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Progress in the HP-HT synthesis, characterisation, and properties’ measurement of novel
advanced nitrides is reviewedAdvanced dense nitrides: From discovery to
potential applications

This work reviews evolution of search for novel high-pressure high-temperature (HP-
HT) nitrides with nitrogen-to-metal ratio well above one which has commenced more
than 25 years ago and brought today some remarkable blooms. The number of reports
on synthesis of such nitrides grows permanently but their majority deals, in the last
years, with synthesis at very high pressures where even characterisation of the products
(structure, composition etc.) becomes vague. The number of binary nitrides and related
ternary compounds or solid solutions, accessible as macroscopic samples using large
volume HP-HT apparatuses, appears to have stabilised at a high but still monitorable
level. Today, the Gretchen question is whether the outcome of the 25-years activity was
rewarding, whether any of the nitrides recoverable at ambient conditions exhibits
properties deserving transfer to the industry. An answer is not straight because the
efforts needed to obtain reliable property data go beyond those invested during the
synthesis and characterisation. Gathering of such. data requires either laborious
investment in samples quality or development/adaptation of non-traditional, for HP-HT
research, in- and ex-situ techniques. Here, the exposé of the most notable novel nitrides
and their HP-HT synthesis routes is- followed by examples of several recent
developments/adaptations of experimental approaches permitting access to mechanical
and optoelectronic properties which were earlier difficult to measure due to imperfect
polycrystalline, porous and eventually contaminated HP-HT samples. The revealed
promising properties allow us to hope that the efforts were not futile and, at least, a

couple of the discovered HP-HT nitrides could find industrial applications.

Keywords: spinel nitrides; ThsP4-type nitrides; U,Ss-type nitrides, high-pressure
synthesis, crystal structure, mechanical properties, optoelectronic properties, energy

materials, photoelectrochemical splitting of water, green hydrogen

Impact Statement: Progress in synthesis, characterisation, measurement of mechanical
and optoelectronic properties of the high-pressure nitrides of the group 4, 5, and 14

elements of the periodic table with N:M>1 is reviewed.



l. Introduction

Physical properties of a solid compound are defined by its elemental composition (including
contaminations and/or doping), crystal structure and texture/microstructure (e.g. single
crystal, polycrystal, film, nano-powder etc.). While the latter characteristic is controlled by
processing, the first two are the fundamental ones defining suitability of a compound for
applications. A large portion of inorganic solids used by mankind are either minerals and
rocks collected from or close to the Earth’s surface or products of chemical reactions
performed at low pressures (below 1 GPa = 10 kbar = 10000 atm). Moreover, domination of
oxygen in the Earth’s interior and in the atmosphere as well as its higher electronegativity® at
low pressures, when compared with nitrogen, explains why the vast majority of known and
characterised inorganic solids contain only oxygen anions. According to the quantitative
analysis of two databases, JCPDS and Inspec, the number of compounds containing only
oxygen anions (O%) is 10-20 higher than that of compounds containing only nitrogen anions
(N*). Moreover, most of the known nitrides are synthetic. Furthermore, the lower
electronegativity of nitrogen at low pressures often results in sub-nitrides even though
nitrogen is available in excess. Here, we define as subnitride a binary or ternary compound
with the nitrogen:metal(s) ratio (N:M) below that when the metal is completely oxidised, e.g.
all valence electrons of the metal are bonded to nitrogen anions [2]. In the latter case we talk
about stoichiometric nitrides. For example, reaction of hafnium with nitrogen at low pressures
and high temperatures results in the subnitride 5-HfN (or hafnium mononitride, N:M=1) while
the available number of valence electrons in a Hf-atom, namely four, permits formation of the
stoichiometric nitride with the composition HfsN4. In contrast, reaction of hafnium with
oxygen in access leads to HfO,. Apparently, the above consideration does not concern (1)
azides, MNs, forming upon reaction of a metal with hydrazoic acid, HN3, (2) products of

reactions of metals with ammonia, NH3, and (3) compounds obtained via non-equilibrium

According to the concept of L. Pauling, in the most general form, electronegativity is “the power of
an atom to attract electrons to itself ” [1]. Several scales were proposed to quantify the absolute- or

dimensionless relative electronegativity differences [1].



processes such as deposition of films via, for example, plasma-enhanced reactive magnetron
sputtering. For the reader information, Table 1 lists binary M-N compounds reported by end
of the 20™ century even though their compositions were not always rigorously measured. The
main source for this Table 1 was the book series ‘Gmelin Handbook of Inorganic and
Organometallic Chemistry’ [3]. Methods of synthesis of nitrides at low pressures, which can
also be applied at high pressures, are presented elsewhere [4]. Accordingly, one of the most
promising ways to find new compounds exhibiting advanced properties or a previously-not-
accessible property combination is synthesis of higher nitrides with the N:M>1. (Here, the
definition of higher nitrides is more general than that in an earlier review [5] where such
compounds had to have formal oxidation states (OS) attaining those found among
corresponding oxides.) Waist majority of ternary and quaternary nitrides is still waiting to be
discovered but the recently found binary nitrides are reason for hope.

Chemical reactions at high pressures and high temperatures (HP-HT), performed during the
past two and half decades, supported the expectation to find novel higher nitrides due to, most
probably, increase of electronegativity of nitrogen with pressure. More precisely, high
pressures appear to promote increase of the relative electronegativity differences [1] between
nitrogen and metals participating in the reactions [6] and, in agreement with the basic concept
of L. Pauling (see above), formation of higher nitrides where the metals attain higher
oxidation state (for example, +4 instead of +3 for Ce and the group 14 elements) than at
lower/atmospheric pressures. It has to be emphasised that oxidation state of an atom is
defined, according to the IUPAC Compendium of Chemical Terminology, as the charge of this
atom after ionic approximation of its heteronuclear bonds [1]. Increase of oxidation state of
metals with pressure, also in their compounds with the group 15 elements, is a subject of
research since more than six decades [7-12].

Most of the nitrides recoverable to ambient conditions were considered in several review
articles [5,10,13-15] which, up to very recently, preferably dealt with their composition,
structure and particular P-T conditions of the synthesis. Apart from a few exceptions,

experimental P-T diagrams of these M-N systems and stability regions of the low- and high-



pressure nitrides are incomplete. Similarly, there are only sporadic attempts to theoretically
elaborate P-T diagrams of binary M-N systems [16-18]. There are also reports on existence of
pernitrides, diazenides [5,15,19-21] and other N-rich compounds with the N:M-rations far
above the stoichiometric ones e.g.[22,23]. Such compounds are out of the scope of this review
because they are either unrecoverable to ambient conditions or extremely sensitive to air and
moisture or the stated compositions need independent confirmation.

One of the main criteria for an unambiguous validation of composition of a reaction product
is satisfying one of the basic thermodynamic rules, namely LeChatelier’s principle. The

principle states, in the most general form, that [24,25]:

‘if the equilibrium of a system is disturbed by a change in-one or more of the
determining factors (as temperature, pressure, or concentration) the system tends to
adjust itself to a new equilibrium by counteracting as far as possible the effect of

the change’.

