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Design of nitride semiconductors for solar energy conversion 

Andriy Zakutayev
a
 
 

Nitride semiconductors are a promising class of materials for solar energy conversion applications, such as photovoltaic 

and photoelectrochemical cells. Nitrides can have better solar absorption and electrical transport properties than the 

more widely studied oxides, as well as potential for better scalability than other pnictides or chalcogenides. In addition, 

nitrides are also relatively unexplored compared to other chemistries, so they provide a great opportunity for new 

materials discovery. This paper reviews the recent advances in the design of novel semiconducting nitrides for solar energy 

conversion technologies. Both binary and multinary nitrides are discussed, with a range of metal chemistries (Cu3N, 

ZnSnN2, Sn3N4 etc) and crystal structures (delafossite, perovskite, spinel etc), including a brief overview of wurtzite III-N 

materials and devices. The current scientific challenges and promising future directions in the field are also highlighted. 

1. Introduction 

Conversion of sunlight into electrical energy is one of the 

most promising routes to meet the 30 TW global electricity 

demand by 2050. Photovoltaic (PV) solar cell technologies 

currently provide 0.1 TW of power and are on track to be 

producing 1 TW by 2025. However, at the >1 TW level of 

electrical energy production, concerns remain about the 

sustainability of the growth of the Si solar cell manufacturing,
1
 

as well as the availability of critical chemical elements for thin-

film PV technologies
2
. In addition, storing electricity using 

batteries for later use, or converting it to fuels for mobile 

applications, presents an even greater challenge than reaching 

30 TW. Hence, new solar cell absorbers are needed, for 

photoelectrochemical (PEC) fuels production in particular: this 

is the area where the lack of suitable semiconductor materials 

is much more pressing than for PV electricity generation. The 

solar absorber materials used in these novel technologies 

should be inexpensive, efficient, and reliable like current 

technologies, but should also be easily scalable to multi-TW 

levels without constraint.  

  Semiconducting nitrides are an interesting family of 

inorganic compounds for optoelectronic applications because 

of their mixed covalent/ionic bonding properties (Fig. 1) due to 

moderate electronegativity of the N atom (χN=3.0). On one 

hand, nitrides are more ionic compared to other pnictides 

(χPn=2.0-2.2 for pnicogen atoms) studied for solar energy 

conversion (e.g. GaAs, InGaP2), so they allow for greater 

tolerance to structural defects. This is because the constituent 

atomic orbitals in the ionic compounds lie closer to the band 

edges than in covalent compounds, so the defect states that 

result from breaking the atomic bonds would be shallower. 

This ionic character of the semiconducting nitrides should 

result in the potential for good scalability using low-cost 

materials processing, such as nitride film sputtering integrated 

into one process line with vacuum deposition of other 

materials in the device stack. Prior commercial examples of 

nitride films prepared by in-line sputtering include metallic TiN 

and other transition metal nitrides used for wear-resistant 

coatings and architectural glass applications.
3
  

On the other hand, nitrides are more covalent than the 

oxides (χO=3.5) due to the higher position of N 2p compared to 

O 2p orbitals (Fig. 1). The lower energy difference with 

electronic states of the metal elements and the resulting 

better hybridization usually leads to better charge-transport 

properties and a higher valence band position—and hence 

lower bandgaps and easier p-type doping
4
 compared to the 

oxides studied for PV-
5
 and PEC

6
 applications. This more 

covalent character of the nitrides have led to many 

commercial optoelectronic applications such as light-emitting 

diodes (LEDs)
7
, photodetectors and laser diodes, as well as 

numerous electronic devices including high electron mobility 

transistors (HEMT)
8
 and wide-bandgap power electronics, all 

based on GaN and related materials.  
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Nitride materials are also interesting from the perspective 

of basic science because they constitute a relatively 

unexplored and very diverse class of inorganic compounds (Fig. 

2). For example, the inset in Fig. 2 illustrates that in the 

Inorganic Crystal Structure Database (ICSD), for every nitride 

(3,008 total entries) there are more than ten oxides (41,529 

total entries). Similar trends hold for the number of published 

papers cataloged in the Scopus Database, as shown in Fig. 2. 

As a consequence, new nitride materials with structural motifs 

and crystal structures that have never been reported 

previously in any other chemistry are discovered with amazing 

regularity.
9
 Electronic structures and physical properties of 

even some very simple binary nitrides have yet to be reported 

(e.g., Sb-N, Bi-N) or have only recently been reported (e.g., Pt-, 

Ir-nitrides).
10

 In part, the uniqueness of the nitride crystal 

structures can be attributed to the high valence (-3) of a 

nitrogen element in the compound, and hence, the need for 

either a high valence of metal elements or a larger number of 

them per formula unit. This leads to difficulty in satisfying the 

known stoichiometries/structures with large anion/cation 

ratios (e.g., A2BX4 spinels, ABX3 perovskites) and to a large 

number of known “interstitial” nitride compounds.
9
 

 The relatively unexplored character of the nitride solid-

state chemistry may be partially attributed to the apparently 

less stable character of the nitrides compared to oxides, as 

suggested by more positive nitride formation enthalpies (Fig. 

