 

observed in XRD at the longest target-substrate distances. At dTS = 15 cm, the sub-gap 

absorption increases significantly, presumably due to increased concentration of these metallic 

inclusions (upper trace in Fig. 3a and 3b). We note that Fig. 3a is very similar to the results 

obtained by Pierson when the flow rate and partial pressure of nitrogen was modulated:6 the 

present target-substrate distance gradient appears to mimic changes in partial pressure of 

nitrogen.  

Synthesis of 00L oriented copper nitride thin films with low conductivity and no sub-gap 

absorption satisfies the minimal requirements for this material to be studied in the future as a 

solar absorber. However, optical absorption and electrical conductivity are not the only important 

parameters for this and other semiconductor applications. For example in photovoltaics, the 

minority carrier lifetime, which is determined by defect density (reflected by the measured sub-

gap absorption), as well as the concentration and mobility of the majority charge carriers (on                                                                                                                      

which the measured electrical conductivity depends), are crucial parameters for device 

performance and would need to be studied. We also note that the measured absorption onset 
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(which defines the short circuit current limit of a solar cell) does not necessarily correspond to 

the band gap (which sets the limit of the open-circuit voltage of a photovoltaic device), 

particularly for semiconductors that have an electronic structure with indirect or forbidden 

character of the band gap. Finally, the long-term operational performance of a metastable 

semiconductor like Cu3N would be necessary to consider. Future work will focus in more detail 

on the stability, transport, optical, and electronic structure properties of copper nitride with the 

goal to assess more rigorously its potential as a solar energy conversion material. 

 

Fig. 2.3: Structural and optical properties of Cu3N thin films: (a) XRD patterns and (b) optical absorption spectra 

at different target-substrate distances (dTS) and a constant substrate temperature of 160°C. An alternative form of 

this figure is available in the supplementary information Figure S2. 

 

It is interesting to note that not only the phase purity and preferential orientation, but also 

the grain size of the copper nitride thin films depend on both substrate temperature and target-

substrate distance. From the microscopy measurements shown in Figure 4, films with small 

grains (30 to 50 nm) were observed in the 00L oriented regions at the lowest temperature and 

shortest target-substrate distance (Fig. 4a). Polycrystalline Cu3N films with grains of 50-100 nm 

(Fig. 4c) were grown at higher temperatures and longer target-substrate distances. A narrow band 

of 200 nm crystallites (Fig. 4c), visible to the eye as a dark stripe across the sample (Fig. 4 top 

left), was observed near the transition from textured to polycrystalline film. These 200 nm grains 

decreased in concentration with increasing distance from the transition region (Fig. 4 centre). 

The largest grains were 300 nm in size and were grown at a temperature of 230°C, where copper 

a	 b	
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inclusions were observed by XRD. Above this temperature the copper nitride decomposed, and 

the remaining copper was composed of complex, voided crystallites 100 to 200 nm in size. 

Cross-sections of the thin film regions with the 00L-textured (Fig. 4a) and polycrystalline (Fig. 

4c) phase pure Cu3N revealed columnar structures while larger grains were observed in the 

transition region between these two limiting cases (Fig. 4b). While the mechanistic details of 

growth are not known, we propose that changes in anion activity leading to changes in energy, 

charge and composition of the grain surfaces are likely responsible for the observed variations in 

morphology. Specifically, we hypothesize that nitrogen-rich grain surfaces repel each other 

leading to small 00L oriented grains (Fig. 4a), copper-rich grain surfaces coalesce but seed small 

polycrystalline grains (Fig. 4c), and stoichiometric grain surfaces coalesce forming the largest 

grains in the narrow region between these cases (Fig. 4b). The elemental composition of the 

grains at the microstructure level is currently unknown. It is interesting that small changes in 

target-substrate distance and temperature have such dramatic affects on film morphology, and 

further tuning of these parameters could lead to intentional control of film roughness.      

                                                                                                                                              
 

Fig. 2.4: Morphological properties of the Cu3N thin films. Top left: Photograph of a combinatorial thin film sample 

with the cross denoting the locations of SEM surface images (centre) and letters indicating locations of cross-

sections. Centre: SEM surface images of copper nitride thin films taken 1 mm apart along the cross shown in the 

photograph. The cross-sectional images of the film are shown for the (a) 00L textured, (b) transition, and (c) 

polycrystalline regions of the film.  
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The ability to synthesize phase pure Cu3N thin films with 00L orientation (Fig. 1), 

semiconducting properties (Fig. 2 and Fig. 3) and reasonable morphology (Fig. 4), despite the 

thermodynamically metastable character of this material may be attributed to the high energy of 

copper and nitrogen precursors used in the non-equilibrium sputtering process. In 

thermodynamic equilibrium, Cu3N is unstable (ΔHST
Cu3N = +0.2 eV/atom) with respect to 

decomposition into metallic copper solid and molecular nitrogen gas standard reference states:16 

 

3 Cu (metallic) + ½ N2  Cu3N (+0.2 eV/atom)  (1)  

 

In contrast, Cu3N is stable (ΔHAT
Cu3N = -3.6 eV/atom) with respect to decomposition into 

the copper atoms (+3.5 eV/at with respect to copper solid) and nitrogen atoms (+4.9 eV/atom 

with respect to molecular nitrogen33) that are used as precursors in the non-equilibrium 

sputtering process:34 

 

3 Cu (atoms) + N  Cu3N (-3.6 eV/atom)  (2) 

 

This difference can be visualized by the energy vs. composition diagram of the copper-

nitrogen system shown in Figure 5. It is notable that the Cu-N ground state line forms a “convex 

hull”35 with Cu3N at the bottom when referenced to copper atoms and nitrogen atoms, in contrast 

to the case of Cu solid and N2 gas. This illustrates why it is possible to make metastable Cu3N 

from sputtered copper atoms and nitrogen atoms despite the positive formation enthalpy of this 

material with respect to the standard states.  

 

Fig. 2.5: Convex hull diagram for Cu-N system with respect to atomic copper and atomic nitrogen (blue lines) as 

well as molecular nitrogen and solid copper standard reference states (red lines).  
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It is possible to use the ΔHAT
Cu3N = -3.6 eV/atom formation enthalpy of Cu3N obtained 

from the quasi-equilibrium analysis  (Eq. 1 and Eq. 2) and visualized in Fig. 5 to quantify the 

effective partial pressure of nitrogen atoms as well as the nitrogen chemical potential as a 

function of target-substrate distance during the Cu3N growth. The enthalpy of formation of Cu3N 

is equal to the sum of the chemical potentials of atomic copper (ΔμCu) and atomic nitrogen (ΔμN) 

as described by: 

 

ΔHAT
Cu3N = ΔμN + ΔμCu = -3.6 eV/atom   (3) 

 

In quasi-equilibrium with copper atoms (indicated by the dashed line in Fig. 1) ΔμCu = 0 

eV/atom and thus from Eq. 3 the chemical potential of nitrogen is ΔμN = -3.6 eV/atom. This ΔμN 

can be written using as:36  

 

ΔμN(T,P) = Δμo
N(T,P°) + kBT*ln(P/P°)   (4) 

 

where T is the temperature, P is the pressure, P° is the reference pressure, kB is the 

Boltzman constant and ΔμN°(T,P°) is the temperature-dependent standard free energy calculated 

using the Shomate equation and coefficients from the NIST-JANAF thermochemical tables.37  

To determine the range of atomic nitrogen partial pressures, one can solve equations (3) 

and (4) knowing from Fig. 1 the temperatures at which Cu3N is in equilibrium with Cu. We find 

that the pressure varies between 10-31 Torr and 10-26 Torr as the target-substrate distance changes 

from 13 cm to 15 cm and the equilibrium temperature varies from 150 to 200°C. Such 

remarkably small partial pressures of atomic nitrogen required to synthesize copper nitride is the 

result of large cohesive energy of copper solid and nitrogen molecules (Fig. 5). We note that our 

effective partial pressure of atomic nitrogen corresponds to the net chemical potential of all 

nitrogen species present in the discharge.38,39 To assess the highest achievable effective chemical 

potential of nitrogen for this synthetic technique, we substitute the highest pressure value 

calculated above (10-26 Torr) and a reasonable expected temperature for a substrate without 

active heating or cooling (100°C) back into Eq. 4, producing a value of -2.8 eV/N. This is 2.8 

eV/N below the atomic Cu to atomic N tie line, and 1 eV/N above the solid Cu to molecular N2 
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tie line (Fig. 5). This indicates that metastable binary nitrides that require nitrogen chemical 

potential of up to +1 eV/atom could potentially be synthesized using reactive sputtering with an 

atomic nitrogen source. While this limit is likely to be specific for the deposition instrument used 

in this experiment, the chemical potential limit of any other instrument may be evaluated by 

finding the maximum temperature at which a known metastable material can be synthesized 

phase-pure and then following the analysis presented above.  

The quasi-thermodynamic analysis presented above provides some insight into the range 

of the chemical potentials that are achievable by non-equilibrium growth techniques. This insight 

is important for the computational design of new materials, which has recently attracted 

significant attention40,41 and has resulted in a few experimental discoveries of previously 

unreported compounds.42,43 However, a large fraction of materials that are currently being 

synthesized are thermodynamically unstable.44 Also, it has been recently noted45  that a large 

number of theoretically predicted useful ternary materials are unstable with respect to competing 

phases. Referencing these hypothetical non-equilibrium materials to their atomic components, as 

illustrated in Fig. 5, can be used to evaluate which of them have any chance of being 

synthetically achievable. Specifically, as illustrated above for the binary metal nitrides it can be 

expected that metastable materials that require up to +1 eV/atom nitrogen chemical potential 

should be synthesizable. However, it is important to emphasize that such analysis would provide 

a necessary but not sufficient metric of synthesizability, because a sufficiently high kinetic 

barrier to decomposition must also exist to stabilize the non-equilibrium phase. This is likely to 

be especially important in the case of ternary or more chemically complex compounds where 

disproportionation into constituent binaries is at least as important as decomposition into 

elemental phases. 