In the case of a chemical reaction at HP-HT conditions, this basic thermodynamic principle
requires that volume of the reaction product must be smaller than that of the stoichiometric
mixture of all reactants involved in the reaction. For example, one mole of c-Zr3N4 (a HP-HT
compound considered below), under the P-T conditions of its formation from the elements,
must occupy a smaller volume than the sum of the volumes of three moles of elemental

zirconium, Zr, and two moles of molecular nitrogen, N,:

(c-Zr3Ny) < 3-(Zr)+2-t4(Ny) 1)

where ¢ is given in the unit [volume/mole] (e.g. cm®mol or similar). Because zirconium

mononitride, ZrN, forms at atmospheric pressure and can also be used in a reaction to
synthesise c-ZrsN., LeChatelier’s principle requires validity for the alternative path at the P-T

conditions of the reaction:

(C-ZrsNs) < 3-(ZrN)+0.5-¢(N,) )



Unfortunately, validity of LeChatelier’s principle was not verified for most of the HP-HT
nitrides with N:M>1 reported in the literature. The stated stoichiometries were neither directly
measured (using electron probe microanalysis, for example) nor verified to satisfy this basic
thermodynamic principle. Finally, it should be mentioned that in the case of a first-order
phase transition, without the stoichiometry change, LeChatelier’s principle simply requires
that density of the high-pressure phase must exceed that of the low-pressure phase. For

example, the transition from B-SisN4 to y-SizNy4 (see below) occurs when

p(y-SizNg) > p(B-SizNy) 3)

Despite a progress in the basic characterisation of composition and structure of the novel
binary nitrides as well as information about particular P-T conditions of their synthesis e.g.
[5,10,15,26,27], our knowledge about their properties is limited. This is surprising in view of
numerous theoretical works predicting advanced mechanical, optoelectronic or catalytic
properties of these nitrides. In a big majority of the existing publications on novel nitrides
with N:M>1, the known reliably measured properties are limited by their equation of state
(EOS), p(P), and bulk modulus, B(P), extracted from the EOS e.g.[15]. Fortunately, an EOS
can be easily measured during decompression of the reaction product obtained, for example,
via a reaction of the elements in a laser-heated diamond anvil cell (LH-DAC) [28]. The
approach is very popular and simple and, for this reason, often used in the high-pressure
domain. If structure of an examined product is correctly defined, such measurement provides
reliable or, at least, preliminary value of bulk modulus for a densified sample at atmospheric
pressure, By, because the XRD measurements deliver volume of the crystallographic unit cell
not affected by porosity, texture, or contaminating phases or pressure transmitting medium
(PTM). (Here and below, the subscript ‘0’ indicates parameters for an ideally densified solid
at atmospheric pressure). However, the XRD measurements upon decompression from very
high pressures can lead to systematically under- or overestimated Bg—values if the first
pressure derivative of bulk modulus at atmospheric pressure, By’, is assumed but not

confirmed to be constant, typically selected to be equal to 4 (see also below) [29]. Another



property which is traditionally addressed is hardness of novel nitrides [15,28,30-35] because
the HP-HT synthesis is industrially used for production of (super)hard solids such as diamond
or cubic boron nitride (c-BN) e.g.[36-38]. The ceased hype about the existence of a ‘C3Ny4
harder than diamond’ is an ample example of focusing on a single property [39-41]. In
contrast, the HP-HT synthesis was demonstrated to produce high-quality single crystals of
soft hexagonal boron nitride, h-BN, found to be a suitable substrate for the investigation of
graphene and architectures based on it e.g.[42,43]. On the other hand, reliable measurements
of other mechanical and physical properties of the discovered nitrides remain rare despite a
large number of theoretical works, mostly based on DFT calculations often combined with
empirical or phenomenological approaches. Examples of such difficult-to-measure properties,
even at atmospheric pressure, are shear modulus, Gy, of a polycrystalline sample or single
crystal elastic moduli, Cj;, electronic structure including type and size of the band gap,
refractive index etc. The main obstacles are, even in the case of polycrystalline samples, their
small sizes, impurities, texture, and porosity not to mention the banal absence of single
crystals with sizes sufficient for examination of dependences on crystallographic orientations.
Some technical solutions proposed and applied to overcome these limitations as well as the
obtained data are one of the subjects of the present work. Also, it is focused on those high-
pressure nitrides whose thermodynamic stability has been confirmed at the P-T conditions of
their formation (e.g., LeChatelier’s principle is fulfilled), whose composition could be
verified experimentally, who are recoverable to ambient conditions, and metastable upon
heating to sufficiently high temperatures. Compounds with potential for industrial

applications were prioritised.

I1. Three families of binary and ternary nitrides

1. High-pressure nitrides of the group 14 elements — Spinel nitrides

Binary nitrides of the group 14 elements having cubic spinel structure (y-M3sN4 where M=Si,
Ge or Sn) (Figure 1A) are the first family of HP-HT nitrides, after those of the group 13

elements (BN, GaN or InN) who attracted attention as technologically interesting materials.



They were discovered almost simultaneously by two independent researcher teams from
Germany [44-46] and a team from USA [47,48]. In a spinel-type structure (Space group
Fd 3m, no. 227), the cations occupy special sites without positional degrees of freedom of two
types where they are either tetrahedrally (site 8a, (1/8,1/8,1/8)) or octahedrally (site 16d
(1/2,1/2,1/2) coordinated by the N* anions. In contrast, positions of the anions (site 32e (x, X,
X) in 1st setting) have to be recovered from structure refinement. Table 2 summarises
experimental data on the cubic lattice parameter at ambient conditions, ap, and position of the
anions (value of x) for all reported types of the spinel-nitrides.

Synthesis of spinel-nitrides by different HP-HT techniques (see next chapter) was reported
multiple times (see Table 2), including reactions of the elements [29,44,45]. y-SisN,4 and y-
GesN, are thermodynamically stable at static pressures above.~10 GPa e.g.[51,52] but the
first synthesis experiments were performed at significantly.higher pressures. Moreover, these
spinel-nitrides persist in a broad range of pressures and temperatures, up to 98 GPa and ~2700
K, respectively [52]. At atmospheric pressure, these compounds appear as one of two
hexagonal phases having almost identical densities, a- or B-SigN4, and, a- or f-GesNg. In
agreement with LeChatelier’s principle, densities of y-SisN4 and y-GesN, are, respectively,
26% and 19% higher than those of the hexagonal phases [44,45,47,48]. The latter phases are
the most common starting materials for the HP-HT synthesis of macroscopic (porous or
densified) bodies of y-SizsN4 and y-GesN, in large-volume HP-HT apparatuses (Figure 1B and
1C) or of nanocrystalline powders via shock compression because these techniques require
solid starting materials with the N:M> 4:3. Short information about various synthesis routes
can be found in Table 2.

In contrast to silicon(1V) and germanium(lV) nitrides, tin(I\V) nitride is not accessible via
nitridation of Sn at low pressures. It is still unclear whether SnsN, with any structure is
thermodynamically stable at ambient conditions. In contrast, y-SnzNy4 is thermodynamically
stable at HP-HT conditions because it forms from the elements when heated in a laser-heated
diamond anvil cell (LH-DAC) to T ~ 2300 K at P=15.7 GPa and 20 GPa [29]. According to

the literature, obtaining of a densified macroscopic sample of y-SnsN4 using large-volume



apparatuses is a difficult task: There is only one report on successful synthesis of such a
sample or rather spinel-oxynitride with the approximate composition y-Snz.x(NogQo.2)4, if the
reported amount of oxygen of <3 wt.% [34] is taken into account and absence of an
amorphous by-product presumed. This bulk sample was obtained via compression of the
nanocrystalline powder of y-SnsN4 to P= 23 GPa and heating to T=1300 K while the starting
material with a much lower oxygen content (O:(N+0O)=3%) was earlier prepared at P~=2.45

GPa and T=620 K via the metathesis reaction:

3:Snly + 4-LisN + X-NH4Cl — SnzN4 + 12-LiN + x-NH,4CI 4)

where NH,Cl served as an absorber of heat released during the highly exothermic reaction
[66]. It appears that the O-substitution is tolerated by the spinel structure up to O:(O+N)
between 20% and 33% because a HP-HT product with composition close to Sn,N,O was
reported to exhibit orthorhombic structure while a minor admixture of y-Snz(N,0),; was
recognised [71]. In that work, the authors synthesised the oxygen-containing Sn-N-O
precursors from the Sn[NMez]s , where Me=CHs, using a two-stage ammonolysis procedure
earlier developed by Li et al. [64]. Another two-step process including, at the first step,
synthesis of a gel-like tin-urea precursor and its ammonolysis 700-800 K at the second step,
led to nanocrystalline y-SnsN4 [68]. An approach of a metathesis reaction (see Equation 4) in
the presence of a heat absorber was presented by Fitch et al. who used liquid benzene instead
of solid NH,4CI to produce y-SnsN4 [69]. In a recent work, an inert gas served as absorber of
heat released during the metathesis reaction of vaporised SnCl, (diluted in the Ar-flow) with
LisN, MgsN, or CasN, [70]. The authors succeeded to scale up the production to 1 gram per
batch and were able to reduce oxygen contamination to O:(O+N) < 7% when MgsN, was used
as the reactant. They also detected single crystals of y-SnsN4 up to 5 um in size and,
accordingly, were able to perform first structure refinement based on single-crystal XRD
measurements. Finally, examination of the products via soft-X-ray spectroscopy suggested
that incorporation of oxygen into the spinel-structure of tin(IV) nitride and formation of the

charge-neutral y-Sns.,(N1.xOx)4 cannot be excluded [70].