3a). The stability range of a metal nitride MxNy is: 

ΔHF(MxNy)<xΔμ(M) + yΔμ(N2)/2     (1) 

where Δμ are chemical potentials of solid metal M and 

nitrogen gas N2 in their standard reference states. It is 

important to understand that the nitrides are apparently less 

stable than oxides due to the extremely low energy of the N2 

molecule (low Δμ(N2) = -10 eV, right-hand side of Eq. 1) that is 

used as a reference state for determining formation enthalpies 

(compare to the O2 molecule at Δμ(O2) = -6 eV). It is stressed 

here that this apparent metastability of the nitrides is not due 

to the weakness of the metal-nitrogen bonds (not high ΔHF on 

left-had side of Eq. 1), which can be as strong or even stronger 

than the metal-oxygen bonds. Indeed, as shown in Fig.3b, if 

the atomic nitrogen chemical potential is used as a reference, 

the nitrides are as stable as the oxides. Empirically, this notion 

is supported by the nitride commercial application as hard 

coatings.
3 

However, note that this argument (Fig. 3) assumes 

that there are other kinetic barriers, such as a self-terminating 

native oxide layer (e.g., Al2O3 on AlN) that prevents reaction 

with the oxygen-containing ambient atmosphere and other 

possible nitride decomposition pathways.  

This review article discusses recent progress in the design 

of semiconducting nitrides for solar energy conversion, beyond 

the well-studied case of III-N. The review focuses on the 

nitrides with potential for photovoltaic and 

photoelectrochemical applications, and highlights prior 

examples of research by the author and other researchers in 

the field. This article also briefly reviews III-N materials as the 

only class of nitrides with the reported PV device efficiencies. 

The remainder of the paper is outlined as follows. After a brief 

general methods section, this review discusses the recent 

progress in binary nitrides of Cu, Ta, Sn, Ga groups, and related 

alloys, arranged by metal chemistry. Then, ternary nitride 

materials are discussed arranged by crystal structure, e.g., 

delafossites, perovskites, wurtzites, and others that emerge 

from theoretical predictions. Finally, future research and 

development directions and the outstanding scientific 

challenges are highlighted. 
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2. Methods 

The promise for good optoelectronic properties (Fig. 1) and 

the unexplored character (Fig. 2) of the nitrides make them 

good candidates for “Materials Design” methods. Broadly 

defined, materials design is aimed at discovering new 

materials with targeted properties, and is one of the five 

Grand Challenges for basic energy sciences.
11

 The related 

Materials Genome Initiative in the USA
12

 and similar 

governmental programs in other countries, seek to accelerate 

the rate at which new materials are introduced into the 

market, beyond the slow and serendipitous approaches of 

traditional materials science. A key idea behind the materials 

design is to leverage the modern high-throughput methods 

from other scientific fields, such as parallelized calculations
13

 

from computer sciences, and combinatorial experimentation
14

 

from pharmaceutical industry. To date, the materials design 

strategy has been quite fruitful for many researchers, with 

success stories in our group ranging from experimentally 

realizing computationally predicted materials
15

 in basic 

science, to identifying
16

 and integrating
17

 new PV materials 

(both absorbers and contacts) in applied technology. 

Designing novel semiconducting nitrides for solar energy 

conversion and other applications also presents formidable 

scientific challenges for both experiments and computations. 

The main computational challenge is the aforementioned 

diverse structures and high-integer stoichiometries of the 

nitrides. These characteristics make it difficult to apply the 

conventional structure prediction methods based on structure 

prototyping and genetic algorithms. The problem is 

exacerbated by the small number of previously reported 

nitrides, and hence, insufficient training sets for the structure 

prediction approaches based on data mining; so all these 

theoretical methods have to be modified to provide reliable 

predictions.  

The main experimental challenge is the synthesis process, 

given the nitride stability considerations presented above from 

the thermodynamic point of view (Fig. 3a). For nitride 

synthesis, the nitrogen triple bond needs to be broken before 

the reaction with the metal precursors occurs (Fig. 4a, left 

well), which is costs more energy than for the double-bond of 

the corresponding oxide (Fig. 4b, left well). However, once the 

metal-nitrogen bond is established, the nitride becomes as 

stable as the corresponding oxide (Fig. 3b and Fig. 4 middle 

wells). So in this sense the schematic picture presented in Fig. 

3b is just a way to understand the kinetic stability of the 

synthesized nitrides using simple thermodynamic concepts 

(such as heats of formation and chemical potentials), without 

explicitly considering the difficult-to-compute oxidation- or 

decomposition energy barriers  (Fig. 4). 

As shown in Fig. 5, metastable nitrides can be synthesized 

using nitrogen precursors that are higher in energy that the N2 

molecule (Fig. 4 right wells). The physical means often used to 

achieve high reactivity of nitrogen during the synthesis are (1) 

unintentional cracking of N2 molecules in the plasma of the 

sputtering process;
18

 or (2) the widely available nitrogen 

plasma sources that were traditionally used in radio-frequency 

molecular beam epitaxy (RF-MBE), and more recently in RF 

sputtering.
19

 The chemical means of achieving high nitrogen 

reactivity are (1) using other thermochemically unstable 

molecules, such as ammonia (NH3), as the nitrogen precursors 

in metal-organic chemical vapor deposition (MOCVD)
20

 and 

tube furnace annealing of metals under the flow of the NH3 

gas; or (2) bulk chemical processes such as reaction with 

sodium azide (NaN3) or ion exchange between Na-containing 
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nitrides and metal halides.
21

 For the sake of brevity of this 

review, the reader is referred to other reviews
9,21,22

 and 

handbooks
23

 for more information about each of the physical 

or chemical synthesis methods.  