As a first step towards demonstrating the generalizability and predictability of the quasi-

thermodynamic analysis for other nitride systems, we selected three metal nitrides (tin nitride, 

antimony nitride and bismuth nitride) and attempted their synthesis. Tin nitride, Sn3N4, can be 

used to show the generalizability of our quasi-thermodynamic model. Using the fitted elemental 

reference energies approach (FERE)46 Sn3N4 has an formation enthalpy of +1.56 eV/formula 

unit, or about +0.4 eV/N with respect to decomposition into Sn metal and N2 gas. Using an 

analysis similar to Fig 5. (cohesive energy of tin = 3.1 eV/atom) we obtain a required atomic 

nitrogen chemical potential of -3.7 eV/N for synthesis of this material. At our maximum 
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calculated partial pressure of atomic nitrogen (10-26 Torr) and using Eq. 4 we estimate that Sn3N4 

should be synthesizable up to 220°C. This is, as expected, higher than the maximum temperature 

for the less-stable Cu3N, and should be a good test for the generality of the quasi-thermodynamic 

chemical potential model. The formation energies and the crystal structures of the two other 

nitrides, antimony nitride and bismuth nitride, have not been reported in literature, so the 

maximum temperature of their synthesis is a prediction of their stability relative to Cu3N. The 

results of investigations of Sn-N, Sb-N and Bi-N are compared to Cu-N in Table 1 and in Figure 

S3 of the supplementary information.  

The synthetic results indicate that tin nitride does not start decomposing into Sn and N2 

until higher temperatures than Cu3N, qualitatively supporting the quasi-thermodynamic analysis. 

However the metallic Sn did not precipitate out of Sn3N4 until 450°C, which is above the 220°C 

estimated from the quasi-thermodynamic model. We attribute this difference to the multivalent 

character of tin(which can be not only in IV+ but also in II+ valence state), since other nitrogen-

deficient tin nitride phases were observed at intermediate temperatures. More information about 

the structure and physical properties of these tin nitrides will be published in the future. Overall, 

the results for Sn-N are qualitatively consistent with the quasi-thermodynamic model suggesting 

its generalizability, but more quantitative work on this topic is needed. 

  

Table 1: Chemical formula, crystal structure, heat of formation of metastable nitrides and the lowest temperature at 

which crystalline metallic species were observed in XRD at dTS=13 cm. 

 

Formula Structure ΔHf (eV/N) Tmet (°C) 

Sn3N4 spinel 0.4 450 

Cu3N anti-ReO3 0.8 200 

SbxNy unknown unknown 350 

BixNy unknown unknown ambient 

 

Antimony nitride was observed as an amorphous semiconducting film up to 350°C, and 

metallic bismuth was the only crystalline phase obtained at ambient substrate temperature. These 
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results indicate that the thermodynamic stability of Sb-N is comparable to that of Sn-N, and that 

the stability of Bi-N is lower than that of Cu3N. These qualitative predictions require further 

quantification and call for further experimental and theoretical verification, but they are 

consistent with the scarce literature on Sb-N and Bi-N materials. For antimony nitride, 

amorphous semiconducting Sb-N thin films47 and material with an Sb:N = 3:1 composition48 

have been reported, suggesting it may have stability similar to Sn-N. In contrast, early reports on 

bismuth nitride suggest that it is quite reactivive,49,50 and thus likely less thermodynamically 

stable than Cu3N. More detailed results of the synthesis and stability of Sb-N and Bi-N will be 

the subject of future publications.  

Overall, the results of the Sn-N studies compared to Cu3N indicate that the quasi-

thermodynamic analysis may be extendable to other metastable nitride materials, and a first 

attempt of prediction based on such extension is made for the Sb-N and Bi-N materials, but 

clearly further research in this area is needed. Once the atomic chemical potential model is fully 

established, it can be used for predictions of the thermochemistry related quantities that depend 

on chemical potential (such as defect formation energies and charge carrier concentrations) for 

both metastable and stable nitrides. If successful, such approach may also be generalizable to 

other anions such as O, F, or S in the future. 

 

Conclusions 

In summary, we report the synthesis and semiconducting properties of metastable copper nitride 

thin films prepared using reactive sputtering. Phase pure Cu3N thin films were synthesized in the 

presence of a nitrogen atom source using a high-throughput combinatorial approach with 

orthogonal gradients of target-substrate distance and substrate temperature, both affecting the 

nitrogen activity. In turn, the nitrogen activity influences both the phase purity and the 

morphology of the resulting Cu3N thin films. This high-throughput synthesis technique is a 

valuable contribution to combinatorial materials science, which up to date has focused primarily 

on cation gradients. The phase pure 00L oriented Cu3N thin films have conductivities of 10-3 

S/cm and a 1.4 – 1.6 eV optical absorption onset. These results indicate that Cu3N may be a 

promising candidate for solar cell absorber applications, calling for more detailed studies on this 

topic. Additionally, we report the quasi-thermodynamic chemical potential model for the 

synthesis of Cu3N, which explains the sputtering growth of this metastable material by 
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referencing it to its atomic (Cu and N) rather than standard (Cu solid and N2 gas) reference 

states. Using this model, we estimate that at least +1 eV/atom effective nitrogen chemical 

potential is achievable in the process of reactive sputtering with a nitrogen atom source. This 

result, and the underlying quasi-thermodynamic model, may be generalizable to theoretical 

prediction and experimental synthesis of other metastable materials as exemplified for the 

nitrides of antimony, tin, and bismuth. 
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Notes 

Electronic Supplementary Information (ESI) available: More detailed experimental methods 

and a comparison of films grown with and without the atomic nitrogen source and at 

different target powers is available.  A reformatted version of Fig. 3 is presented. 

Additionally, XRD patterns from the investigations of tin, antimony, and bismuth systems 

are available. See DOI: 10.1039/c4mh00049h 

 

Supplementary information  

Copper nitride thin films were prepared by radio-frequency (RF) reactive magnetron 

sputtering of a 50 mm circular copper target in an argon and nitrogen atmosphere. Power 

supplied to the target was 15, 20, or 25 W, and the depositions were carried out with the 

target fully poisoned. A 50 mm by 50 mm glass substrate was cleaned in an ultrasonic bath, 

first with acetone and second with isopropanol. The substrate was then subjected to oxygen 

plasma to remove any organic residue. This substrate was mounted in the deposition 

chamber at an angle of 45° relative to the sputter gun. The near side of the sample was 13 

cm from the gun and the far side of the sample was 15 cm from the gun. The top side of the 
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substrate was mounted with silver paste to a heater set to 250 °C, and the remainder of the 

substrate was suspended in vacuum. This produced a temperature gradient perpendicular to 

the target-substrate distance (dTS) gradient, such that each point on the substrate experienced 

different growth conditions. The temperature at the substrate surface varied from 280 °C 

(slightly above the set point) to 140 °C. Prior to deposition, the target was preconditioned by 

sputtering for at least 30 minutes with a shutter in front of the substrate.  

The flow rate of both nitrogen and argon was 10 sccm, and the total chamber pressure was 

20 mTorr. The argon was supplied through a mass flow controller and the nitrogen was 

supplied through an atomic gas source (Oxford Applied Research model HD25) and 

controlled by a calibrated needle valve. The atomic gas source is designed to crack gas 

molecules using a radio-frequency field, and was turned on to produce some of the samples 

and kept off for others. When the atomic gas source was on, the power was set to 250 W. 

After a 3.5 hour deposition, the sample was allowed to cool with argon and nitrogen flowing 

and the sputter gun and atomic gas source off, and it was then removed from the chamber. 

As shown in Fig. S1a, using an atomic nitrogen source significantly improves the phase purity 

and preferential orientation of Cu3N thin films. In contrast, changing the power applied to the 

copper target with the nitrogen atom source in operation does not appreciably influence the phase 

purity and 00L orientation of the resulting Cu3N thin films, under otherwise equal deposition 

conditions (Fig. S1b). Together, these two results indicate that the high activity of nitrogen is a 

more important component for growth of phase-pure Cu3N thin films than the rate at which these 

thin films are synthesized, within the range of investigated synthesis conditions. 

 Both structural and optical properties changed as a function of target-substrate distance. 

Shown in Figure S2 is an alternative representation of Figure 3 from the main text. 

 Analysis of our results from copper nitride indicate that binary nitride compounds with 

ΔHf = +1eV/N should be accessible by the method of sputtering with an atomic nitrogen 

source. This motivated the synthetic study of three other metastable nitrides of tin, antimony 

and bismuth. Tin nitride adopts the spinel crystal structure and has Sn3N4 chemical 

composition. No crystallographic information or chemical composition is available in 

literature or databases for either bismuth nitride or antimony nitride. Shown in Figure S3 are 

XRD patterns of the results of sputtering these metals in a nitrogen and argon atmosphere. 
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The top trace in each pane is the lowest temperature at which metallic precipitates were 

observed in XRD at a target-substrate distance of 13 cm. 

 
 

 

  

 
 

 

Fig. S2.1 (a) XRD patterns of films grown at 20 W Cu, 160 °C, and dTS = 13 cm with the cracker on at 250 W 

(on) and 0 W (off). (b) XRD patterns of films grown at 160 °C, and dTS = 13.8 cm with the cracker on at 250 W. 

All XRD patterns are normalized for film thickness and diffraction collection time. 
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Fig. S2.1 (a) XRD patterns of films grown at 20 W Cu, 160 °C, and dTS ranging from 13 cm (top blue trace) to 15 

cm (red trace). (b) Optical characterization of the same films. 



  

23 
 

 

Fig. S3: XRD patterns of films obtained by sputtering (a) antimony, (b) tin, and (c) bismuth in a nitrogen 

and argon atmosphere with an atomic nitrogen source. In the top pattern of (b) metallic tin is marked by (*) 

while tin nitride is marked with (+). 
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Abstract 

Tin nitride, Sn3N4, is a semiconductor composed of abundant elements with a band gap in the 

visible range making it an excellent candidate for optical and electronic applications. In this 

work, the semiconducting properties of tin nitride are explored by thin-film experiments and 

first-principles theory to evaluate the efficacy of this material for optoelectronic technologies. A 

computational study of related group IV nitride polymorphs provides additional insight into the 

properties and challenges associated with this class of semiconductors. From theory for tin 

nitride, we determined a band gap of 1.54 eV, and predict a large hole effective mass and a small 

electron effective mass. Experimentally, the carrier concentration was found to be as low as 1018 

cm-3 (n-type), with an electron mobility of ~1 cm2/Vs, a minority carrier diffusion length of 50-

100 nm, and an ionization potential of 5.9-6.0 eV. Periodic and structural trends in electrical 

properties are observed in the IV3N4 polymorphs: Hole effective masses generally increase down 

the period and are structure-dependent while electron effective masses decrease down the period 

and show no strong structural trends. The results provide insight into the solid-state chemistry of 

the materials family and suggest that changing composition in the group IV nitride alloys will 

have a large impact on the fundamental semiconductor properties such as carrier effective 

masses.  
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Introduction 

Nitride materials find diverse uses in industry and research. The nitrides of silicon and titanium 

are used extensively as wear-resistant coatings, and established semiconductor uses of nitrides 

include the group III nitrides,1,2 used as light-emitting diodes (LEDs) and solar absorbers, and 

silicon nitride, which is used as an antireflective layer in silicon photovoltaics. Nitride materials 

with emerging or potential optoelectronic applications include tantalum nitride, which has been 

used as an absorber in water splitting,3 copper nitride, which has been predicted to possess 

electronic tolerance to physical defects and thus be suitable for photovoltaics,4 and solid 

solutions of the group IV spinels, which have been suggested as tunable band gap materials for 

LEDs.5 Group IV nitrides commonly take the form IV3N4, and they display diverse properties 

including predictions of superhardness in carbon nitride,6 industrially useful wear resistance in 

silicon nitride,7 catalytic activity in germanium nitride,8 and a band gap in the visible range in tin 

nitride.5 Due to the visible band gap, combined with its composition of abundant elements, we 

were motivated to study Sn3N4 for solar energy conversion. 