Interestingly, y-SnsN4 was deposited as thin films almost one decade prior to the work
of Scotti et a. [46] but not discovered because an incorrect structure solution, namely
hexagonal, was proposed in the first and adopted in the subsequent works [72-74]. Texturing
of the films, resulting in the absence of two XRD-peaks of moderate intensity (reflexes (400),
(620) and/or (622) of the spinel structure) in the powder X-ray diffraction (pXRD) pattern ,
attributing of a single peak to the clearly visible doublet (the reflexes (533) and (622) of the
spinel structure) at 20 around 68° (see Figure 2) as well as insufficient statistics of the
measured XRD-intensities appear to be at the origin of the misleading hexagonal structure
solution.

Formation of the solid solution y-(Si1xGex)sN4 with 0.18<x<0.88 at HP-HT conditions was
reported more than 20 years ago [75] but, to our knowledge, not yet reproduced. Partial
substitution of nitrogen by oxygen was recognised ‘in y-SisN; obtained via shock-wave
synthesis [60,61] but quantitative measurement. of elemental composition of such oxygen-
bearing silicon nitride with spinel structure, y-Si»gN3600.4, Was performed in only one work
[60]. Partial substitution of nitrogen by oxygen could also have taken place in y-SizNg4
synthesised at static HP-HT conditions in multianvil apparatuses (MAAs). Incorporation of
O-anions in the spinel structure was proposed to explain optical transparency of the recovered
densified samples of y-SisN4 (Figure 1B) because it prohibits formation of triple pockets
between the y-SisNg crystallites where the inevitable contaminating compounds (e.g. SiOy)
with refractive index different from that of the main matrix would accumulate [35]. If this
were not the case, the sample would remain opaque. Authors of the same work also reported
that a part of oxygen segregated in disordered/amorphous intergranular films composed of a
silicon oxynitride but their thicknesses were very small, below 1 nm. If opacity of a densified
sample is due to the presence of such triple pockets containing foreign admixtures then
opacity of the almost-completely-densified samples of y-GesN, [50] suggests intolerance of
its spinel structure to any detectable substitution of nitrogen by oxygen (Figure 1C).
Transparency of y-GesNy to visible light was expected because it exhibits a direct band gap of

Eq=3.65(5) eV [49] (see below).



A distinct family of HP-HT compounds containing nitrogen and crystallising in spinel
structure are the so-called SIALONs where the isoelectronic Al-O units substitute the Si-N
units in the spinel structure, y-Sis.,Al,OyN4.y. Such quaternary phases with 1.03 <u<2.09
were reported to form at static pressures above 13 GPa if the starting samples of
B-Sis. Al OyN,4.y are heated for short periods of time to temperatures around 2100 K [32,76].
Their cubic lattice parameters (Table 2) were found to increase with the amount of the Al-O

units (quantified via the u-value) and follow the linear dependence [76]:

ag [A] = 7.7347(9) + 0.0872(17) - u (5)

However, these y-Sis.,Al,OuN4.y products decompose to mixtures of the corresponding binary
compounds (SiO,, Al,Os, AIN and/or SisNg) if heated for long time at the same P-T
conditions [76,77]. This stepwise process agrees with the Ostwald-Volmer’s step rule e.g.[78]
where v-Sis.,Al OyN4.y should be considered as an intermediate metastable product forming
prior decomposition of the heated at high pressures B-Siz.yAl,OuNg.y. v-Siz-,AlOyN4., could
be recovered to ambient condition only because kinetics of the transformation is very
sluggish. This could also explain availability of large amounts of nanocrystalline powders of
v-SizuAlLOyNg.y with u=0.9 and 1.4 via shock-wave synthesis at P >33 GPa [79].
Examination of the Al K X-ray absorption near-edge structure (XANES) of the latter products
and theoretical calculations suggested that Al-cations preferably occupy octahedral sited in

the spinel structure and that their local environment is close to AIOsN and AlOg [80].

2. High-pressure nitrides of the group 4 elements — ThsP,-type nitrides

After the discovery of the spinel-nitrides, y-M3N,, extension of the search for novel binary
high-pressure nitrides to the group 4 elements was obvious. And indeed, chemical reactions of
the elements with molecular nitrogen at sufficiently high pressures and temperatures (see
below) led to novel nitrides with cubic ThsP4-type structure, c-AsN4 where A=Ti, Zr, or Hf
[28,81] (Figure 3a, Table 3). In this structure (space group 1-43d, no. 220), all cations occupy
fixed positions, site 12a (3/8,0,1/4), while positions of anions are of the same type, site 16c (X,

X, X), but their coordinates have to be extracted from the structure refinement (Table 3).



c-Zr3Ng4 and c-Hf3Ny4 are thermodynamically stable at HP-HT conditions, can be recovered to
ambient conditions and remain metastable upon heating in air to ~800 K [28,82]. In contrast,
c-TizN4 forms from the elements when heated to T > 2400 K at P =~ 70 GPa but becomes
unstable upon decompression at room temperature to P <5 GPa [81].

In the ThsP4-type nitrides, c-AsN4, metals are in the highest oxidation state +4, in contrast to
the well-known mononitrides of the same metals crystallising in cubic NaCl-type structure,
8-AN. The latter compounds form upon heating of the elements in nitrogen atmosphere at low
pressures. Existence of binary nitrides with Zr and Hf in the oxidation state +4 was reported
earlier but they formed via a nonequilibrium process of ammonolysis of sublimated
tetrachlorides (ZrCl, or HfCl,) at high temperatures [83-85]. In such reactants, the metals are
already in the oxidation state +4 and nitrogen in NHs is highly reactive when compared with
the inert N, molecules. The low-pressure zirconium(lV) nitride exhibits orthorhombic
structure, 0-ZrsN4, and decomposes to 6-ZrN and N, when heated to ~1100 K in nitrogen gas
at atmospheric pressure [85]. In agreement with LeChatelier’s principle, density of 0-Zr3N, is
smaller than that of the high-pressure c-ZrsNy by ~13%. Similarly, specific volume of c-Hf3N,4
was found to be smaller than that of the mixture 3-HfN+0.5-N; at the synthesis pressure of
~18 GPa [28].