Overall, the theoretical and experimental considerations 

associated with the stability of the nitrides (Fig. 3-5) illustrate 

the peculiarity of working with materials away from 

equilibrium - another Grand Challenge in basic energy 

science
11

 that remains to be addressed.
24

 By extension, the 

design of metastable nitride materials, both experimentally 

and computationally, is an important emerging topic in basic 

energy science. Next, this review article discusses prior 

experimental and theoretical efforts in this area for the binary 

nitride materials, both stable (e.g. Ta3N5, GaN) and metastable 

(e.g. Cu3N, Sn3N4).  

3. Binary Nitrides 

3.1 Copper nitride
19,25,29

 

Copper nitride (Cu3N) is an interesting material because it 

is expected to have a defect-tolerant electronic structure. 

Defect tolerance is a tendency of a semiconductor to maintain 

its properties despite the presence of crystallographic defects, 

which results from the antibonding character of the valence 

band maximum (Fig. 6). In the conventional semiconductors 

with bonding VBM, the energy levels of the constituent 

elements are above VBM and below CBM of the resulting 

compound; so once the atomic bonds are broken defect states 

appear in the band gap. In contrast, in defect-tolerant 

semiconductors, the energy levels of the constituent elements 

and the resulting energy levels of the defect states in the 

compound, both fall within the bands and lead to shallow 

states near the band edges, instead of deep defect states in 

the gap. This defect tolerance hypothesis has been 

theoretically supported by comparing the results of Cu3N bulk 

defect and surface calculations with those of GaN.
25

 The 

resulting minimal scattering of electrons and holes should be 

favorable for the larger-scale device fabrication needed for 

solar energy conversion applications to become ubiquitous. In 

addition to Cu(I) compounds with full d
10

 closed-shell 

electronic configuration, this unusual electronic structure is 

expected to occur in materials that contain other low-valent 

elements with s
2
p

0
 electronic configuration, such as Sn(II), 

Sb(III), In(I), and Pb(II), such as in the case of CH3NH3PbI3 

hybrid perovskites.
26

  

Experimentally, the defect tolerance in Cu3N manifests 

itself most prominently in facile bipolar doping, which is quite 

uncommon for compound semiconductors used for PV or PEC 

applications. It is known that Cu(I)-based materials often tend 

to be p-type (e.g., CIGS, CZTS) due to abundant copper 

vacancies,
27

 whereas nitrides are commonly n-type (e.g., GaN, 

InN) due to oxygen substitutions.
28

 The Cu3N seems to inherit 

the “best of both worlds” and can be doped intrinsically both 

p-type and n-type, depending on the growth conditions (Fig. 

7). Initially,
25

 bipolar doping up to 10
16

–10
17

 cm
-3

 has been 

measured by Hall effect and confirmed by Seebeck effect in 

sputtered Cu3N thin films with 0.1–10.0 cm
2
/Vs Hall mobility.

29
 

Subsequently, these results have been confirmed by another 

group using MBE
30

 and explained in terms of the 

thermodynamic/kinetic model of defect formation.
29

 These 

research results position Cu3N for future semiconductor device 

integration—in particular, into devices based on p-n 

homojunctions. Solar energy conversion applications of the 

binary Cu3N may be limited by its indirect bandgap (1.0 eV) 

below the optical absorption onset (1.4 eV). However, Cu3N 

may still be useful for other optoelectronic applications, where 

the quantum efficiency rather than the energy conversion 

efficiency is needed, such as photo-detectors. Also, more 

favorable optical properties with the same defect-tolerant 

electronic structure are expected from ternary copper nitrides 

discussed later on in this article.  

The extent and the limits of defect tolerance in copper 

nitrides can be understood by considering other non-nitride 

Cu(I)-based compounds. In addition to Cu3N, other material 

examples that should have antibonding valence band maxima 

are Cu(In,Ga)Se2 (CIGS) and Cu2ZnSn(S,Se)4 (CZTS) PV 

absorbers. Indeed, the CIGS can have ~20% efficiency
31

 despite 

large off-stoichiometry and polycrystalline morphology, 
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consistent with the defect tolerance design principle (Fig. 6). 

However, not as favorable performance of CTZS (~10% 

efficiency) indicates that the antibonding valence band 

maximum is a good starting point, but not a sufficient criterion 

for achieving high solar cell efficiencies. It is not surprising, 

because “defect tolerance”
25

 addresses the activation energies 

(i.e. transition levels) but not concentrations of defects or 

other possible imperfections (extrinsic contamination, cation 

disorder).
32

 In addition, the initially proposed simple defect-

tolerance design principle (Fig. 6) is more suitable for valence-

band-like defects (acceptors) than for conduction-band-like 

defects (donors). To address this valence/conduction band 

issue, the defect-tolerance design principle has recently been 

extended theoretically to conduction-band-related defects in 

inorganic semiconductors related to methylammonium (MA) 

lead halide perovskite MAPbI3.
33

 This extension also 

theoretically supports broader applicability of the defect-

tolerance design principle learned from Cu(I)-based materials, 

across a wide range of materials chemistries of interest for 

semiconductor applications (e.g. low-valent Sn, Sb, Pb, Bi, In 

etc with s
2
p

0
 electronic configuration). 