Tin nitride, Sn3N4, is known to be a metastable semiconducting material that assumes the 

spinel structure.9 Limited literature data exists on the semiconducting properties of this material: 

It is n-type, with reported carrier densities of ~1020 cm-3 and mobilities of ~3 cm2/Vs.10 The 

optical absorption onset has been observed at 1.94 to 2.25 eV11 (for material prepared by 

chemical vapor deposition) and 1.5 eV10 (for material prepared by reactive sputtering).  Several 

computational studies on tin nitride exist, reporting the electronic band gap at 1.5 eV by density 

functional theory (DFT),5 1.29 eV (by othogonalized linear combination of atomic orbitals 

within DFT),12 and 1.15 eV (by local density approximation).13 A non-crystalline phase of tin 

nitride has been reported by several groups11,14,15 and may contain reduced forms of tin such as 

Sn(0) and Sn(II) compared to the ideal Sn(IV) material.16 Tin nitride is not used industrially, but 

it has been suggested as a material for light-emitting diodes,5 and exploitation of its metastable 

character has been demonstrated as means to produce small metallic Sn(0) features such as 

interconnects in microelectronics.17 Researchers have investigated the photoelectrochemical 

activity of the amorphous phase, finding it could potentially serve as a photo-catalyst for water 

oxidation.18 Another application that has been probed is lithium ion batteries, where the 

crystalline Sn3N4 decomposed and metallic Sn-Li alloys were found to be the electrochemically 

active phase.19  
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To address the challenges posed by this material’s metastability and explore its 

semiconducting properties further, it would be interesting to develop new synthetic schemes that 

control the crystal phase, composition, and semiconducting properties generally. Tin nitride has 

been most frequently prepared by reactive sputtering of tin metal in a nitrogen-containing 

atmosphere.10,15,17,20–23 Sn3N4 films can also be obtained by chemical vapor deposition (CVD) 

from halide24 and organometallic11 precursors. Bulk nanocrystalline synthesis can be 

accomplished by solid-state ion-exchange,25 by thermal decomposition of a tin amide imide 

prepared in liquid ammonia,26 and by wet-chemical methods from halide salts.27 In contrast to 

these methods, ourselves and others have been pursuing high-throughput combinatorial synthesis 

and characterization,28,29 a technique that becomes even more powerful when combined with 

computational studies and more detailed characterization of a smaller set of samples. Our current 

high-throughput methodology involves thin film synthesis with composition30,31 or growth 

conditions32,33 varied spatially across a substrate followed by spatially-resolved characterization. 

This produces a large amount of data that we subsequently process in custom software routines. 

Combinatorial experiments produce a range of properties and synthetic boundaries, and the 

computational data provides a reference for the expected materials properties in the ideal defect-

free crystalline structure.  

In this work, we combine a computational study of spinel (Ȗ) Sn3N4 with experimental 

thin film synthesis covering a wide range of growth conditions, followed by solid-state and 

electrochemical characterization. These experiments yielded tin nitride with a slow optical 

absorption onset, and the valence band maximum was measured to be 5.9-6.0 eV below vacuum. 

According to the computational results, tin nitride has a direct band gap of 1.54 eV and the large 

dispersion of the conduction band leads to a small electron effective mass, but the high density of 

states (DOS) at the valence band maximum leads to a large hole effective mass. The results are 

placed in context by investigating computationally both chemical and structural trends, 

considering additionally the Ge and Si nitrides, Si3N4 and Ge3N4, and three different structures, 

i.e., the α, ȕ, and Ȗ (spinel) polymorphs. (Note that all three polymorphs of Si3N4 and Ge3N4, are 

known experimentally but only the Ȗ phase is known for Sn3N4.) 
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Methods 

Thin films of crystalline Sn3N4 were synthesized by radio-frequency (RF) reactive sputtering of 

metallic tin targets in a nitrogen and argon atmosphere. The glass, silicon, and fluorinated tin 

oxide coated glass substrates were placed at a 45° angle to the target producing a gradient in 

target-substrate distance. Nitrogen was provided through an RF atom source to increase its 

reactivity. The deposition geometry is shown in Figure 1a. The films were characterized by X-

ray diffraction, optical spectroscopy, and four-point probe at spatially resolved points on the 

substrate corresponding to different growth conditions, and the resulting large amount of data 

was processed using custom-written a software package within Igor Pro. In order to obtain high 

activity of nitrogen32 needed to keep tin in its fully-oxidized Sn(IV) state, the substrates were not 

actively heated. Additional details about our general approach can be found in our prior 

publications32,34 and specific experimental details are included in the supplementary information. 

We characterized a smaller set of samples by Rutherford backscattering (RBS) for 

elemental analysis, air photoemission spectroscopy (aPES) to determine valence band position, 

Kelvin probe to measure work function, and scanning electron microscopy (SEM) to determine 

film morphology. Hall effect and temperature-dependent conductivity measurements were used 

to determine electrical properties. Electrochemical methods were used to test the minority carrier 

diffusion length by generating electron-hole pairs with chopped AM 1.5 illumination on the front 

and back surfaces of the Sn3N4/fluorinated tin oxide (FTO)/glass devices. Devices were 

immersed in buffered solution with SO3
2- as a sacrificial hole acceptor. Front- and back-

illuminated photocurrents were then compared to estimate the diffusion length. Additional 

characterization details are available in the supplementary information. 

Relaxed structures and total energies of all materials were obtained by Density Functional 

Theory (DFT) calculations35 in the generalized gradient approximation, using a 28 atom cell for 

α structures and 14 atom cells for ȕ, and Ȗ structures. The formation enthalpies of the compounds 

were obtained using the Fitted Elemental Reference Energies (FERE).36 The electronic structure 

and optical properties were obtained by DFT+GW.37,38 The electron effective masses were 

obtained directly from the curvature of the conduction band. Due to the degeneracy and 

anisotropy of the valence band, we give the density of states (DOS) effective masses for the 

holes instead, using T = 1000 K for the DOS integration.39,40 The absorption coefficient was 

calculated from the GW band-structure using the bootstrap kernel from Sharma et al.
41 to take 
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into account excitonic effects. The electron affinity and ionization potential were calculated by 

combining DFT+GW with DFT slab calculations42 for a (110) surface orientation, which is one 

of the predominate natural growth faces for spinels,43 averaging over two non-equivalent surface 

terminations.   

 

Results:  

It was found that target-substrate distance (dTS) has a dramatic influence on the properties of tin 

nitride. Long-range order, as observed by XRD, increases as dTS decreases. This result is shown 

in Figure 1b. RBS, wide-scan XRD and SEM were used to characterize the crystalline materials 

further. Analysis of the RBS spectrum (See supplemental information Figure S1.) reveals an 

approximately stoichiometric sample with an Sn/N fraction of 0.78 ±0.03. A detectable but not 

quantifiable amount of oxygen was observed throughout the thickness of the film, and is likely 

responsible for the n-type conductivity observed through oxygen-on-nitrogen-site defects. Wider 

scan XRD and SEM are shown in Figure 2. The film adopted a strong but incomplete 111 

    
Fig. 3.1a: Schematic of combinatorial sputtering set-up. Fig. 3.1b: XRD patterns as a function of target-substrate 

distance.  
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crystallographic orientation compared to the calculated powder pattern. We note that the 

orientation observed in Fig. 2a is absent in Fig. 1b due to differences in data collection: our high-

throughput XRD utilizes an area detector and integrates across ϕ and ω resulting in a more 

powder-like pattern and broader peaks. Grains were observed to be 50-100 nm in size by SEM, 

with some of the grains having pyramidal tops. 

 

 Optical spectroscopy placed the absorption onset (which we define as α > 5000 cm-1) at 

1.6 eV, and temperature-dependent Hall measurements determined a carrier activation energy of 

0.1-0.2 eV. The optical and Hall measurements are shown in Figure 3. The slope of the 

experimental optical absorption (Fig. 3a) is relatively slow for a direct gap semiconductor, 

reaching 6*104 cm-1 at 2.6 eV, i.e., more than 1 eV above the calculated band gap. This slope is 

much slower compared to optoelectronic conversion materials such as CdTe, GaAs,44 and 

CuSbS2,
45 and leads to a yellow color in thinner films and a deep orange color for the thicker 

films (Fig. 3a inset). The calculated absorption spectrum follows the measured absorption 

coefficient closely, providing confidence that the predicted band gap of 1.54 eV is accurate. 

Films with low structural order (blue data in Fig. 1b and 3b) showed carrier concentrations as 

    
 

Fig. 3.2a: XRD of as-deposited film at dTS = 13 cm with calculated powder pattern. Fig. 3.2b: SEM image of 

Sn3N4 film.  
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high as 1020 cm-3 with mobilities of 0.4 cm2/Vs. By reducing target-substrate distance and 

increasing crystallinity, we were able to reduce the carrier concentration to 1018 cm-3 and 

increase the mobility to 0.7-1.2 cm2/Vs. This illustrates the importance of anion activity in the 

synthesis of metastable materials, as has been previously demonstrated for Cu3N.32 In the case of 

Cu3N, increasing target-substrate distance led to lower chemical potentials of nitrogen and 

copper metal inclusions. Similar film reduction in tin nitride would lead to Sn(II) on Sn(IV) sites, 

frustration of crystal growth, and high carrier concentration, consistent with our observations.   

 The work function of Sn3N4 was measured by kelvin probe as 4.7 eV and air 

photoemission determined the ionization potential of 5.9-6.0 eV. With appropriate references, 

both the ionization potential (IP) measurement and work function (WF) measurement determine 

energy levels with respect to vacuum, and allow us to estimate the position of the conduction 

band maximum, or electron affinity (EA) as:  

 

EA = Evac – Evalence + Egap = IP + Egap        (1) 

 

  
Fig. 3.3a: Optical properties of Sn3N4 films showing experimental (blue) and computational (red and green) data. 