The research on HP-HT synthesis of macroscopic samples and examination of properties of
c-A3N4 was constrained because loading of condensed nitrogen (liquid or solid) in large
volume HP-HT apparatuses and the above-described element reactions were practically
inaccessible. Also, low-pressure nitrides of the group 4 elements with N:A>4:3 are not
commercially available and efforts were invested in the development of a reproducible,
simple and scalable method of production of such nitrogen-rich reactants, amorphous or
crystalline, with N:M>4:3. Li et al. described production of powders of nanocrystalline
nitrides of zirconium and hafnium, n-A3Ng.x, weakly contaminated with oxygen and carbon,
via ammonolysis of the metal dialkylamides, i.e. A(NEt,);, at atmospheric pressure and
temperatures below 1000 K [88]. The obtained precursors exhibited rhombohedrally distorted

NaCl-type structure which was previously reported for nitrogen-rich films of these nitrides



only. These nanocrystalline powders were then used to synthesise macroscopic samples of
c-AsN, and to explore the P-T diagram of Zr-nitrides forming in excess of nitrogen. Even
though the reactants had an insignificant excess of nitrogen, obtaining of completely densified
bulk objects remained an issue. Using a MAA, bulk porous samples of oxygen-bearing
zirconium(IV) nitride having Th3P,4-type structure, c-Zrs.y(N1.,Oy)4 With u=0.12 were obtained
at P=12 GPa and T=1900 K [87] (Figure 3C and Figure 4). Because the carefully measured
elemental composition of the starting n-ZrsNs.x showed much smaller amount of oxygen of
0.53(8) wt.% than in the high-pressure c-Zr,gs(No.gsQo.12)4, Namely 2.4 wt.%, the authors
concluded that during heating at high pressures the starting material did not only transform to
the ThsPs-phase but also gradually oxidised via substitution of nitrogen by oxygen.
Apparently, the oxidic environment of the sample assembly in a MAA (see below) served as a
source of additional oxygen and the used Pt-capsule was not sufficiently strong barrier against
oxygen diffusion inside the sample volume. The high-quality pXRD measurements showed
that the substitution of nitrogen by oxygen led to the formation of cation vacancies which
compensated the difference in the number of electrons attracted by N- and O-anions and kept
the oxidation state of all Zr-cations equal to +4 [87]. Analogous experiments on the HP-HT
synthesis of macroscopic samples of c-Hf;N, in a large-volume HP-HT apparatus showed, in
contrast, that its ThsP4-type structure does not tolerate any substitution of nitrogen by oxygen
[82]: Oxygen, present in the starting n-Hf3N4.x as well as that diffused from the surrounding
HP-HT assembly into the reaction volume, was accumulated in a contaminating crystalline
hafnium oxide or oxynitride which nature, however, could not be determined unambiguously
due to low intensities of the corresponding XRD peaks.

The powder of n-ZrsNs.x was also used in the first work on the P-T phase diagram of
zirconium nitrides forming when nitrogen is available in excess. The experiments were
performed in a Belt-type apparatus (BTA) providing an industrial-scale sample volume [89].
The results showed that c-Zr3N, and, most probably, c-HfsN, is thermodynamically stable at
pressures between 6.5 GPa and 8 GPa and temperatures between ~1600 and ~2000 K (Figure

4) thus indicating that the industrial-scale production of c-ZrsN, is feasible. Also, the authors



reported appearance of a crystalline phase with a structure having low-symmetry, Is-ZryNy,
when n-ZrzNs.x was heated to 1700-1850 K at P <6.5 GPa. According to preliminary
unpublished measurements, this phase contains less nitrogen than c-ZrsNy, i.e. N:Zr<4:3. At
P>6 GPa and T>2050 K, the starting material decomposed to 3-ZrN [89].

Recently, a Japanese team reported on a direct synthesis of c-ZrsN4 at HP-HT conditions via a
metathesis reaction:

3-ZrCly + 2:CasN, — ZrsN4 + 6-CaCl, (6)

The reactions were ignited at pressures between 5.5 GPa and 7.7 GPa and temperatures
between 1373 K and 1873 K [86] (see Figure 4). These P-T conditions are overlapping with
the range examined in the above considered work were n-ZrsNg.x was used as the starting
material [89]. The authors have tested several other combinations of the reactants, ZrF, and
ZrCly, serving as the Zr-source and NaNs, LisN, and CasN,, serving as the N-sources, but
didn’t obtain c-Zr3N4. Compared with the previous result, the mildest pressure of formation of
pure c-ZrsN4 decreased from 7.7 GPa to 6.5 GPa which are suitable for an economic
industrial HP-HT synthesis of this material and, as a result, testing its tribological properties.
Interestingly, synthesis via the metathesis reaction didn’t result in formation of the 1s-ZryNy
but, at the same P-T conditions, of ¢-Zr3N,4 or 8-ZrN, even though the amount of nitrogen was
sufficient for the formation of a compound with N:M=4:3. One of the possible explanations is
that Is-ZryNy is, according to Ostwald-Volmer’s step rule, an intermediate metastable stage of
the decomposition reaction from c-ZrsN4 to 6-ZrN and nitrogen. In the case of the
constructive metathesis reaction performed by Kawamura et al.[86], such metastable product
could not appear and, accordingly, observed. However, the driving force of the decomposition
and nitrogen release needs further clarification. It is possible that nitrogen has found a path to
escape from the high-pressure volume and partial nitrogen pressure inside the capsules
dropped thus promoting further decomposition of c-ZrsN4. It is imaginable that at
temperatures close to melting [90], platinum (used as the capsule material) in Ref. [89] didn’t

seal the sample volume and nitrogen could diffuse through the capsule walls. In the work of



Kawamura et al. [86], molybdenum having much higher melting temperature was used and

the diffusion through the capsule walls appears to be improbable.

3. High-pressure nitrides of the group 5 elements — U,Ss-type nitrides

After the discovery of nitrides of the group 4 elements with N:A well above one, namely c-
AsN4 where A=Ti, Zr or Hf, the search for novel high-pressure nitrides was extended to those
of the group 5 elements. Several nitrides of these elements with various N:E>1 (where E=V,
Nb or Ta) were already reported in the literature (see Table 1 for those known in the past
century) but their thermodynamic stability at atmospheric pressure was not clear: Reactions of
the metals with excess of nitrogen at high-temperatures do not result in anything higher than
mononitrides, EN [91,92]. Most of the nitrides with N:E>1 were obtained via non-
equilibrium processes such as thin-film deposition e.g.[93,94], ammonolysis e.g.[95-97] or
decomposition of a nitride with a higher N:E ratio then in the product e.g.[98]. The most
prominent member of the low-pressure nitrides with N:M>1 appears to be orthorhombic
TasNs where all cations are in the highest oxidation state +5. As above, it can be obtained via
ammonolysis of different precursors (for example, TaCls or Ta;Os) at high temperatures
[95,96,99,100]. For example, TasNs forms via a reaction of Ta,Os with NH3 at temperatures
up to 1173 K [99,101]. However, this compound should be considered as thermodynamically
metastable because it decomposes when heated to a lower temperature of T=1123 K even
though embedded in nitrogen-gas compressed to 105 Pa [99]. TasNs attracted some attention
as a catalyst for the photoelectrochemical (PEC) splitting of water and production of “green”
hydrogen without any noticeable corrosion [102-104].

As is the case for the group 4 elements, high pressures favoured formation of nitrides
of the group 5 elements with N:E>1: The metathesis reaction of TaCls and CaszN,, mixed in
the ratio needed to synthesise TazNs, at T~2000K and P=3 GPa led to the hexagonal TasNs

and a partial release of nitrogen [105]:

6-TaCls+5-CasN, — (6/5)-TasNg + 15-CaCl, + (7/5)- Ny? )



This reaction can be considered as formation of TasNg in excess of nitrogen and, accordingly,
the obtained compound should be considered as thermodynamically stable at the synthesis
conditions. Crystal structure of the hexagonal TasNs, as well as of tetragonal Tas;Ns, was
examined long time ago using samples obtained via chemical reaction of the evaporated metal
with ammonia e.g.[106]. The same synthesis approach led to the isomorphous NbsNs and
NbsNg [107].