 

3.2 Tantalum nitrides 

Another class of binary nitrides for solar energy conversion 

is based on the early transition metal elements. These nitrides 

have the empty d
0
 closed-shell electronic configuration rather 

than the full d
10

 configuration discussed above for Cu3N, or the 

empty p
0
 configuration discussed below for Sn3N4 and GaN. In 

the d
0
 compounds, the conduction band is derived from the 

empty d-states of the early transition metal ions, whereas the 

valence band is predominantly composed of the occupied 

anion p-orbitals. Thus, as the anion changes from O through 

mixed O/N all the way to N, the absolute energy of the valence 

band increases and the bandgap decreases, as illustrated in 

Fig. 8 based on photoemission measurements of the Ta-based 

materials.
34

 This increase in the valence band position leads to 

larger band curvature, lower effective masses, and lower band 

gaps, all of which are favorable for solar energy conversion 

applications. Indeed, Ta2O5, TaON, and Ta3N5 have been 

previously demonstrated in PEC solar cells.
35

 Recently, a 

related NbON material has also been studied for these 

applications.
36

  

Ta3N5 and TaON are perhaps the most widely studied d
0
 

nitrides for PEC fuel generation from sunlight. The initial 

demonstration of the photoelectrocatalytic activity in TaON 

and Ta3N5
37

 has been followed by the reports on 3–4 mA/cm
2
 

photocurrent from Ta3N5 thin films in Fe(CN)6
3-

/Fe(CN)6
4-

 

aqueous solutions and 1–2 mA/cm
2
 photocurrent from the 

Ta3N5 nanowires with catalysts on them used for water 

splitting.
38

 Combined theoretical and experimental studies 

agree that Ta3N5 optical absorption onset is at 2.1 eV, and that 

the indirect gap is 0.2–0.3 eV lower,
39

 which can be modified 

by resonant optical absorption.
40

 The same theoretical 

calculations also suggest relatively heavy and anisotropic hole 

effective masses, which is consistent with the prior 

experiments.
41

 However, the electron mobility of epitaxial 

TaON films is quite high: 17 cm
2
/Vs for the 3.5x10

19 
electron 

concentration.
42

 The Ta3N5 is also an n-type semiconductor 

with carrier concentrations in the 10
16

-10
20 

range depending 

on the processing conditions.
43

 

 

3.3 Tin nitride and related materials
46

 

Despite the wide use of Si3N4 and related materials as 

dielectrics in the semiconductor industry, the semiconducting 

properties of other binary group-IV nitrides are relatively 

unexplored. It is quite surprising, considering the extensive 

scientific and technological attention to III-nitrides, their 

nearest neighbors in the periodic table. For example, the few 

available papers on spinel Sn3N4 disagree widely on its 

bandgap value, with reports ranging from 1.50–2.25 eV 

(experiment)
44

 and 1.15–1.55 eV (theory).
45

 Our recent 

experimental/theoretical study
46

 places the Sn3N4 bandgap at 

1.55 eV, consistent with the other combined study.
45

 In 

addition, the valence band of Sn3N4 was determined to be 6.5 

eV below the vacuum level, making this metastable material 

promising for the water-splitting applications. The sputtered 

Sn3N4 thin films are n-type with the electron concentration of 

n = 10
18

 cm
-3

 (mobility of μ = 1 cm
2
/Vs), which is lower than 

the previously reported values of n = 10
20

 cm
-3

 (μ = 3 

cm
2
/Vs),

44
 making it suitable for the water oxidation part of 

the water splitting reaction. Unfortunately, theoretical 

calculation indicated large effective mass (mh = 12.9 m0) of the 

valence band, which explains the relatively short 50-nm 

diffusion length of holes in this material estimated from PEC 

measurements.  

One way to address the heavy hole problem in γ-Sn3N4 

(spinel) is by alloying with other group-IV metal nitrides. The 

results of GW theoretical calculation (Table 1) indicate that: (i) 

alloying Sn3N4 in the γ-polymorph spinel structure with other 

group-IV elements should lower the hole effective masses by 

25%–70% and increase the bandgap by 2.0–3.5 eV, while 
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increasing by 3x the electron effective masses; and (ii) 

stabilizing the α- or β-polymorphs of Sn3N4 should bring the 

hole effective mass down by a factor of 4–5 without 

significantly changing the electron effective mass or the 

bandgap. These results suggest that this relatively unexplored 

family of group-IV nitrides and the related isovalent alloys are 

promising for PEC solar cells and other optoelectronic 

applications. Indeed, recent theoretical calculations combined 

with high-pressure synthesis and synchrotron characterization 

experiments conclude that the electronic structure of spinel-

type Si3N4, Ge3N4, and Sn3N4 compounds is attractive for LED 

applications due to a combination of tunable bandgaps and 

larger exciton binding energies.
45

 