Fig. 3.3a inset: photograph of the film with diffuse backlighting to show the deep orange color. Fig 3.3b: 

Temperature-dependent Hall measurements showing conductivity and carrier activation energies for amorphous 

(blue) and crystalline (red) material.  

a b 
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With Egap approximated as the absorption onset of 1.6 eV and IP measured by air photoemission. 

Alternatively, the electron affinity can be calculated from the work function and carrier 

activation energy (Ea): 

 

EA = Evac – EF + Ea = WF + Ea           (2) 

 

Where EF is the Fermi level measured as the work function by Kelvin probe. The IP and 

absorption measurements yield EA= 4.3 to 4.4 eV below vacuum from Eq. 1, whereas Kelvin 

probe data, Hall effect data, and Eq. 2 place the conduction band 4.5 to 4.6 eV below vacuum. 

This is good agreement from independent techniques and lends confidence to the measurements. 

The results are summarized in Table 1. The valence band position has good alignment for several 

photon-conversion applications such as photoelectrochemical water oxidation. 

 

Table 1: Measured and calculated band positions of Sn3N4 

Property Experiment 

(air) 

Theory   

(vacuum) 

Band gap (eV) -- 1.54 

IP (eV) 

 

5.9-6.0 6.5 

EA (eV) 4.3-4.6 5.0 

WF (eV) 4.7 -- 

 

Given its valence band position, photoelectrochemical characterization was undertaken to 

evaluate the promise of Sn3N4 in the water oxidation half-reaction. A comparison of photocurrent 

generated from Sn3N4/FTO/glass devices immersed in an aqueous solution of sacrificial hole 

acceptor was used to elucidate the minority carrier diffusion length. As shown in Fig. 4, the 

quotient of back illumination/front illumination was plotted as a function of sample thickness to 

determine the minority carrier diffusion length. Back and front illumination produced roughly 

equal photocurrents in films with absorber layers up to 50 nm thick, and backside photocurrents 

decreased in thicker films, suggesting that many holes generated at the FTO/Sn3N4 interface 

were unable to migrate to Sn3N4/solution interface. Thus, in these devices, the minority carrier 
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diffusion length was between 50 and 100 nm.46 Note that this is in the same order as the grains 

sizes. Thus, the material is probably limited by the small grain size, not fundamental transport 

properties. Due to the small photocurrent and small minority carrier diffusion length, the present 

Sn3N4 samples are not efficient for water splitting.  A more detailed analysis of the charge 

generation, separation, and transport properties are required to understand the nature of the low 

photocurrents and small minority carrier diffusion length observed with sputter-deposited Sn3N4.   

Though experimental results are always limited to the specific characteristics of the 

samples as synthesized, first-principles calculations allow us to understand the challenges and 

potential of a material in its defect-free form. The partial density of states of Sn3N4 calculated 

with DFT+GW is shown in Figure 5. The positions of the valence and conduction bands are 

aligned with respect to the vacuum level using the potential step calculated at a (110) surface.42 

For comparison, the experimental band positions (cf. Table 1) are also shown in Figure 5.    

The high density of states due to N-p and Sn-d contributions in the vicinity of the valence 

band maximum results in a large calculated hole effective mass of mh* = 12.9 m0. Close to the 

conduction band minimum, the very small density of states originating from Sn-s and N-s 

contributions results in a small calculated electron effective mass of only me* = 0.18 m0. The 

conduction band character is similar in related oxide materials, such as SnO2 and ZnO, which are 

 
Fig. 3.4a: Photocurrent from a device of approximately 1 cm

2
 area under chopped AM 1.5 illumination with 

sacrificial hole acceptor. Fig. 3.4b: Photocurrent ratio to determine minority carrier diffusion length. 
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well known for their excellent electron-transport properties in transparent conducting oxides.47 

Notably, the value of me* in Sn3N4 is still smaller than in SnO2 and ZnO, for which we 

calculated me* = 0.24 and 0.27 m0, respectively, for comparison.  

The calculated ionization potential is about 0.5 eV larger than that deduced from 

experimental data. However, the surface ionization potential is fairly sensitive to the detailed 

surface structure, and varies, e.g., with surface orientation,48,49 or the presence of surface 

oxidation. In Ref (4), it was found for Cu3N that a partially oxidized surface is particularly stable 

minimizing the surface energy. The relatively high energy of 136 meV/Å2 calculated for the 

present (110) surface suggests that similar oxidation effects are likely to occur for Sn3N4, and 

should be considered in more detailed future studies of the Sn3N4 surface properties.  

Considering the very small electron effect mass, the relatively low observed majority 

charge carrier mobility of ~1 cm2/Vs is indicative of a very short time between scattering events, 

according to the equation:50  

 

μe = e τe / me
*              (3) 

 

Where μ is mobility, me
* is the effective mass, e is the charge of the electron, and τe is the time 

between scattering events. τe decreases as defect concentration increases, with a material- and 

defect-specific functional relationship. In this case, τe = 0.1 fs. For comparison we note that 

fluorinated tin oxide (me
*
 = 0.24 m0) has an ionized impurity density of >1020 cm-1 while 

maintaining an electron mobility of ~20 cm2/Vs.47 Thus, increasing the anion activity 

     
Fig. 3.5: Calculated electronic structure (left) and experimental band positions (right) of Sn3N4. 
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successfully reduced the carriers in Sn3N4 but may not have reduced compensated defects 

(scattering centers which do not contribute carriers.) The small grains observed in SEM (Fig. 2) 

may also limit mobility through grain-boundary scattering.   

Scattering of the minority carrier would occur by different mechanisms than the 

scattering of electrons, but the prediction of heavy holes and the observation of numerous defects 

and small grains should severely limit the minority carrier diffusion length, as observed here.  

The experimental results for crystalline Sn3N4 are summarized in Table 2. 

 

Table 2: Compilation of experimental results for spinel Sn3N4. 

 

Property Value 

Ionization potential 5.9-6.0 eV 

Electron affinity 4.3-4.6 eV 

Carrier activation energy 0.1-0.2 eV 

Carrier concentration 1018 e-/cm3 

Carrier mobility 0.7-1.2 cm2/Vs 

Optical onset  

(α > 5000 cm-1) 

1.6 eV 

 

Discussion 

To elucidate the origins of the high hole effective mass, we compared Sn3N4 to related materials. 

Another metastable nitride (Cu3N) is compared to the thermodynamically stable GaN (which 

shares the anion with Sn3N4) and the stable SnO2 (shared cation) in Table 3. Cu3N, GaN, and 

SnO2 are calculated by the same method used to obtain Sn3N4 values and compare favorably 

with literature values.51,52 From the data in Table 3, it is clear that structure, and not only 

elements, plays a major role in determining the DOS at the band extrema and thus the carrier 

effective masses.  

 More insight into structure-composition-property relationships can be obtained by 

placing spinel Sn3N4 in the context of other IV3N4 materials. Silicon and germanium nitrides 

both form the spinel (Ȗ) structure as one of their polymorphs,53,54 thus allowing comparison 

between materials with different cations but the same structure. To compare the same elements 
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Table 3: Coordination environments and calculated carrier effective masses of Sn3N4 and related materials.  

  

Compound Cation site Anion site mh
* (m0) me

* (m0) 

Sn3N4 Octahedral, 

tetrahedral 

Tetrahedral 12.9 0.18 

Cu3N Linear Octahedral 2.3 0.73 

GaN Tetrahedral Tetrahedral 1.7 0.21 

SnO2 Octahedral Trigonal planar 1.2 0.24 

 

in different structures, the α (hexagonal structure with tetrahedrally coordinated cations and 

trigonally coordinated anions) and ȕ (trigonal structure with tetrahedrally coordinated cations 

and trigonally coordinated anions) polymorphs are calculated as well. These materials are known 

for Si and Ge, but have not been observed for Sn. The results are reported in Table 4, and the 

trends of the calculated hole masses are illustrated graphically in Figure 6. Relatively heavy hole 

masses (mh* > 4 m0) are observed in all of the Ȗ structures, with increasing masses down the 

period (Si  Ge  Sn). The large hole masses result from a small dispersion of the valence 

band and similar VBM energies at different high-symmetry points in the Brillouin zone. The α 

and ȕ forms of silicon, germanium, and tin nitride all show hole effective masses less than 4 me, 

without a clear periodic trend. On the other hand, the electron effective masses tend to decrease 

down the group in the periodic table, which follows the expectation from general trends in 

various semiconductor materials.55  

 

Table 4: Calculated semiconductor properties for IV3N4 polymorphs. Values from DFT+GW and FERE. 

 

Property α ȕ Ȗ 

Hole mass (m0) 

Si3N4 2.47 1.47 4.11 

Ge3N4 2.44 3.90 9.31 

Sn3N4 2.55 3.46 12.9 

Electron mass (m0) 

Si3N4 1.00 0.76 0.52 

Ge3N4 0.30 0.28 0.54 
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Sn3N4 0.19 0.17 0.18 

Band gap (direct gap) (eV) 

Si3N4 6.77 (6.85) 6.46 (6.70) 5.09 (5.16) 

Ge3N4 4.36 (4.41) 4.25 (d) 3.50 (3.52) 

Sn3N4 1.53 (1.54) 1.34 (d) 1.54 (d) 

Enthalpy of formation (eV/formula unit) 

Si3N4 -8.22 -8.22 -7.21 

Ge3N4 -1.04 -1.02 -0.29 

Sn3N4 2.31 2.31 1.56 

 

The thermodynamic stability increases up the period with the α and ȕ forms being very close in 

energy, which is consistent with the literature for Si3N4 and Ge3N4.
56 The α and ȕ forms of Sn3N4 

are significantly less stable than the Ȗ structure, perhaps explaining why only the Ȗ structure has 

been observed experimentally. The chemical trends of the band gaps follow that of other 

semiconductor systems, increasing up the period from a 1.34 eV direct gap in ȕ-Sn3N4 to a 6.77 

eV indirect gap in α-Si3N4. Structurally, the  structures have a slightly smaller gap than the  

structures, and for Si3N4 and Ge3N4, the  structures have a significantly reduced gap.  

 Overall, the results suggest that heavy holes in spinel Sn3N4 will make n-type minority-

carrier devices challenging, and that any future application of Sn3N4 should look to take 

advantage of its low electron effective mass. Growing high-quality and large-grained Sn3N4 as a 

p-type material could accomplish this, with the very small electron effective mass facilitating 

large minority carrier diffusion lengths. Beyond binary Sn3N4, semiconducting properties could 

be customizable within IV3N4 alloy systems. For example it could be possible to stabilize the ȕ 

phase of Sn3N4 by mixing in silicon, thereby reducing the hole effective masses and increasing 

               
Fig. 3.6: Hole effective masses of group IV nitride polymorphs.  
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the band gap, and amorphous alloys may display smooth changes in properties as a function of 

composition. Such musings justify further computational and perhaps experimental exploration 

of this material system. 