Further pressure increase led to the formation of a tantalum nitride with previously not
reported orthorhombic U,Ss-type structure, n-TapNsz, (Figure 5). This phase was result of
decomposition of TasNs after heating to 1800-2000 K at pressures between 11 GPa and 20
GPa [108]. The structure was derived from powder XRD- and selected area electron
diffraction (SAED) patterns while the requirement that the product satisfies LeChatelier’s
principal was taken into account. In the U,Ss-type structure (space group Pnma, no. 62), Ta-
cations occupy two types of positions in the unit cell, site 4c (x, 1/4, z), while N-anions
occupy three different positions of the same type, site 4c (x, 1/4, z). For all atoms, the x- and z
coordinates were extracted from quantitative pXRD measurements providing reliable relative
intensities of the diffraction peaks (Table 4). Quantitative chemical analysis of the product
using electron probe microanalysis (EPMA) revealed partial substitution of nitrogen by
oxygen in the U,Ss-type structure. Accordingly, composition of this oxygen-bearing nitride
was described as n-Taz-23x(N1-x,0x)3, Where 0<x<0.05 [108]. Considering the above cases of
TasNg and TayNs, formation of n-TazN3 could be interpreted, according to Ostwald-Volmer’s
step rule, as a metastable intermediate product of decomposition of TazNs to nitrogen and
TasNg or other nitride with N:Ta < 3:2. However, n-Ta;N3 was also synthesised from the
elements heated in a LH-DAC to temperatures between 1400 K and 3700 K at pressures
between 9 and 59 GPa [109,110]. This result confirmed that n-Ta;N3 is thermodynamically
stable at the indicated P-T conditions, at least, while the upper pressure limit of its stability
(and potential formation of a TasNs with unknown structure) is far above the pressure
permitting production of macroscopic samples in large-volume HP-apparatuses, not to

mention P-T range of the industrial synthesis. Contrary to the above results, a brief report



about coexistence of high-pressure phases of TasNs with UsSes- and UsTes-type structures
can be found in the literature [111]. These phases were reported to have appeared after the
heating of a solid amorphous precursor with the nominal composition TazNs in a LH-DAC to
~1500-2000 K at P=20 GPa. Because combustion analysis showed a significant amount of
carbon, C/(N+C)~7%, in the precursor and amount of oxygen was not quantified, role of the
two elements in stabilisation of the UsSes- and UsTes-type structures of TasNs needs further
examination.

One decade after the discovery of n-Ta;N3, Asano et al. reported on synthesis of niobium
nitride with U,Ss-type structure, n-Nb;Ns, via chemical reaction of 6-NbN with molecular
nitrogen at high temperatures and pressures above ~30 GPa [112]. Powder XRD patterns of
the sample recovered to ambient conditions were used to extract its structure, including
coordinates of the cations and anions in the unit cell (Table 4). Very recently, formation of
n-Nb,Nj3 via reaction of the elements after laser heating at pressures between 56 GPa and 86
GPa confirmed thermodynamic stability of this solid at high pressures and temperatures
[113].

To our knowledge, existence of a vanadium nitride with the stoichiometry V,;N; was not
reported in the literature (see also Table 1). In contrast, chemical reaction of metallic
vanadium with nitrogen heated in a LH-DAC at P~20-30 GPa leads to 6-VN [114].
Furthermore, the authors reported that the mononitride coexists with the pernitride VN, after
heating in excess of nitrogen at P~73-85 GPa. It was stated that the pernitride exhibits CuAl,-

type crystal structure.

I11. HP-HT synthesis methods and their limitations

This chapter provides a brief overview of HP-HT techniques that enable the synthesis of
samples composed of grains/crystallites whose surfaces contribute much less to the material
properties than their interior. In particular, it is focused on the techniques of laser heated
diamond anvil cell (LH-DAC) and large-volume HP-HT devices such as Belt-type apparatus

(BTA) or multianvil apparatus (MAA). However, only those technical details will be



considered that exclude or significantly reduce contamination of the samples with foreign
phases and/or elements and thus ensure reliable measurements of the properties of interest and
their association with the HP-HT phase/compound with a verified structure and composition.
Readers interested in details of these techniques and various set-ups, starting from different
types of DACs or large-volume modules, heating of samples in a LH-DAC or in MAA,
measurement of pressures and temperatures, are referred to the original and review papers

mentioned below.

1. Laser-heated diamond anvil (LH-DAC)

LH-DAC appears to be the technique of choice when synthesis of pure nitrides (free of
oxygen) is aimed provided the below considered precautions are taken into account. Reviews
of the LH-DAC technique can be found elsewhere e.g. [27,115-122]. Basic elements of a LH-
DAC is a diamond anvil cell (DAC) and radiation of a powerful IR-laser focused on the
sample in a DAC (Figure 6). The set-up can be extended by a spectroscopic unit to measure
temperature using thermal radiation of the heated sample. Basic elements of a DAC are two
conically shaped diamonds (e.g. brilliant cut) with flat culets of 0.1-1.0 mm in diameter
(Figure 6A). A hole in a pre-indented gasket (typically ~60 pum in thickness) represents the
reaction volume containing two or more reactants or a low-pressure phase imbedded in a
pressure transmitting medium (PTM). Transparency of diamond to light in a broad spectral
range permits heating of samples with the focused radiation of an IR-laser, measurement of
pressure using, for example, the R1-fluorescence line of ruby and in-situ sample analysis
using different spectroscopic techniques (e.g. Raman) and/or X-ray diffraction (XRD).

The simplest arrangement of reactants for a nitride synthesis is a metal disk (e.g. Sn, Zr or
Ta), on one of the culets, in contact with the cryogenically-loaded liquid nitrogen (£N,)
(Figure 6B). Such arrangement provokes, however, the sample contamination via two paths:
(1) The reaction product can be heavily contaminated with oxygen present in ZN, in form of
dispersed nano- or micro-grains of H,O-ice. This is because the air humidity condenses near

the N, surface to ice grains which sink into the liquid because the H,O-ice density is higher



than that of #N,. Convection of the boiling #N, promotes distribution of the ice grains
throughout the whole volume and, as a result, a suspension of H,O-ice in #N, forms.
Apparently, the H,O-ice concentration increases with the duration of exposure of ZN, to air
and achieves extreme values for the industrial #N,. Upon the laser heating in a LH-DAC, the
H.O-ice grains preferably react with the starting metal and thus lead to formation of
contaminating oxides and/or oxynitrides, e.g. Sns«x(N1-xOx)4 With eventually spinel structure,
SnyN20 with orthorhombic structure [71] or even to SnO,. As already mentioned above, the
substitution of nitrogen with oxygen was documented in several studies on high-pressure
nitrides.

Also, it has been verified that heating of a sample in contact with a diamond anvil
leads to a strong contamination of the reaction product with carbon [123-125]. Interestingly, if
a starting metal foil is placed directly on one of the diamond anvils and surrounded by the
cryogenically loaded suspension of H,O-ice in #N, then both carbon from the diamond anvil
and oxygen from the H,O-ice can participate in the reaction with the metal and formation of a
carboxynitride, via the substitution of the N-N species by the isoelectronic C-O species, is
very probable. In this case, lattice parameter and intensities of XRD peaks of a reaction
product with spinel structure, e.g. y-Snz(N1-2x(CO)x)4, Will be indistinguishable from those of
v-SnsN4. Only quantitative analysis via electron-probe microanalysis (EPMA) would allow
distinguishing of these compounds. However, measurement of composition of a compound
composed of elements with a strong contrast in atomic weights is a very difficult task even for
binary compounds, such as y-SnsN, or n-Ta;N3 [108], not to mention the mentioned Sn-C-N-
O compounds. It should be also noted that chemical compositions extracted from the energy-
dispersive X-ray (EDX) spectra are not reliable.

The described contamination sources can be excluded if the following precautions are
implemented: (i) Starting flake/disk of a metallic reactant should be taken from freshly
cleaned/scratched surface of a bulk piece of this metal. (ii) If starting material is not an
elemental metal but, for example, powder of a mononitride or of a low-pressure phase,

chemical analysis prior to the synthesis is mandatory in order to exclude presence of oxides or



oxynitrides. The metallic reactant should be isolated from the bottom diamond anvil by a
layer of dry NaCl (or another inert solid) e.g. [28] (Figure 6C) and the remaining reaction
volume should be filled with high-purity N, using a gas-loader which condenses the gas
directly from a gas-bottle into the vessel containing the DAC. It must be also verified that
after the sealing of the condensed N, in the DAC and compression to the desired pressure,
thickness of the solid N, above the metallic reactant is significant, This would preclude
contamination of the product with carbon from the opposite/upper diamond anvil.