The Sn3N4 discussed above is a Sn(IV) nitride, but it is 

known that Sn can assume IV and II valence states in 

semiconductor materials. Although the low-valent Sn(II) and 

mixed-valent Sn(II/IV) binary oxides and chalcogenides are 

currently widely studied for solar absorber
47

 and transparent 

electronic
48

 applications based on their favorable properties, 

even the crystal structures of binary Sn(II) or Sn(II/IV) nitrides 

have yet to be reported. This is unfortunate because the low-

valent Sn(II) containing nitride binaries are expected to have 

very attractive defect-tolerance properties.
25,33

 However, note 

that a ternary NaSnN compound with formally divalent Sn(II) 

has been reported by reaction of intermetallic NaSn with 

NH3,
49

 suggesting that low-valent Sn nitrides should be 

possible to synthesize. Thus, more experimental research is 

needed toward synthesis and structure determination of the 

binary low-valent Sn3N2 and other Sn(II)-containing nitride 

materials. 

 

3.4 Gallium nitride and related alloys  

Gallium nitride (GaN), as well as the related III-nitride 

materials (AlN, InN) and alloys (AlxGa1-xN, InxGa1-xN), are 

perhaps the most technologically relevant nitride 

semiconductors. These materials and alloys are widely used in 

high electron mobility transistors (HEMTs)
8
 and light-emitting 

diodes (LEDs).
7
 In addition, GaN can be used in 

photodetectors,
50

 but its band gap is too wide to efficiently 

absorb most of the sunlight for photovoltaic applications. To 

address this issue, InxGa1-xN alloys have been proposed as full-

spectrum absorbers for radiation-hard photovoltaic solar 

cells.
51

 Initial devices had relatively low quantum efficiency 

(<60%) attributed in part to InN phase segregation,
52

 but 

subsequent devices significantly improved this metric.
53

 These 

initial successes were followed by a number of studies on GaN-

based photovoltaics in thin-film,
54

 multiple quantum well 

(MQW),
55

 and nanowire
56

 configurations. All these studies led 

to encouraging reports of 3% and 6%, solar energy conversion 

efficiency in InxGa1-xN MQW heterojunction PV devices with 

GaN contacts;
57

 however the InxGa1-xN homojunction device 

efficiencies are still much lower.
58

 The performance summary 

tables of the homojunction and heterojunction InxGa1-xN PV 

devices are provided in Ref. 59. Note that no other nitride 

semiconductors besides III-nitrides had any PV device 

performance metrics reported so far. 

The GaN and InxGa1-xN alloys have been also used for 

photoelectrochemical water splitting. The early reports on PEC 

cells with the MOCVD-grown n-type GaN and p-type GaN and 

Pt counter electrodes,
60

 were soon supported by the 

comparative studies and the InxGa1-xN testing,
61

 resulting in H2 

generation at zero bias in the GaN PEC solar cells with 0.6 

Page 6 of 14Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7 

Please do not adjust margins 

Please do not adjust margins 

mA/cm
2
 current.

62
 This work was followed by several other 

PEC studies on InxGa1-xN,
63

 culminating in 2.9% solar-to-

electricity and 1.5% solar-to-fuel conversion efficiency in 

InxGa1-xN/GaN MQW devices under AM1.5 illumination and 

zero bias.
64

 In parallel, nanostructured GaN and InxGa1-xN 

photoelectrodes have achieved current densities of 2-4 

mA/cm
2
 and incident photon-to-current efficiencies of 15-30% 

in recent years,
65

 resulting into the solar-to-fuels conversion 

efficiencies of  ~1.8% under concentrated sunlight.
66

  

Besides the growth-related challenges of the InxGa1-xN 

system (GaN/InN phase separation, structural defects), 

another complicating factor for PV and PEC solar cell 

fabrication is the non-centrosymmetric character of the 

wurtzite structure. The lack of inversion symmetry in wurtzite 

materials leads to spontaneous- and strain-induced 

piezoelectric polarization, well-known in GaN-based materials 

used for LEDs and HEMTs. In fact, the two-dimensional 

electron gas (2DEG) that results from the polarization is the 

key enabling feature for GaN application in radio-frequency 

HEMTs;
8
 however, the related quantum-confined Stark effect 

(QCSE) in GaN-based multiple quantum wells is detrimental to 

blue- and white LED performance.
67

 In the case of PV (Fig. 9), 

drift-diffusion modeling determined that polarization 

mismatch charges at the interface between the lower-gap 

InxGa1-xN absorber and the wider-gap n-type Ga-polar GaN 

substrate may lead to drift of the photoexcited charge carriers 

in the direction opposite to the contact polarity, which reduces 

the energy conversion efficiency of the photovoltaic solar cells 

(not the case for N-polar surfaces)
68,69

 These challenges may 

be addressed by the InxGa1-xN p-i-n homojunction device 

architecture,
69

 or by growth of InxGa1-xN on non-polar, semi-

polar GaN surfaces, as recently discussed for GaN LEDs.
70

 The 

polarization effects are also likely to be important for the 

performance of the photoelectrochemical solar cells. 