 

Conclusions 

Sn3N4 and the IV3N4 polymorphs are an interesting and diverse set of compounds. The 

computational part of this works gives detailed band-structure and optical properties, and 

describes the chemical and structural trends in the IV3N4 family. Experimentally, for Sn3N4, we 

find that crystalline materials can be produced with small target-substrate distances. We 

determined a band gap of 1.54 eV, an ionization potential of 5.9-6.0 eV, and predict a large hole 

effective mass and a small electron effective mass. The carrier concentration was as low as 1018 

cm-3 (n-type), with an electron mobility of ~1 cm2/Vs and a minority carrier diffusion length of 

50-100 nm. Sn3N4 would be an interesting p-type material, with the small electron effective mass 

leading to large minority carrier diffusion lengths. This works places spinel tin nitride in the 

context of the more-studied silicon and germanium nitrides, and the alloy systems between these 

materials may provide fruitful research by producing tunable properties. 
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Abstract 

Materials discovery is central to the fields of chemistry and materials science, and centuries of 

work have left few binary compounds undiscovered. We report the first binary crystalline nitride 

containing Sn(II), a semiconductor having composition near SnN. Calculated low energy 

structures obtained by the structure prototype method indicate that a likely space group for this 

material is P n m a #62, though atomic position refinement was not possible. The material has a 

band gap between 1.5 and 2 eV, and n-type conductivity arising from 1020 carriers/cm3 with 

mobility of 2 cm2/Vs. A lower-defect version of this material would merit studies for 

optoelectronic energy conversion applications such as light emitting diodes, tandem 

photovoltaics, and photoelectrochemical water splitting.  

Introduction 

Discovery and cataloging of the unknown is central to all the physical sciences. Just as the 

cartographers, explorers and seamen of the last millennium searched for new lands and new 

navigable routes,1 biology continues to push to new depths2,3 and heights4 find new creatures,5 

astronomers look for new planets,6 telescope arrays listen for unknown intelligence,7  chemists 

seek new reactions,8–10 and the multi-decade, multi-billion euro search for the Higgs boson11 

proved Earnest Rutherford partially correct: even physics is stamp collecting.12 Discovery of new 

condensed phases is an equally strong thrust in materials science,13 with hundreds of new 

compounds being added to crystallographic databases annually.14 The majority of these 

compounds are chemically complex ternary15 and quaternary compounds or elemental and binary 
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phases obtained at high pressure.16 Simple but unreported combinations and stoichiometries of 

elements exist, but discovery of new crystalline materials at mild synthesis conditions is rare. 

Even more unusual is for these discoveries to be made of abundant, common elements. 

Tin compounds have useful and diverse properties: SnO2 is used on huge commercial 

scales as the transparent conductor fluorinated tin oxide (FTO) and is also used as electrode 

materials for lithium ion batteries.17 Tin sulfide (SnS) has been used as an absorber material in 

thin-film photovoltaics,18 and SnF2 is used extensively dentistry19 and periodontry20 to control 

hypersensitivity and gingivitis.  The diversity of properties within this materials system is 

partially enabled by tin’s ability to adopt both β+ and 4+ oxidation states. Pure Sn(IV), pure 

Sn(II), and mixed Sn(IV)/Sn(II) compounds exist for the fluoride, oxide, and sulfide, while pure 

Sn(IV) and pure Sn(II) phases are documented for the phosphide.21  Tin nitride, however, has 

only been observed as a Sn3N4, a Sn(IV) spinel,22 and a related slightly reduced amorphous 

material.23 Binary crystalline nitrides containing Sn(II) are unknown until now.  

We report the discovery of a new phase of tin nitride with measured stoichiometry 

slightly tin rich of 1:1 (SnN1-δ) made by reactive sputtering. This new material is crystalline with 

cubic symmetry, and is a degenerate n-type semiconductor with optical absorption onset near 1.9 

eV and carrier concentrations near 1020 cm-1.  The Earth abundance, ease of synthesis, and 

semiconducting properties make this material interesting not only from a fundamental science 

standpoint but also for potential practical applications. 

Methods 

Thin films of tin nitrides were grown on glass, silicon, and steel substrates by high-

throughput combinatorial reactive sputtering of metallic tin targets in a nitrogen and argon 

atmosphere.  Temperature and target-substrate distance (dTS) were modulated as orthogonal 

variables such that each position on the sample experienced different growth conditions. 

Previous work on temperature gradient24 and target-substrate distance gradient25 films indicates 

that control of the cation oxidation state can be obtained by modulating these variables. 

Films were characterized by X-ray diffraction (XRD), ultraviolet-visible spectroscopy 

(UV-Vis), scanning electron microscopy (SEM) transmission electron microscopy (TEM), and 

selected-area electron diffraction (SAED). Density-functional theory (DFT) structure prototype 

calculations were used to identify candidate structures. 
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Modulation of the anion chemical potential by changing target�substrate distance and substrate 

temperature had a dramatic affect on the resulting film. At the highest chemical potentials of 

nitrogen (low TS and low dTS), spinel Sn3N4 was formed. By increasing dTS, the film became 

amorphous and presumably nitrogen poor. By increasing TS to 450�C, crystalline tin metal (β�

polytype) was formed alongside Sn3N4 spinel. Between these extremes exists a wide range of 

synthesis conditions where the new SnN1�δ is observed. The thin film growth map is shown in 

Figure 1 alongside representative XRD patterns. In general, low target�substrate distances 

produced more highly crystalline material compared to long target�substrate distances, which 

produced more amorphous material. We note that the assigned growth map indicates the ������� 

phase observed, and small amounts of neighboring phases can be found in the in the phase 

boundary regions. The highest�quality SnN1�δ was produced near 350�C at small target substrate 

distances, and all additional characterization was performed on material grown at these 

conditions.  
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 The stoichiometry of this new material was measured by Rutherford backscattering to be 

between SnN and Sn9N8. Differences between individual samples and instrumental uncertainty 

contributed to this range. No correlation between measured stoichiometries and variations in 

XRD patterns was observed. RBS spectra are shown in the supplementary information Figure 

S1.  

 Additional characterization of SnN1-δ is shown in Figure 2. The X-ray diffraction peaks 

are primarily located in a few clusters, and peaks are somewhat broad indicating small grains, 

strained crystals, or both. Raman spectroscopy revealed several sharp resonances indicating high 

short-range order. The values of the Raman shifts are shown in Table 1. We note that these 

values are distinct from Raman shifts observed for Sn3N4,
26 confirming the novelty of this 

material. A table of XRD peak positions and corresponding inter-planar spacing is provided in 

Supplemental Information Table S1. 

Table 1: Raman shifts  

Wavenumber (cm-1) Intensity Comment 
108.0 Weak Very sharp 
156.6 Strong Very sharp 
222.2 Weak Broad 
293.2 Strong Broad 
490.4 Strong Broad 
652.2 Weak Sharp 
721.1 Weak Broad 

 

Electron microscopy was used to characterize films further. Clusters of grains are observed in 

Scanning electron microscopy (SEM). The clusters are 500-1000 nm long and composed of 

Fig. 4.2 left: XRD patterns of SnN1-δ powders (Cu Kα radiation.) Bottom: wide scan with linear intensity 
axis. Middle: portion of the same pattern with log-scale intensity axis to show minor peaks. Inset: Expansion 

of cluster of peaks from 25 to 40°. Fig. 2 right: Raman spectrum of SnN1-δ film. 
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grains of 100 nm or less. The size of the clusters increased with increasing film thickness, 

suggesting evolutionary growth of some columns over others.  The SEM is shown in Figure 3.  

Transmission electron microcopy of samples viewed in cross-section after focused-ion beam lift 

out columnar and dendritic superstructures assembled of small grains. This is shown in Figure 4. 

Some of these superstructures overgrew others, leading to the morphology observed by SEM 

(Figure 3). Low contrast material between the superstructures contained amorphous and 

crystalline phases visible by high-resolution TEM (HRTEM), (Figure 5) and variations in the 

quantity and composition of this amorphous material could be responsible for the variations in 

the bulk composition measured by RBS. The variation in composition at the microstructure level 

is unknown, because the nitrogen signal was out of range of our energy-dispersive X-ray 

spectroscopy instrument. Selected-area electron diffraction (SAED) measurements on the film 

        
 

Fig. 4.3: SEM image of SnN1-δ film grown on steel.  
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showed inner-planar spacings consistent with XRD spacings. The SEAD image is shown in 

Figure 6 and the spacings are shown in the Supplementary information Table S2. 

 

 

 

 

Fig. 4.4: TEM image of SnN1-δ film in cross section prepared by focused ion beam method. The image is 1650 nm by 

1650 nm.  
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Fig. 4.5: HRTEM image of SnN1-δ film in cross section prepared by focused ion beam method. The image is 35.83 

nm by 35.83 nm. 
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Fig. 4.6: SAED pattern of SnN1-δ film. 
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 SnN1-δ has an absorption onset with a modest increase in absorption between 1 and 4 eV. 

The steepest point is near 1.95 eV, and the minimum is near 1 eV.  In the infrared, we observed 

increased absorption resulting from free carrier plasmon resonance. The plasma frequency could 

not be reliably calculated because the low-energy maximum absorption is near the limit of our 

detector (grey box in Figure 7.) The presence of free carriers is also observed in temperature-

dependent Hall measurements, where decreasing the temperature has almost no effect on the 

conductivity. Room temperature Hall effect measurements showed an n-type carrier 

concentration of 3*1020 cm-3 and a mobility of 2 cm2/Vs. All of these observations are consistent 

with a degenerate n-type semiconductor.  