Another challenge by the structural characterisation of the products obtained in a LH-
DAC is a small sample containing relatively big crystallites. This makes 2D-XRD patterns
collected from such a sample nearly useless for the structure refinement due to the domination
of strong diffraction spots from individual crystallites around the optimal diffraction 26-
angles of an ideal pXRD pattern, (Figures 7A and 8B). Even though, the 2D-XRD pattern in
Figure 7A contains more-or-less continuous rings or arcs, integration of different sections of
this pattern resulted in distinct diffractograms where some of the XRD-peaks artificially split
in two, three of even four peaks, depending on the selected section (Figure 7B).
The most promising way to obtain powder diffractograms with correct intensities from such
small samples is their rotation and precession around two nonparallel axes using a Gandolfi
stage [127]. This device (Figure 8C) insures, even for a single crystal, generation of an ideal
2D-XRD pattern with continuous diffraction rings (Figure 8B). Such diffractograms permit
not only refinement of crystal structure for a sample recovered from a LH-DAC or a large-
volume HP-HT apparatus [28,29,32,108,128] but also quantitative analysis of each crystalline
phase/compound present in the product, if any. It has to be noted that a multiaxis oscillation
system providing similarly smooth 2D-XRD patterns from samples compressed in a DAC is
available [129]. Another approach requiring, however, presence of a larger single crystal in a
polycrystalline product and a high-brilliance X-ray source promises extraction of crystal

structure if applied to samples after their recovery [130].



2. Large-volume HP-HT apparatuses

Large volume HP-HT apparatuses are devices permitting synthesis of macroscopic samples
with sizes between ~0.5 mm and several millimetres. Such samples permit detailed
characterisation (structure, composition etc.) and measurement of physical properties of the
compounds discovered using a LH-DAC. However, the P-T conditions accessible using such
apparatuses limit the repertory of novel materials which can be examined and subsequently
proposed for industrial synthesis. Detailed descriptions of the most relevant HP-HT devices,
such as Belt-type apparatus (BTA) and multi-anvil apparatus (MAA) (Figure 9), can be found
elsewhere [131-138]. Here, only the details relevant to the synthesis of oxygen-free samples
of binary and/or ternary nitrides will be considered.

Firstly, we are not aware of the synthesis of a binary nitride from the elements using any
known large-volume HP-HT apparatus, in contrast to a LH-DAC. This is because cryogenic
loading of (purified) #N, in the reaction volume of such an apparatus is a demanding
procedure e.g.[139,140]. If binary precursors with the needed N:M ratio are not available, the
HP-HT nitrides with N:M>1 can be synthesised via one of the following ways: (i)
decomposition of a compound having higher N:M ratio than that in the intended compound,
e.g. 2:TasNs — 3-n-TapN3 + 0.5-N; [108] or nanocrystalline AzNs.+x (Where x>0) to c-AsNy4
(where A= Zr or Hf), obtained via the high-temperature ammonolysis of the metal
dialkylamide, i.e. A(NEt;)4 [88], (ii) decomposition of a compound containing only metal,
nitrogen and hydrogen while the N:M ratio exceeded that in the intended product, e.g.,
3-Si;Na(NH) — 2-y-SisNg + NH3 [54], and (iii) metathesis reaction similar to that given by
Equation (4) [66,86,128]. The paths (i) and (ii) permitted fabrication of completely or
partially densified macroscopic bodies which sizes were sufficient for the reliable property
measurements described below. However, porous samples (with porosity up to 30%, p<0.3)
were rather usual for the here-considered nitrides. For this reason, less-common methods of
property measurements not requiring well-densified samples were developed and presented

below.



Even though the precursors were oxygen-free, the recovered HP-HT products are not
necessarily as pure as the precursors. This is because main elements of the HP-assemblies
surrounding the samples in large-volume apparatuses are oxides (MgO, LaCrOs, Al,O3, ZrO,
etc.) and a hydrous aluminium silicate, known as the mineral pyrophyllite, Al,Si;O10(OH),
(Figure 9). Upon heating, oxygen from the hot regions of the HP-HT assembly was observed
to diffuse into the sample volume through capsules made of noble or inert metals (e.g. Pt or
Re). Depending on the capsule material, temperature and heating duration, oxygen
contamination can be significant and distribution of the oxidized material throughout the
volume not uniform (Figure 10A). In order to obtain nitride samples with a low degree of
oxygen contamination (Figure 10B), several versions of diffusion barriers were proposed,
including double or triple capsulation [54,76]. Furthermore, high porosity of the recovered
products, up to p=0.3, was typical for the recovered HP-HT nitrides (e.g. Figure 10C). This
can be explained by high hardness of the precursors and products but condensed nitrogen and
hydrogen (if present), released upon decomposition of the over-stoichiometric precursors,

could also have contributed to the porosity formation.

IVV. Mechanical properties

1. Elastic moduli

Measurement of complete tensor of single crystal elastic moduli at ambient conditions and,
eventually, at high pressures and temperatures, C;(P,T), would cover the theme of this
section. This is because the knowledge of all Cj(P,T) is sufficient for the extraction of bulk
and shear moduli (B and G, respectively) of isotropic polycrystalline bodies using well-known
approaches [142-146]. However, growing of sufficiently big single crystals of novel
compounds is laborious, especially at high pressures, and wouldn’t be honoured until their
properties were proved to be of exceptional interest promising technological advancement.
Accordingly, techniques and/or their combinations permitting access to the reliable values at

reasonable costs using imperfect samples (e.g., porous polycrystalline bodies) are presented



below. Except measurement of B(P), the presented here approaches are not common in the
high-pressure research even though their reliability was confirmed.

Long-term progress in investigation of solids compressed in a DAC using XRD permits
straightforward measurement of equation of state (EOS) of any crystalline compound, i.e.
dependence of its density on pressure, p(P), with sufficiently high precision provided its
crystal system is known e.g.[147,148]. Important is that the extracted dependence p(P)
corresponds to that of an ideally densified single-phase sample because the XRD method
provides crystallographic density of the examined compound.

For nearly all of the above mentioned novel nitrides, bulk modulus, By, and its first pressure
derivative, By', were derived from fits of various empirical and semi-theoretical EOSs to the

experimental p(P)-data points. However, the third-order Birch-Murnaghan EOS [149]
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appears to be the most useful by extraction of properties of the HP-HT materials. The main
advantage of this EOS is the possibility to easily recognise deficits of the collected p(P) data
and of the selected fitting procedure when the data are represented in terms of normalized
pressure, F=P/[3-f(1+1-2f )*?], versus effective strain, f = [(p/po)**-1]/2 (see Figure 11 and
discussion therein). The reported values of By and By’ of the novel binary nitrides are
summarised in Table 5. Reliability of the EOS-data depends on the following experimental
details: (i) a sample should contain a sufficiently large number of grains within the volume
irradiated by an X-ray beam thus excluding coarsening of the collected 2D-XRD patters (see
examples in Figures 7 and 8A). Failure to do so can cause artificial displacement of peaks in
the X-ray diffractograms obtained using a linear detector or after azimuthal integration of the
collected 2D-XRD patterns and thus incorrect p(P) (see Supplemental Information to Ref.
[116]). (ii) The sample should be imbedded in a quasi-hydrostatic pressure transmitting
medium (PTM) and the latter should be as thick as possible. This minimises uncertainties due

to pressure gradients if pressure is measured using a gauge (e.g. fluorescence of a ruby grain)



located at some distance from the sample. This is because pressure gradients depend not only
on yield strength, oy(P), of the PTM but also on its thickness, hprm(P), as follows from the
simplified equation [150]:

dp Oy (P)
dr hprm(P)

(9)

This equation indicates that even usage a soft PTM, such as helium, does not guaranty correct
Bo and By’ because this solidified noble gas is typically loaded in gas-loaders at pressures
around 0.12 GPa. Due to a high compressibility of helium at the low pressures, the sample
volume becomes very thin when compressed to several GPa and strong lateral pressure
gradients appear upon further compression even though oy of helium is smaller than that of
the less-hydrostatic PTMs such as NaCl or solid argon [126,151,152].