An alternative way to improve the sunlight absorption of 

GaN, is by homostructural/heterovalent alloying, such as in 

(Ga1−xZnx)(N1−xOx).
71

 These (Ga,Zn)(O,N) alloys are different 

than the traditional homostructural/homovalent InxGa1-xN 

alloys, in that both end-point materials (GaN and ZnO) do not 

absorb the light, whereas the ZnO:GaN alloy does. Yet another 

way to tune the physical properties of III-nitrides is through 

heterostructural/heterovalent alloying, such as in the case of 

(Al,Sc)N studied for piezoelectric applications.
72

 The successful 

synthesis of these unusual alloys has been demonstrated,
73

 

but the ScN bandgap is too wide for efficient solar absorption. 

Therefore, alloying of GaN or InN with other narrow-gap main-

group (YN, LaN) or transition metal (CrN, MnN, FeN) rocksalt 

nitrides may be promising. We also note that such 

heterostructural/heterovalent alloying has been successfully 

demonstrated for tuning the optical absorption and electrical 

transport properties in wurtzite Mn1-xZnxO alloys for PEC water 

splitting.
74

 

4. Ternary nitrides 

4.1 Wurtzite-related structures
77

 

The II-IV-N2 nitrides are a class of semiconductor materials 

related to the wurtzite III-N nitrides. In these ternary II-IV-V2 

compounds, the wurtzite III-V unit cell is doubled, and two 

group-III elements are replaced by a group-II element and a 

group-IV element. The resulting crystal structure is also related 

to the hexagonal wurtzite, but it may have II/IV cation 

ordering, giving rise to a lower-symmetry orthorhombic unit 

cell. Similar to the (Al,Ga,In)N material system, the 

Zn(Sn,Ge,Si)N2 material system provides bandgap tuning in a 

wider range from >5 eV to <1 eV, which covers most of the 

solar spectrum and extends into the ultraviolet range.
75

 As 

such, these II/IV-nitride materials may have similar promise as 

the III-nitride alloys for solar cell PV and full-spectrum LED 

applications, without necessarily having the problems related 

to the group-III element miscibility in the alloys. However, the 

synthesis of the light-absorbing semiconductor-quality ZnSnN2 

material is quite challenging due to degenerate electron 

concentration (~10
20

 cm
-3

) attributed to unintentional oxygen 

incorporation and other defects in the material.
76

  

Very recently, we demonstrate n-type doping control in 

zinc tin nitride using high-throughput experimental approach, 

including combinatorial synthesis and spatially resolved 

characterization.
77

 We found that the carrier concentration 

can be reduced by synthesizing the thin films at Zn-rich 

conditions and relatively low substrate temperatures, where 

such off-stoichiometry is possible without structural phase 

separation (Fig. 10). The resulting zinc tin nitride films have 

Page 7 of 14 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

electron concentration of 10
18

 cm
-3

 with mobility of 8 cm
2
/Vs 

at the composition of Zn/(Zn + Sn) = 0.60 and substrate growth 

temperature of 230°C. This relatively low doping level let us 

avoid the Burstein–Moss shift and free-carrier absorption 

effects, so we could accurately determine the theoretically 

predicted 1.0-eV bandgap of the cation-disordered wurtzite 

material.
78

 These experiments extend the range of bandgaps 

available in the II-IV-N2 materials system to the near-infrared 

part of the spectrum. Note that this Zn1+xSn1-xN2 wurtzite 

material has no well-defined Zn and Sn sites on the cation 

sublattice, which can also be thought of as a very high 

concentration of the cation antisite defects. 

The 1–2-eV bandgap tuning depending on the degree of 

cation disorder at the ZnSnN2 stoichiometry (Zn:Sn=1:1) is a 

useful optical absorption property of this material.
78,79

 This is 

because the band gap tuning can be achieved at the fixed 

lattice constant (without changing the composition), just by 

changing the growth temperature that controls the cation 

disorder. However, such cation disorder may also have 

undesired consequences for the electrical charge-transport 

properties. Preliminary experimental estimations of electron 

effective mass (m
*
) in the wurtzite zinc tin nitride

77
 indicate 

that the m
*
 is higher (~0.5 me) than the theoretically predicted 

value for the both fully-random wurtite structure and fully-

ordered orthorhombic structure (both ~0.1 me),
79

 which may 

be related to the non-random cation disorder. Note that the 

Zn/Sn ordering on the wurtzite cation sublattice and the 

resulting orthorhombic ZnSnN2 crystal structure is similar to 

the Cu/Zn/Sn ordering on the zincblende cation sublattice and 

the resulting “kesterite” tetragonal Cu2ZnSnS4 (CZTS) crystal 

structure.
80

. The effects of the non-random Cu/Zn cation 

disorder and the resulting potential fluctuations in covalent 

CZTS on electrical charge transport of photoexcited electrons 

have been discussed extensively in recent literature.
32

 Similar 

effects are in principle possible but not necessary in the more 

ionic zinc tin nitride, so more research is needed to address 

this point. 