 

 

Multiple undiscovered phases are possible in the tin-nitrogen system. Sn3N2 would be the pure 

tin (II) nitride, while Sn9N8 would be 2/3 tin (II) and 1/3 tin (IV). SnN is 1:1 Sn(II):Sn(IV), and 

other stoichiometries are possible. Confronted as we are with a large number of unassigned XRD 

peaks, it is prudent to assess whether all the reflections belong to one unknown material or 

multiple phases. Strategy 1 is to modulate growth conditions, thusly favoring one phase over 

another, and to verify by X-ray diffraction which reflections were increasing or decreasing. This 

is an attractive strategy because our combinatorial set-up allows rapid screening of different 

Fig. 4.7 left: Experimental optical properties. Fig. 7 right: Temperature dependent conductivity Text: room-

temperature carrier concentration and mobility 
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growth conditions, as demonstrated in Figure 1a. Strategy 2 relies on the assumption that 

different materials will have different kinetic stabilities and thus different decomposition 

temperatures. Both strategies were employed. The results for Strategy 1 are shown in 

Supplemental Information Figure S2, and indicate that the majority of the variation in XRD 

patterns arising from changing growth conditions could be attributed to changes in the 

crystallographic orientation of the film. Strategy 2 possessed more utility. Assuming different 

materials have different kinetic stability, we performed a high-throughput anneal in which a 

homogenous sample was subjected to a temperature gradient in inert atmosphere. The affect of 

the anneal and phase evolution were observed by XRD, and are shown in Figure 8. The sample 

underwent an abrupt decomposition near 450°C. The decomposition products were tin metal and 

Sn3N4. All of the SnN1-δ peaks disappeared very abruptly and in the same small temperature 

window. This result strongly infers that SnN1-δ is a single phase. However, we note that the large 

number of diffraction spots in the SAED is unusual for a single-phase material, and two phasesw 

with similar kinetic stability may be present. Furthermore, we note that not all of the nitrogen 

escapes as N2 during the initial decomposition, and that stepwise transformation into Sn3N4 is 

Fig. 4.8: high-throughput anneal of thin-film SnN1-δ sample.  
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seen in at least some of the material. This suggests that Sn3N4 is more thermodynamically stable 

than SnN1-δ. 

 First-principles calculations were undertaken to identify candidate structures for SnN. 

Two separate routes were attempted. The first approach is called Global Space Group 

Optimization, or GSGO.27 In GSGO, the constituent atoms are placed randomly in a unit cell and 

allowed to move to a local or global energy minimum. Low energy forms are mixed, and the 

process repeated. This process is iterated many times to produce possible structures. In all cases, 

GSGO obtained the global energy minimum, which is phase-separated tin metal and nitrogen 

gas. We note that this is actually a correct result form theory: GSGO found the most stable 

structure, whilst the structure we are seeking is metastable. The second approach involves using 

structure prototypes.28,29 In the structure prototypes approach, SnN is assumed to take the form 

ABX2 where A=Sn, B=Sn, and X=N. Distinct Sn sites are assumed because the Sn(II) and 

Sn(IV) likely occupy different sites and because the large number of observed diffraction peaks 

indicates a low symmetry and makes an AX-type structure (which are typically high symmetry) 

unlikely. About 40 known ABX2-type compounds are available as structure prototypes. 

Computationally, tin and nitrogen atoms are placed into the structure prototypes, and the atoms 

are allowed to relax to a local or global energy minimum. Of these 40, four structures had 

distinctly lower energies.   Information on these structures is shown in Table 3. Of these four 

structures, the lowest energy structure contained nitrogen-nitrogen bonds, which are unlikely in 

our synthesis method and somewhat indicative of phase-separation. Two of the other structures 

showed promise. The XRD patterns of all four low energy structures were simulated using 

CrystalDiffract software, and one particular structure Pnma CuBiS2-type was the best fit.   

 

Table 3: Candidate structures for SnN obtained from DFT energy minimization of structure prototypes. 

 

Structure prototype Space group ΔHf  
(eV/formula unit) 

Comments XRD simulation 

CeNiC2 Amm2 #38 +0.41 Contains N-N 
bonds 

Not promising 

CuBiS2 Pnma #62 +0.52  2 N sites, 2 Sn 
sites 

Promising 

Na2AuSb Cmcm #63 +0.55  Not promising 
CaMnSb2 Pnma #62 +0.55 2 N sites, 2 Sn 

sites 
Promising 
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Experimental and calculated XRD patterns are shown in Figure 9. We note that the calculated 

and experimental XRD patterns differ significantly, and thus we do not believe that the CuBiS2-

type structure is entirely correct. However, the DFT electronic structure calculations on the 

CuBiS2-type structure indicate that it is a semiconductor with a band gap of 1.68 eV and an 

optical absorption onset not unlike what we observe experimentally (Figure 9 inset). Thus we 

believe that the space group and local atomic coordination are similar to our candidate structure, 

but the actual atomic positions require refinement. Further refinement was not possible using this 

diffraction data: small crystals and crystallographic orientation may still be preventing 

convergence. Additional challenges may take the form of deviations from SnN stoichiometry 

arising from nitrogen deficiency and oxygen inclusions. 

 The discovery of a novel, binary, semiconductor composed of Earth-abundant elements at 

mild synthesis conditions is exciting for two reasons. First, it demonstrates that the periodic table 

still holds compounds awaiting discovery. In the group IV nitrides, only the IV3N4 materials are 

known, and nitrides containing Si(II) and Ge(II) may possibly be prepared by this combinatorial 

sputtering method. Possible uses for this material include optoelectronic energy conversion 

application such as light emitting diodes, tandem photovoltaics, and photoelectrochemical water 

splitting, though the structure must be solved and the defect density reduced before practical 

applications are realizable. 

Fig. 4.9: comparison between experimental SnN1-δ XRD (red) and simulated XRD for CuBiS2-type structure (blue). 

Inset: Calculated (blue) and experimental (red) optical properties of the same materials. 
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Conclusions 

 This report details the synthesis, characterization, and structural prediction of SnN1-δ, a 

novel earth-abundant semiconductor. Structure prototype methods indicate that space group P n 

m a #62 is likely. Whilst we have made every effort to determine the crystal structure of this 

material, we must leave atomic position refinement to future work.  Larger crystals and fewer 

defects should assist in crystal structure determination, and would also lead to better 

understanding of possible uses. 

Supplemental information: 

 

Modulation of growth conditions did indeed produce difference in XRD patterns. However, the 

The area detector images in Figure S2 make this clear: All three very different detector images 

integrate to approximately the same pattern.  The presence of the weak peak near 29o in Figure 

S2 further develops this point: when these films were scrapped to produce a more powder-like 

sample, the relative intensity of that peak increased dramatically: it can be seen clearly in Figure 

2 of the main text. Thus the method of determining phase-purity by modulating growth 

conditions and observing changes in XRD has limited efficacy: Changes in XRD may simply be 

changes in crystallographic orientation. 

    
Fig. S4.1: Rutherford backscattering spectrum of tin nitride films. Inset: Measured composition of five SnN1-δ 

films grown on silicon and one Sn3N4 film for reference. 
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Table S4.1: X-ray diffraction data for SnN1-δ powder prepared by scraping films grown on glass 

 

d-spacing (A) 2theta (o) Cu Ka Intensity Comments 
3.13 28.56 Moderate Very weak in films 
2.94 30.42 Very strong  
2.84 31.52 Very strong  
2.67 33.58 Strong  
2.51 35.74 Moderate  
2.31 38.98 Weak  
2.26 39.90 Very weak  
1.84 49.60 Weak  
1.75 52.42 Strong  
1.56 59.12 Very weak  
1.50 61.70 Moderate  

 
Cluster 

1.48 62.70 Moderate 
1.47 63.46 Moderate 
1.45 64.40 Moderate 
1.42 65.88 Moderate 
1.30 72.72 Very weak  
1.25 75.88 Very weak  
1.21 79.50 Very weak  
1.16 83.68 Weak  
1.11 87.62 Moderate Broad: likely a cluster 
1.04 95.88 Very weak  
1.01 99.32 Very weak  
0.99 102.30 Weak  
0.94 109.46 Weak  
0.89 120.14 Very weak  
0.86 128.14 Very weak  
0.82 141.02 Weak Very broad 

 

 

 

 

Fig. S4.2: Area detector images (left) and integrated patterns (right) for SnN1-δ grown at slightly different target-

substrate distances. 
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Table S2: SEAD lattice spacing values and comparison to possible XRD matches. 

d (Å) from SEAD spots d (Å) from SAED rings Possible XRD matches 
4.6  twice 2.31 
3.063 3.051 3.13 or twice 1.50 
2.671 2.812 2.67 
2.471 2.509 2.51 or twice 1.25 
1.719  1.75 or twice 0.86 
1.704 1.704 twice 0.86 
 1.49 1.48 or 1.50 
1.228 1.245 1.25 or 1.21 
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Abstract 

 Metal oxynitrides are diverse group of compounds finding applications from catalysis to 

microelectronics. Relatively unknown is antimony oxynitride, which we prepare by reactive 

sputtering and measure its bulk stoichiometry for the first time. The oxynitride thin films have 

approximate composition Sb3O3xN5-2x, where x is near 0.4. The films are resistive, have an 

optical absorption onset near 2 eV, and have low long-range order. The stability of the films was 

found to be dependent on the growth temperature, with films grown at ambient temperature 

being shelf-stable while films grown at elevated temperatures converted to the oxide. The optical 

properties suggest that this material is substantially different than antimony oxynitrides reported 

in the past.  

Introduction 

Metal oxynitrides are an important class of inorganic compounds because their properties 

typically range between those of the pure oxide and pure nitride. In many cases oxynitrides 

maintain the favorable properties from each class: In general, oxynitrides have increased 

covalent bonding character compared to the corresponding oxide due to the lower 

electronegativity of nitrogen compared to oxygen. Conversely, oxynitrides typically demonstrate 

increased thermodynamic stability compared to the pure nitride because of the higher reactivity 

(lower bond strength) of molecular oxygen compared to molecular nitrogen. Oxynitrides often 

possess semiconducting band structure, and because their conduction band maxima are 

frequently made up of anion p orbitals, the absolute energy difference between O p and N p 
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orbitals can be exploited to produce tunable properties.1,2 Oxynitrides find a wide range of 

applications: silicon oxynitride is used by the semiconductor industry as a dielectric gate material 

in microelectronics,3 and has been investigated as a phosphor material for light-emitting diodes.4 

Addition of nitrogen to oxide glasses leads to improved mechanical properties,5 and aluminum 

oxynitride and can used as a infrared-visible window material.6 Oxynitrides of Ti and Ta have 

been used as absorbers in water splitting cells, offering a decreased band gap compared to the 

oxides.7 Oxynitrides are also used in catalysis: aluminophosphate oxynitrides and silicon 

oxynitrides are solid base catalysts capable of driving condensation reactions,8,9 and various 

metal oxynitrides have been explored as replacements for platinum in the cathode of polymer 

electrolyte membrane fuel cells.10 

Antimony oxide (Sb2O3) is a well-known compound used industrially as a component in 

flame-retardants and as a catalyst for ethylene polymerization. Much of the worldwide 

production of antimony (in excess of 160,000 tons annually) becomes Sb2O3 for these 

applications.11,12 The corresponding nitride is much less known. Researchers have assigned gas-

phase spectra of SbN dimers,13–15 a solid-state antimony nitride measured by XPS as Sb3N was 

investigated as an anode material for lithium ion batteries,16 and transparent, amorphous 

antimony nitride obtained by chemical vapor deposition has been reported.17 Reports of 

antimony oxynitride are scarcer still, with publications limited to patents regarding its use as a 

ultraviolet absorbing layer in windows18 and as a resistive material in a bolometer.19 All of the 

solid-state reports of antimony nitride and antimony oxynitride lack reliable quantification of the 

bulk stoichiometry, leaving it unclear what the true natures of these films are. 