In contrast to bulk modulus, a similarly simple and straightforward approach to measure Go
(not to mention the pressure dependence G(P)) not sensitive to the sample state (e. g. powder,
porous body, admixture of another contaminating solid) is not available. However, several
methods permitting measurement of the material property, involving bulk modulus, exist. For
this reason, an experimental ‘uncertainty in bulk modulus shouyld be as small as possible
because it contributes to that of the derived shear modulus. Examples of such classical
techniques are the resonance ultrasonic spectroscopy and Brillouin light scattering (BLS)
[153-157] who typically provide only longitudinal sound velocities, V., given by the equation

3B+4G
3p

V, = (10)

which requires knowledge of the sample density, p. However, only single crystals or highly
densified polycrystalline samples are suitable for these techniques e.g.[35]. Unfortunately,
such samples are rarely available for novel materials including the HP-HT nitrides considered
in this paper.

For this reason, two advanced techniques, less known in the high-pressure domain, were

adapted and further developed, namely picosecond laser ultrasonics (psLU) and



nanoinentation testing (NIT). It was demonstrated that they permit extraction of reliable Bo
and Gg using polycrystalline bodies having high porosities, up to p=0.3.

The psLU technique permits measurement of velocities of surface acoustic waves (SAWs) for
samples with lateral dimensions below 500 um (Figure 12) and, thus, is well suitable for
those synthesised in large volume HP-HT apparatuses. It is a relatively simple all optical non-
contact and non-destructive approach developed more than 50 years ago e.g.[168]. Detailed
theoretical and technical descriptions of the technique including mechanisms of the SAW
generation, efficiency of the energy transfer, shape of the surface perturbation, propagation
and detection of SAWSs (Figure 12B) can be found elsewhere e.g.[169,170]. The main
conditions imposed on a sample are lateral sizes of at least 150 pum, optical quality of its
surface and sufficiently strong absorption of the pump-laser radiation used to excite the
SAWSs and reflection of the probe-laser beam used to detect their arrivals. The latter
conditions are fulfilled for metals, such as n-Ta)N3; [165,171] and low band-gap
semiconductors such as c-ZrsN4 [163]. The technique did also work for a large band-gap
semiconductor, y-GesN4, due to the presence of impurities or the presently-not-identified
optical-absorption centres [50]. Interestingly, the technique provided sufficiently strong
signals even for samples with porosities approaching p=0.3. For a transparent sample, a thin
metallic film should be deposited on the polished surface to ensure absorption of the pump-
laser radiation and reflection of the probe-laser beam.

In order to excite SAW-pulses on polished surface of a sample, pulsed radiation of a laser
(e.g. Nd:YAG-laser, A = 1064 nm, pulse duration 0.5-0.75 ns), focused to a circular spot of
several micrometres in diameter by an objective (for example NACHET, magnification x20),
can be used. The SAW-pulses propagate then radially and the related surface perturbations
can be used to detect their arrivals at a particular distance from the pump-laser spot (Figure
12B). If duration of propagation of the detectable SAW-pulses, At, due to the surface
Rayleigh waves (R) or skimming longitudinal waves (L) is known then the corresponding
sound velocities, Vg or Vi, can be extracted. However, in the above described geometry the

SAW-pulses decay rapidly with distance to the pump-laser spot. Because the laser-pulse



energy cannot be increased infinitely due to the material ablation (Figure 12C), mounting of
a cylindrical lens in front of the objective transforms the pump-laser radiation to a line (with
dimensions 5 um x 100 um, for example) which permits stronger pump-laser pulses and,
accordingly, amplification of the SAW amplitudes (Figure 12A). As a result, the SAW-pulse
arrivals can be detected at much longer distances from the pump-laser line which is especially
important for quickly fading longitudinal waves (Figure 13A). In the above mentioned works,
the knife-edge method was used to detect arrivals of the SAW-pulses as schematically shown
in Figure 12B. Changing the distance between the pump- and probe laser spots and
measuring the arrival times, t, for each type of the SAW-pulses is sufficient to extract their
velocities, Vg and/or V,_ (Figure 13B). Further methods of detection of the SAW-pulse
arrivals are described elsewhere [170].

If VL and Vg are known then elastic moduli of the examined material can be extracted using

Equation 10 combined with the following well-known equations:

Vp = \E (11a)

2
(vt =) = Z W= V3vF - (11b)

where V7 is velocity of the transversal acoustic waves.

As already mentioned above, the psLU technique permits detection of both types of SAW-
pulses. for porous polycrystalline samples and, accordingly, determining of the sound
velocities, Vrp and V. The elastic moduli, B, and Gp, can be extracted if the sample
porosity, p, is known for the calculation of the density py=po-p. Deduction of the elastic
moduli, Bo and Gy, requires evaluation of the porosity influence on the elastic response under
load. In general, this is a complex problem because (i) it requires solving a boundary-value
problem taking into account spatial fluctuations of the elastic properties and (ii)
microstructure of a porous material exhibits random character precluding a comprehensive

description. However, when the average pore size is much smaller than the sample and the



acoustic wavelength, 2, macroscopic elastic properties can be estimated using
homogenization approaches, and verified by comparison with the B, obtained independently
an experimental EOS. Hashin-Shtrikman approach [145] has been used to estimate the
effective elastic behaviour of the examined porous nitrides by taking into account the pores
shape and spatial distribution jointly through the pores autocorrelation function (PAF). The
latter parameter provides information on the pores spatial distribution, shape and
characteristic length scale [172]. The PAFs can be extracted from SEM images via fast
Fourier transform algorithms thanks to the Wiener—Khinchin theorem and/or by numerical
analysis (Figure 14).

If PAFs obtained from several SEM images for two or more nonparallel surfaces show only
weak deviation from the isotropy and no preferential orientation can be recognized for the
sample cross-sections than a spherical shape of the PAF can be used to compute B, and G,

using Hashin—Shtrickman approach:

_ . (1-p)Bg
P T 14+p(3B,y/4Go) (122)

y (1-p)Go
P 14p(8-10v)/(7-5ve) (12b)

Apparently, the same equation can be used to deduce By and Gy if By, G, and p are known.
Agreement of the By=217(20) GPa, obtained for the oxygen-bearing c-ZrsN4 from such psLU
measurements on a porous polycrystalline sample, with By= 219(13) GPa from the EOS
measurements (Table 5) confirms reliability of the psLU approach. The agreement is also
reasonable for y-GesN, if By =322(44) GPa from the psLU measurements [50] is compared
with By =295(5) GPa derived from the EOS obtained using argon as a soft PTM [48]. In the
case of n-TayNs, the psLU-measurements provided somewhat lower By =281(15) GPa [165]
when compared with B;=319(1) GPa obtained from the experimental p(P) under assumption
of fixed Bo"'=4.0 [109]. Interestingly, the difference is smaller if we compare with By=311(6)

GPa obtained for the same p(P) data but with By," fixed at 4.67 predicted in the DFT



calculations [109]. In summary, the psLU technique permits extraction of reliable Bo- and Go
values for ideally densified samples even though the measurements were performed on porous
ones.

Another method of determining shear modulus is suitable for any solid samples (conducting
or not) including polycrystalline completely or partially densified ones obtained in large-
volume HP-HT apparatuses. However, the method requires knowledge of By from an
experimental EQOS, for example. In this approach, reduced elastic modulus, E;, is first

determined via nano-indentation testing (NIT) (Figure 15):

(13)

where E is Young’s modulus and v Poisson’s ratio of the examined material, Eq= 1141 GPa
and v4=0.07 are the values for diamond, material of the Berkovich pyramid used as the
indenter. As soon as E, is measured, shear modulus can be recovered using the well-known

equations:

)= (143)
3B+G
v=-22 (14b)
2 3B+G

In case of a porous sample, the contribution of porosity to Young’s modulus and Poisson’s
ratio can be evaluated using the above described approach based on the PAF shape and
Equations 12. Unfortunately, in a big majority of examinations of novel nitrides using NIT,
porosity was not examined and, accordingly, its contribution to the samples’ elastic response
ignored. The only exception is the work of Bourguille et al. on n-TayN3 [166] where two
indentation methods were used, the classical Oliver-Pharr (OP) and the more recent
continuous stiffness mode (CSM) (Figure 15). Depth resolution of the CSM method
permitted not only determining of E; and of nano-indentation hardness, H,, of a porous

polycrystalline sample of n-Ta;N3 but also revealed densification of the upper sample layer



caused by mechanical polishing (Figures 15B and 15C). As can be seen in Table 5, shear
modulus extracted using the OP indentation method, Gy =129(22) GPa, agrees with Gg
=123(2) GPa obtained from the independent psLU-measurements on the same sample. The
agreement indicates reliability of the here-considered approaches of determining Gy of novel
nitrides applying the NIT- and/or psLU techniques to porous samples from the HP-HT
synthesis in large-volume apparatuses.