 

4.2 Delafossites
83,84

  

An emerging family of ternary nitrides crystalizes in the 

layered delafossite crystal structure and includes materials 

such as CuTaN2 and CuNbN2. The delafossite structure is well 

known in the field of p-type transparent conducting oxides 

(TCOs), because the archetype material CuAlO2
81

 is a 

delafossite. The archetype nitride delafossite CuTaN2 was first 

synthesized a long time ago in bulk form using ion exchange,
82

 

but its properties were unknown, like many other nitrides 

available in ICSD. More recently,
83

 it was shown that despite its 

positive theoretical heat of decomposition (+0.11 eV/at with 

respect to N2, Cu and Ta3N5), CuTaN2 is experimentally stable 

in air up to 250°C. Theoretical calculations and experimental 

measurements agree that CuTaN2 has a strong optical 

absorption onset in 1.4–1.5 eV range, just above its calculated 

1.3-eV lowest-energy indirect bandgap (Fig. 11). The 

calculations also indicate that the absorption coefficient of 

CuTaN2 is very large (>10
5
 cm

-1
 above 1.5 eV), suggesting it is 

suitable for solar energy conversion technologies where 

ultrathin absorber layers are necessary, such as dye-sensitized 

or drift-enhanced solar cells. 

In contrast to CuTaN2, the crystal structure of the related 

CuNbN2 material has not been reported until very recently.
84

 

The reason is that the ion-exchange synthesis of CuNbN2 is 

more challenging, resulting in a trace amount of NbN 

impurities; however recently the crystal structure of CuNbN2 

has been determined and refined to be the delafossite.
84

 The 

CuNbN2 properties are also unique—the in-plane (min) and 

out-of-plate (mout) effective masses of electrons and holes in 

CuNbN2 are quite isotropic (mout/min = 1.3 - 2.1) and low (m
*
 = 

0.3 - 0.7 m0), despite the layered crystal structure. These good 

semiconducting properties combined with the anisotropic 

crystal structure also make the nitride delafossites attractive 

for other applications, such as thermoelectrics.
85

 Compared to 

CuTaN2, the bandgap of CuNbN2 is lower and more indirect 

(Edir = 1.3–1.4 eV, Eind = 0.9 eV). Based on these results, 

bandgap-tunable Cu(Nb,Ta)N2 absorbers can be envisioned in 

the future,
84

 which would require thin film growth. This may 

be accomplished using the current knowledge about the bulk 

material’s synthesis routes (ion exchange), but in a thin film 

form.  

 

4.3 Theoretical predictions
84

 

 It is quite surprising that besides the aforementioned 

copper-based nitride delafossites, and three materials from 

the Cu-Ae-N (Ae = Ca, Sr, and Ba) family,
86

 no other closed-

shell ternary copper nitrides have been reported. This is not 

necessarily expected, given the large number of studied 

ternary copper oxides, chalcogenides, and mixed-anion 

compound studied for PV absorbers and contacts.
87

 To shed 
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more light onto this chemical asymmetry, thermodynamic 

stabilities of 44 previously unreported ternary copper nitrides 

have been examined using the structure-prototyping 

approach,
88

 and optoelectronic properties of a subset of 18 

materials have been calculated using the GW method.
 84

The 

results of these calculations indicate that many of these 

ternary copper nitrides are metastable, just like the previously 

synthesized CuTaN2 and CuNbN2. Several of these predicted 

nitrides, such as Cu3Ga2N3 and Cu3In2N3, have suitable optical 

absorption and effective mass properties for future solar 

energy conversion applications (Fig. 12). These results call for 

more intense experimental attempts to synthesize the novel 

metastable materials of interest, using the synthesis 

approaches discussed in the methods section (Fig. 4, Fig. 5).  

Going beyond the ternary copper nitrides, another first-

principles computational study focused on high-throughput 

screening of a wide range of possible nitride and oxynitrides 

for water-splitting photocatalysts, based on the structure-

prediction approach using ionic substitution.
89

 A few 

thousands of the ICSD-reported and theoretically constructed 

materials have been calculated for their phase stability and 

physical properties related to photocatalytic applications, such 

as band edge positions and bandgaps. The results of this high-

throughput search reproduced the previously known nitride-

based photocatalysts, including binary (Ta3N5), ternary (TaON), 

and multinary (LaTiO2N, Ba2TaO2N) materials.
35

 These results 

also suggested a few previously unrecognized materials for this 

application (Ti3O3N2, La2TiO2N2). Besides the stoichiometric 

compounds, solid solutions of Ba2TaO3N, Sr2NbO3N, and 

La2TiO2N2 in their same Sr2SnO4-type crystal structure may also 

be suitable water-splitting materials. 

 

4.4 Perovskites 

Perovskites with the general formula ABX3 are a very large 

structural class of materials with diverse properties.
90

 Oxide-

based perovskites have broad commercial applications in 

ferroelectric capacitors (e.g., BaTiO3), piezoelectric elements 

(e.g., PbTiO3), and non-linear optics (e.g., LiNbO3),
91

 and have 

been studied for solar energy conversion (e.g., BiFeO3,
92

 

Bi2FeCrO6
93

). In the solar energy conversion field, hybrid 

organic-inorganic halide perovskites such as CH3NH3PbI3
94

 have 

recently attracted tremendous attention due to the rapid rise 

in their energy conversion efficiencies. Nevertheless, very few 

nitride perovskites are known, limited to exotic metal 

chemistries such as TaThN3.
95

 Recently, several more 

perovskite-related nitrides were predicted theoretically,
96

 

including LaReN3, YReN3, and LaWN3 (Fig. 13). The high 

oxidation states of metals in all these materials illustrate the 

challenge with the perovskite nitrides: the total valence of nine 

between the A and B metals in the perovskite is required for 

the charge balance with three trivalent nitrogen ions in the 

ABN3 perovskite structure. The problem is that there are not 

many metals that can assume such high valence states. 