We report the synthesis and characterization of antimony oxynitride thin films with 

approximate composition Sb3O3xN5-2x, where x is near 0.4. The films are resistive, have low 

long-range order, and have an optical absorption onset near 2 eV. The stability of the films was 

found to be dependent on the growth temperature.  

Methods 

Thin films of antimony oxynitride were synthesized by radio-frequency (RF) reactive 

sputtering of a 2 inch antimony metal target in a nitrogen and argon atmosphere. The partial 

pressure of argon and nitrogen were each 10 mTorr, and the incorporated oxygen originated from 

the base pressure gasses (mostly H2O) present at 2.1*10-6 Torr or less. The nitrogen was sourced 

through an RF atom source, and the glass and silicon substrates were affixed to a heater on one 
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end with the other suspended in vacuum, leading to a temperature gradient across the sample.20 

Power supplied to the Sb target was 20 W, and power supplied to the RF atom source was 250 

W. After growth, Rutherford backscattering (RBS), cross-plane electrical conductivity, kelvin 

probe, ultraviolet-visible spectroscopy, and X-ray diffraction (XRD) were used to characterize 

films. Analysis of RBS spectra was conducted using the PERT simulation function in the 

Rutherford Universal Modeling Package (RUMP). 

Results and Discussion 

RBS analysis was preformed on a film grown at ambient temperature on single-crystal 

silicon. The stoichiometry was determined to be SbO0.4N1.4. The RBS spectrum is shown in 

Figure 1. The films have very low electrical conductivity: cross-plane resistivity measurements 

of a 300 nm film grown at ambient temperature on fluorinated-tin oxide-coated glass showed 

resistivity over 20 MΩ, putting the bulk resistivity of Sb-O-N at least 1011
 Ωcm. The measured 

work function of this film was 5.1 eV. Optical characterization of films grown at ambient 

temperature showed complete absorption at wavelengths shorter 500 nm with a steep increase in 

transmission at longer wavelengths. Above 750 nm, films were almost entirely transparent. The 

reflection-corrected transmission of a film grown at ambient temperature is shown in Figure 2. 

The results suggest an optical band gap near 2 eV, which is 0.8-1.8 eV lower than earlier reports 

of antimony oxynitride18 and antimony nitride.17 Differences in anion content or metal oxidation 

state are likely responsible for the difference in optical properties: Reasoning solely by the 

Fig. 5.1: Rutherford backscattering spectrum of antimony oxynitride film grown at ambient 

temperature on silicon. Inset: Enlargement of anion signal (black) with simulated silicon 

background (blue).  
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frequently-observed reduction in band gap for nitrides compared to oxides, it appears we may 

have prepared a more nitrogen-rich material than previous studies. However, the metal oxidation 

state can also play a role, with Sb2O4 and Sb2O5 having smaller band gaps than Sb3O2.
21 It is 

unusual for a disordered material with an apparently moderate band gap to display such high 

resistivity. The low conductivity could originate from a very low carrier concentration or from 

extremely low carrier mobility, and either explanation implies something peculiar about the 

electronic structure.  The numeric results for films grown at ambient temperature are summarized 

in Table 1. 

 

Table 1: Results obtained for Sb-O-N films grown at ambient temperature. 

Stoichiometry Resistivity Work Function Optical absorption onset 

SbO0.4N1.4 >1011 Ωcm 5.1 eV 2 eV 

 

As synthesized, the stoichiometry SbO0.4N1.4 (measured on films grown at ambient 

temperature) suggests that antimony incorporates as Sb(V). Increasing the substrate temperature 

produces more reducing film growth conditions, and Sb(0) metal is observed in the XRD for 

films synthesized at 350°C. The amorphous films grown just below 350°C were likely also 

reduced compared to the films grown at ambient temperature. These reduced films were more 

 

 
Fig. 5.2: Optical properties of Sb-O-N film approximately 2.3 μm thick synthesized at ambient 

temperature. Inset: dimensionless absorption coefficient as a function of photon energy.  
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prone to conversion to the crystalline oxide than the films grown at lower temperatures. When 

stored in atmosphere, initially red, amorphous films slowly converted to clear, crystalline 

material. The films grown at the highest temperatures were the first to turn clear, and the change 

progressed along a front from higher growth temperature to lower growth temperature. The 

crystallographic transformation is shown in Figure 3. Films grown at ambient temperature have 

not (after over three months of storage) changed visually or crystallographically.  

 To investigate the thermal stability of the films grown at ambient temperature, we 

preformed a high-throughput annealing experiment. We affixed one end of the sample to a heater 

with conductive paste, leaving most of the sample suspended in vacuum (20 mtorr of N2 & Ar.) 

This produced a temperature gradient across the sample. Annealing at high temperatures (400-

450°C) led to decomposition of the amorphous oxynitride material and crystallization of 

antimony oxide (Sb2O3). Some amorphous content remained, but no XRD peaks indicative of a 

crystalline nitride or oxynitride phase were observed. This high-temperature region was grey in 

color suggesting antimony metal, but no metallic peaks were observed in the XRD, and the films 

were resistive. We therefore hypothesize that some oxygen and nitrogen remained bound to the 

antimony in an amorphous matrix. X-ray diffraction data and a photograph of the sample are 

shown in Figure 4.  

  

 
 

Fig. 5.3 left: XRD patterns of films grown at different substrate temperatures. Fig. 5.3 right: 

XRD patterns of the same films after 100 days of shelf-storage.  
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The fact that crystalline Sb-O-N phases were not observed in either high-substrate 

temperature depositions or in annealing of room temperature deposited films suggests that no 

high-stability structure exists in this materials system. Pure nitrides (SbN or Sb3N5) are also not 

likely to be highly stable materials, as they were also not observed. However, crystalline nitride 

phases may still be obtainable by excluding oxygen further through reducing the base pressure of 

the deposition chamber.   

Conclusions 

Antimony oxynitride, SbO0.4N1.4, was grown at room temperature by reactive sputtering. 

These films appear to be shelf-stable and are thermally stable in inert atmosphere below ~400°C. 

The films had an optical absorption onset near 2 eV, which is lower in energy than observations 

in previous studies of antimony nitrides and oxynitrides. More reduced films were grown at 

increased temperature, and these films converted to Sb2O3 in atmosphere. Open areas of research 

include the origin of the high resistivity of the films, which could be caused by the presence of 

very few carriers or very low carrier mobility do to a peculiarity of the electronic structure.  
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CHAPTER 6 CONCLUSIONS & FUTURE WORK OR: GREAT NEW IDEAS UNDIMMED 
BY THE CHALLENGES OF ACTUALLY TRYING THEM 

 
The metastable semiconductors described in this dissertation display diverse and 

interesting properties. Cu3N may possess defect tolerance, and our study of it produced anion 

activity modulation and insights into the synthesizability of metastable systems. In our study of 

tin nitride and the IV3N4 polymorphs, we theoretically predict large hole effective masses and 

small electron effective masses for Sn3N4 and suggest that any future use of tin nitride should 

take advantage of it’s potentially very mobile electrons.    Chapter 4 details the discovery of a 

new member of the tin nitride family, SnN1-δ. This is an entirely new material and its structure 

and uses have not yet been established. Antimony oxynitride, as we have synthesized it, is also 

likely a new material. At the very least the report in Chapter 5 is the first report of an antimony 

nitride or oxynitride with reliable characterization of the bulk composition. All of this work is 

thematically connected by bring new applications to existing materials and bringing new 

materials to the collective knowledge. 

 As with any fruitful research, many questions were raised and the many avenues of future 

research remain which merit exploration. Below is a compilation of potential future work as well 

as ideas and musings about new techniques. 

 

A method for solving the structure of SnN1-δ 

Solving the structure of the SnN1-δ would dramatically increase the quality and impact of the 

discovery described in Chapter 4. Detailed here is a proposal to do just that. There are two 

important pieces of the puzzle which need to be addressed. The first is producing larger crystals, 

and the second is accurately determining the stoichiometry. 

Production of larger crystals could be accomplished by in several ways: 

1) Increasing the adatom mobility to encourage crystal growth could be accomplished by 

increasing the substrate temperature. However, the chemical potential of nitrogen must 

remain in the proper region to favor SnN1-δ over Sn3N4 and Sn0. Therefore, the atomic 
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nitrogen source could be turned on or the partial pressure of nitrogen increased to offset 

the loss in chemical potential from the raise in temperature. 

2) Decreasing the growth pressure or decreasing the target-substrate distance could increase 

adatom mobility by increasing energetic flux to the substrate. We note that the film 

appears to adopt a zone 1 or zone T microstructure,1 which are mobility-limited 

structures. This microstructure is shown in Figure 4 Chapter 4.  

3) Increase grain size through epitaxial growth. If some assumptions are made about the 

space group, a lattice constant can be hypothesized, and single-crystal substrates may be 

available. 

4) Increase grain size by reducing oxygen inclusions. In the new nitrides chamber, a lower 

base pressure would lower oxygen contamination of the film. Oxygen-rich grain surfaces 

could be suppressing coalescence in the current growth. 

 

Accurate determination of the stoichiometry may not be known until the structure is solved, but 

an assumption is necessary to solve the structure. The amorphous material observed between 

grains may deviate compositionally from the material incorporated into crystals. Nitrogen is very 

difficult to measure in RBS, but RBS is one of the only bulk spectroscopic techniques capable of 

measuring N at all. Alternatives are mass balance experiments after thermal decomposition (such 

as thermogravimetric analysis). The stoichiometry could also be determined by assuming that all 

incorporated nitrogen is in the 3- state and that tin is present to balance. The relative quantities of 

Sn(II) and Sn(IV) can be measured by Mossbauer spectroscopy, and the nitrogen content be 

determined by charge-balancing. This technique unfortunately does not take into account the 

contribution of any amorphous material between grains, and is therefore subject to error.   

 First-principals theory also provides routes to determine structure. The structure 

prototypes method, which was successful in ABX2 compounds, could also be applied to AX 

compounds, A9X8 compounds, and A6B3X8 compounds. We could also apply First-Principals 

Assisted Structure Solution (FPASS)2 to SnN1-δ. Though these techniques are unlikely to solve 

the structure on their own, in combination with larger-grained films and data from other 

techniques, structure determination may be successful. 

 



  

74 
 

 Additionally, the list of possible space-groups can be reduced by knowing the number of 

unique tin sites in the compound. 119Sn magic-angle spinning nuclear magnetic resonance 

spectroscopy (MAS NMR) of isotopically enriched SnN1-δ material can accomplish this. 119Sn-

enriched powder can be purchased from American Elements and hot-pressed to the face of a 

non-enriched target. Contact Brenden Ortiz for hot-pressing. Chai Engtrakul and Erica Gjersing 

are excited about the project and would be enthusiastic about helping. Our current pulse utilizes a 

30 second relaxation time, 14 kHz spinning speed. Useful tin NMR literature is available in the 

references at the end of this section.3–5 This technique has the advantage of being more sensitive 

to crystalline material than it is to amorphous material. 

 

SnN1-δ TEM & electron diffraction 

Another method for producing material which can be analyzed by electron diffraction is to grow 

very thin SnN1-δ directly on TEM grids. Some of the crystallites will nucleate on the holey/lacey 

carbon and be available for TEM & electron diffraction. Chilan Ngo at UCLA has been 

incredibly helpful in this area and has requested larger crystals for selected-area electron 

diffraction.  

 

Demonstration of defect tolerance in Cu3N 

A driving hypothesis in the Ternary Copper Nitrides project was defect tolerance, the ability of a 

material to resist electrical property changes in spite of physical defects. this hypothesis would 

be tested if we could: 

 1) Demonstrate the functional relationship of carrier mobility on carrier concentration by 

Hall measurements on patterned samples. If the mobility is independent of carrier concentration 

or the mobility is weakly dependent on carrier concentration, this would support the defect-

tolerant hypothesis.  

 2) Demonstrate passivated surfaces by polishing single crystals of Cu3N and physically 

linking them in a circuit. After the grains are physically connected, perform impendence 

spectroscopy to measure the equitant circuit and see what role grain boundaries play. If the 

inclusion of grain boundaries does not introduce additional resistance in the circuit, the defect 
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tolerance hypothesis will be supported. On the other hand, the defect tolerance hypothesis will be 

undermined if the grain boundaries are found to add significant resistance to the circuit.  

 
 

 

 

Crystalizing antimony nitride 

Antimony nitride, SbN, is expected to crystalize with an enthalpy of formation of 1.1 eV. The 

presence of small amounts of oxygen could frustrate crystallization, and growing at a lower 

oxygen partial pressure could reduce the effect. This can be accomplished either by presputtering 

getter material (Sb, Ti) in Argon/low flow of N2 or using lower base pressure system. Using a 

combi temperature gradient during growth or annealing after growth could also encourage 

crystallinity. 

 

 

Group IV oxynitrides 

Silicon, germanium, and tin show interesting polymorphism in their nitrides (see Chapter 3). 

Silicon oxynitride is (or at least has been) used industrially in as a gate layer in metal oxide 

semiconductor field effect transistors (MOSFETS). Tin oxynitride has not been observed but 

Pawel Zawadzki has some calculations on them, and experimental synthesis would be a nice 

addition to the story. A literature review on the group IV oxynitrides would be illuminate open 

questions and possible directions. 

Making amorphous tin oxynitride should be quite easy in Combi 1. Indeed, oxygen 

incorporation is already observed in crystalline tin nitride, and doubtless would be enhanced in 

the low chemical potential of nitrogen growth conditions that occur at longer target substrate 

distances. Sn-O-N materials could be made by in three manners. Manner 1 is to flow oxygen, 

nitrogen, and argon into the sputter chamber. The oxygen flow rate would probably need to be 

much lower than the nitrogen flow rate, and it may be beneficial to crack the nitrogen with the 

RF atom source as well. Manner 2 is to cosputter a tin metal target and a tin oxide target in a 

nitrogen and argon atmosphere. In the (admittedly unlikely) best-case scenario, there would be 

Figure 6.2 Scheme of Cu3N crystals as circuit components to test defect tolerance hypothesis 
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an anion composition gradient across the sample. More likely the nitrogen-to-oxygen ratio would 

depend on the relative powers applied to the two targets, as reactive oxygen species produced at 

the tin oxide target would quickly find their way to the metal target. In other words, rapid gas-

phase equilibrium would trump kinetic, flight-path considerations. 

One possible way to produce an anion gradient would be to cosputter from a nitride target 

and an oxide target in a relatively low base pressure. We have both Si3N4 and SiO2 targets 

available now. The gas-phase mixing could be discouraged by the low pressure: few collisions 

from which one anion species could be directed to the alternative target. Another method would 

be to use a semi-mask technique wherein a physical barrier is imposed between the cosputtering 

targets. This barrier would end some distance from the target (an obvious need for optimization 

is the distance) and would permit limited gas-phase mixing on the way to the substrate. In 

Combi-1, this barrier could be simply and reversibly attached to the pop-up valve or underside of 

the lid. It is noteworthy that such geometry may constrain the effectiveness of the atomic 

nitrogen source.  

 

Amorphous copper tin nitride 

Copper nitride is interesting in that it presents a relatively shallow work function. Tin nitride is 

fascinating for its band gap in the visible and both are interesting for their Earth-abundant 

composition.  In the ternary Cu-Sn-N system, a large composition space between Cu3N and 

Sn3N4 exists where sputtered films have low structural order. The semiconducting properties of 

this amorphous material appear to smoothly span the property space between the two binaries. 

Further investigation of this material may lead to tunable semiconducting properties. 

 

Figure 6.3 Schematic of combinatorial sputtering apparatus to produce anion composition gradients 
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The Paper on a Wafer 

First and foremost, this idea needs a better name. Publication Station? Results Square? It’s not 

really a wafer, so…Something Glass? 

 

 

 

 

 

 

 

 

Sb-O-N NMR 

Additional structural information about antimony oxynitride may be obtainable by MAS-NMR. 
121Sb is an MNR active nucleus with spin 5/2. This would probably lead to severe broadening but 

the abundance over 50% and the growth rate quite high so adequate quantities of material could 

be produced readily. The high abundance could present an additional difficulty as spin-spin 

splitting could further broaden lines. 

 

After consulting with coworkers, some of these ideas will be undertaken during fall of 2014. 

Others may wait for future researchers. 

 

 

References 

(1)  Thornton, J. A. The Microstructure of Sputter-Deposited Coatings. J. Vac. Sci. Technol. A 

1986, 4, 3059–3065. 

(2)  Meredig, B.; Wolverton, C. A Hybrid Computational-Experimental Approach for 

Automated Crystal Structure Solution. Nat. Mater. 2013, 12, 123–127. 

Bare glass for optical & XRD 
Silicon for RBS 
Masked Van Der Paw for Hall 
Conductive (Au, FTO) for cross-
plane conductivity, capacitance, 
kelvin probe and air photoemission 

Figure 6.4 Schematic of glass slide modified for facile accurate measurements of single-gradient 

sample libraries. 



  

78 
 

(3)  Clayden, N. J.; Dobson, C. M.; Fern, A. High-Resolution Solid-State Tin-119 Nuclear 

Magnetic Resonance Spectroscopy of Ternary Oxides. J. Chem Soc Dalt. Trans. 1989, 

843–847. 

(4)  Cruz, L. P.; Savariault, J.; Rocha, J.; Jumas, J.; Jesus, J. D. P. De. Synthesis and 

Characterization of Tin Niobates. J. Solid State Chem. 2001, 156, 349–354. 

(5)  Mundus, C.; Taillades, G.; Pradel, A.; Ribes, M. A 119 Sn Solid-State Nuclear Magnetic 

Resonance Study of Crystalline Tin Sulphides. Solid State Nucl. Magn. Reson. 1996, 7, 

141–146.  

 

 

 

  



  

79 
 

APPENDIX I: PROCEDURES & CALIBRATIONS 
 

This appendix is intended to provide additional procedural notes to assist with any future 

repetition of the results contained in this dissertation. The  

 

Combi-1 

Combi-1 is a custom-built combinatorial sputtering tool used for oxides and nitrides. It contains 

three radio-frequency (RF) power supplies and 4 gun positions. One gun position is frequently 

occupied with the RF atom source. Specific safety and tool-level procedures are contained in the 

Equipment Specific Procedures on file in the lab. However, some procedures specific to nitrides 

are delineated below.  

 The atomic nitrogen source must be lit prior to the other guns in order to ensure that the 

plasma lights. This is confirmed visually through the view window by the presence of a very 

faint glow from the interior of the source. Gas flow to the source is controlled through a needle 

valve, which is calibrated against mass-flow controllers. In order to calibrate the needle valve, 

the pump throttle valve is left in one position and the needle valve is opened (or closed) in 

increments. At each valve position, the pressure is allowed to equilibrate and the pressure 

recorded, producing a functional relationship between pressure and valve position. This process 

is repeated using a mass flow controller (calibrated by the manufactured, MKS) producing a 

functional relationship between flow rate and pressure. The two relationships can then be 

combined to elucidate the flow rate from the needle valve at each valve position. 

 For the atomic gas source, the typical operating power setting is 250 W. Though the 

source is designed to use powers above 500 W, in practice the source becomes extremely hot at 

powers above 300 W, as the cooling appears to be insufficient to keep up with heat generation. 

 The temperature at each point on the glass substrate is one of the variables in our process 

with a high degree of uncertainty.  The temperature was calibrated by placing a thermocouple 

(affixed with silver paste) on the substrate at various distances from the heater contact.  The 

heater was turned on, the temperature allowed to equilibrate, and the temperature recorded. This 

was repeated at many points on the surface. The initial calibrations were done at atmospheric 

pressure, and a small number of the points were repeated at deposition pressure (20 mTorr) to 
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check the pressure dependence. To check for heater drift, a thermocouple was attached to the 

front side of the sample in about 10% of depositions.  

 

Metrology 

 After films have been prepared, they undergo various types of metrology. Standard for 

most films is X-ray diffraction (XRD), X-ray fluorescence (XRF), and optical spectroscopy. 

Also used on select samples is four-point probe, scanning electron microscopy, Hall effect 

measurements, Rutherford backscattering (RBS), and electron microscopy. The XRD tools are 

aligned by NREL staff, but testing the alignment with known samples is beneficial from time to 

time. The XRF tools used in thesis are not currently functioning, though they were calibrated 

using high-purity reference materials. The thickness measurements used in this dissertation come 

from two sources: XRF measurements and profilometry measurements. The XRF thicknesses 

cannot be considered accurate without the corroboration of profilometry measurements, which 

are referenced to known samples.  Any future measurements should be made with the system in 

Solar Energy Research Facility room C112. 
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