However, one of the predicted materials, LaWN3, has been 

synthesized in the past,
97

 but containing 20% oxygen 

(LaWO0.6N2.4). This hints to a possible route to address the 

nitride perovskite challenge—specifically, that the oxynitride 

perovskites may be easier to synthesize. Indeed, many more 

oxynitride perovskites are known, and some of them are 

actively used for inorganic pigment applications.
98

 Their 

pigment use suggests reasonable light-absorbing properties of 

the oxynitride perovskites, in the context of their solar energy 

conversion applications. Recently, 5,400 known oxide- and 

oxynitride perovksite materials have been computationally 

screened for photocatalysis, and four promising oxynitride 

candidates were identified.
99

 Indeed, these BaTaO2N, 

CaTaO2N, SrTaO2N, and LaTiO2N materials had been actively 

studied experimentally for PEC applications in the past,
35

 and 

pointed out by the other aforementioned high-throughput 

theoretical study.
89

 According to neutron diffraction, the 

oxynitride perovskite materials have very well-ordered O and 

N on the anion sublattice,
100

 indicating that the ionic charge 

difference is an important criterion for anion ordering of the 

elements with similar ionic radii. 
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Summary and Conclusions 

The two important future directions in design of novel 

semiconducting nitrides for solar energy conversion are (1) 

development of nitride-based PV and PEC devices, and (2) 

research related to discovering more new nitride materials. 

Some challenges and opportunities of these two directions are 

highlighted next. 

(1) First, device development of PV and PEC solar cells and 

other optoelectronic devices is necessary to build upon the 

promise of these novel nitride materials for solar energy 

conversion applications. Note that so far none of the novel 

nitrides discussed above (except for GaN-related materials) 

has been integrated into a PV device, but some PEC testing has 

been performed. For the PV device development, doping and 

electrical transport of the resulting majority charge carriers 

have to be controlled first, in order to form a rectifying p-n 

junction. The currently achievable carrier densities and the 

corresponding mobilities are summarized in Table 2 for several 

novel semiconductor nitrides discussed in this review. In 

longer term, the recombination and transport of the minority 

charge carriers excited by the incident light are even more 

important for the solar energy conversion efficiency; yet much 

less is known about these photexcited charge carrier 

properties in the novel nitride semiconductors. In addition to 

the bulk minority carrier lifetime and diffusion/drift lengths, 

the extraction and injection of the minority charge carriers 

through the electrical contacts should be addressed, including 

band offsets, interface trap states, surface oxide passivation 

and other interfacial phenomena. Fortunately, there are many 

valuable insights that can be gained in this regard from 

researchers working on GaN LEDs, HEMTs, and other 

electronic devices based on III-nitride semiconductors.  

(2) Second, more of the basic materials research is needed, 

so to further expand the range of available nitride materials, 

and to better understand and control their optoelectronic 

properties. The former need, including materials synthesis and 

structure prediction challenges, can significantly benefit from 

tight integration of experiments and computations akin to that 

in the aforementioned materials-by-design approaches. 

However, the latter need may also require better insights into 

the effects of ionicity, or even polarity, on the optoelectronic 

processes in semiconductors. Here, the input from the 

researchers working on traditional III-nitrides (e.g. GaN) and 

polar electronic oxides (e.g. SrTiO3) would also be desired. 

Thus it appears that both future research directions 

highlighted here would require more interactions between 

scientists working on basic research of nitride materials 

discovery such as those summarized in Table 2, and 

researchers focused on applied development of well-

established nitride semiconductors such as GaN. On one hand, 

the scientists working on novel nitrides should not shy away 

from the device development opportunities, or at least the 

lessons learned from the established III-nitrides. 

Demonstration of hydrogen-assisted dopant activation, 

template layers for seeded growth of foreign substrates, 

double heterostructures, and quantum wells are just a few 

examples of device-engineering related but materials-science 

rich problems in GaN;
7
 implementation of similar ideas in 

novel nitrides is needed. On the other hand, the researchers 

working on the well-established III-nitrides should not be 

afraid to take a full advantage of the continuously growing list 

of novel nitride semiconductors for implementation of 

optoelectronic devices (Table 2). Often, such novel nitride 

experiments or calculations are, in fact, not any more difficult 

than the corresponding III-nitride research. Yet the impact of 

introducing an entirely new nitride material to the 

optoelectronic community could be much larger than studying 

the previously well-know materials, as proven by the 2014 

Nobel Prize in Physics for GaN.  
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Material Eg, eV c, cm
-3

 μ, cm
2
/Vs Reference 

p-Cu3N 1.0 10
16

-10
20

 10-0.1 25
,
30

 

Cu3N 1.0 10
17

-10
20

 0.1 25
,
30

 

Sn3N4 1.6 10
18

-10
20

 1-3 46
,
44

  

TaON 2.3 3.5x10
19

 17 36
 

NbON 2.1 3.5x10
20

 - 42
 

Ta3N5 2.1 10
16

-10
20

 4-1 43
 

ZnSnN2 1.0 10
18

-10
20

 1-8 77
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Nitride semiconductors have properties suitable for solar energy conversion and can be 

synthesized using high-energy precursors 
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