Finally, the recently adopted technique of time-domain Brillouin scattering permits
determining single crystal elastic moduli, Cj;, of a cubic solid using a transparent
polycrystalline sample provided By is known. A detailed description of this technique and
modus operandi was presented in several recent publications [151,173,174]. Moreover, the
technique permits 3D-visualisation of texture and phase transitions taking place in the sample

interior [175-177].

2. Hardness and other inelastic properties

Traditionally, the search for novel HP-HT materials was motivated by the hope to discover a
novel compound exhibiting hardness superior to that of diamond or, at least, of cubic BN.
Other properties might also be of interest but are not specifically pursued even though a
combination of not exceptional but advanced properties could open new perspectives. Such
advanced properties could be stability in air at elevated temperatures or in tribological contact
with a particular class of materials, advantageous thermal-shock- or fracture resistance or
resistance against irradiation with energetic particles such as neutrons from a thermonuclear
reactor. It was also proposed that some of the above discussed HP-HT nitrides could be used
as anodes in batteries [64,69] or for sensing of ethanol vapour [68]. Apparently, if a
compound is evaluated as interesting, it should be available on industrial scale at reasonable
costs or, at least, available as macroscopic objects independent of costs if the advancement in
functionality is exceptional. It should be mentioned that potential methods of the industrial
production of novel nitrides are not limited by HP-HT processes but include various

approaches of deposition of films and coatings.



With respect to mechanical properties, two novel nitrides, namely y-SisN4 and c-Zr3N4, appear
to be industrially valuable. Polycrystalline y-SisNs was reported to exhibit high Vickers
microhardness, similar or exceeding Hy=35 GPa and thus to compete with a few traditional
compounds for the rank of the third hardest solid (Table 6). Its indentation fracture toughness
Kic.if = 3.2-3.8 MPa-m*? [35,76] is comparable with the certified value for B-SizN4 of Kic.it
=4.6(2) MPa-m*? [76] , the well-known tough ceramic material. However, K. values up to
8.2 MPa-m"? were also reported for B-SisN4, depending on the microstructure and volume
fraction of the needle-like grains of this hexagonal low-pressure phase [178]. Furthermore, vy-
SizNy4 persists heating in air to 1773 K [57] and was estimated to exhibit thermal shock
resistance insignificantly below that of B-SisN, (also known as an exceptional thermal-shock
resistant ceramics) [29]. This property has been established at a relatively early stage of
exploration of y-SisN4 (and of y-SnsN4) due to a recently proposed approach requiring data
from standard high-pressure measurements. In particular, thermal-shock resistance was shown
to be proportional to the ratio of hardness to Grineisen parameter, Hy/y, where y can be
derived from pressure dependences of the Raman band frequencies and bulk modulus of the
examined compound [29]. Interestingly, none of the needed values require exact knowledge
of composition and/or structure of the sample material, just its crystal symmetry. Finally,
samples of y-SisN4 transparent in a broad range of light (see below) with sizes up to 2 mm in
diameter are available [35,179]. All these properties make y-SisN,4 suitable for fabrication of
passive optical elements (windows or lenses) in front of (opto)electronics/detectors used
under a wide range of extreme thermal and/or mechanical attacks.

Furthermore, optical elements made of y-SisN4 could be considered for application in nuclear
fusion because it is expected to exhibit significant radiation resistance [210]. Such optical
materials could be substantial elements in various diagnostic systems of future deuterium-
tritium fusion reactors, which have to withstand 14 MeV neutron irradiation of unprecedented
intensity. Radiation-induced lattice defects strongly affect functionality of optical components
(windows, lenses, fibres, LEDs, etc.) and therefore understanding of the defects creation and

annealing processes in solids is of fundamental importance. It was recognized that ternary



oxides of the type TQ,O,4 having spinel structure possess an increased neutron tolerance
[211,212] due to an efficient self-healing interstitial-vacancy (i-v) recombination process, the
prerequisite of which is the presence of a huge density of so-called structural vacancies in the
lattice: metal cations T and Q occupy only one-eighth of the available tetrahedral sites and
one-half of the available octahedral sites, respectively, so that the overall cation to anion ratio
is 3:4. In solids with spinel structure, an additional efficient mechanism of accommodation of
radiation induced defects exists, namely swapping of positions of cations between tetrahedral
and octahedral sites (cation antisite defect formation). It has been shown in several papers e.g.
[213] that the energy costs for antisites formation in MgAl,O,4 is much lower than for all other
elementary lattice defects, which means that the cation sublattice easily accommodates
disorder or, in other words, is radiation tolerant. The so-called site preference energy for
cations has been introduced for analysis of enthalpy increase due to such cations swapping in
the spinel lattice, and it is not zero if the cations T and Q are of different type [214].
Accordingly, higher site preference energy signifies the higher stability of the ordered cation
sublattice. The latter has already some experimental verification e.g. [215] where higher
enthalpy increase due to the cation swapping, e.g. caused by radiation, occurs. That is why
one can expect a higher radiation tolerance of solids with spinel structure which have only
one type of cations because in this case swapping the positions of cations does not change
anything in the lattice. Except for the rare FesO, and a special case of the less-useful
nanocrystalline y-Al,O3, oxygen based solids with spinel structure contain two different types
of cations. This is why the high-pressure nitrides of the group 14 elements, and especially
v-Si3sNy4, should be considered as an alternative solution by the search for radiation tolerant
materials representing a new class of single cation solids with spinel structure.

Suitability of c-ZrsN4 for industrial applications as an advanced wear-resistant coating
became evident after a report on successful deposition of this nitride as thin films/coatings on
various substrates and testing of its wear resistance [206]. In particular, films of c-ZrsN4 were
deposited on silicon, NaCl, quartz, and cemented carbide. The films were deposited using

only slightly modified version of a broadly used in the industry technique of physical vapour-



deposition, namely filtered cathodic arc (FCA) method. Its standard version is used to deposit
well-known coatings of mononitrides of the group 4 and 5 elements (e.g. 6-TiN) and related
compounds (e.g. 6-Ti1xAlxN) on cutting tools with the aim to improve their wear resistance in
general and by cutting of steels in particular: For example, coating of a tool made of cemented
carbide with 8-TaN improves its wear resistance by milling of steels by ~2 times and coating
with 8-Ti1xAlxN by 3-5 times, depending on the way of the wear measurement (Figure 16).
In contrast, coating of a hard-metal tool with c-Zr3N,4 leads to the wear reduction by ~10 times
when compared with 8-TiN [206], and by ~5 times, if compared with the best 3-Ti1-xAlxN
coating considered in Figure 16. Thus, application of coatings based on c-ZrsN, promises
significant advancement in productivity and efficiency in the metal-working industry not to
mention advantages due to reduced consumption of costly tungsten, energy, investments in
occupational health (due to the presence of cobalt [141]) and mitigating of environmental
impact associated with fabrication of novel and recycling of discarded tools based on
cemented carbide.

It should be mentioned here that not only hardness and wear resistance define performance of
cutting tools but also fracture toughness, the property describing ability of a material to
prevent failure of the coating and withstand mechanical and/or thermal stresses over time.
This property is crucial by high-speed- or interrupted cutting, especially by machining of
hardened metals. Indentation fracture toughness, Kc.ir, of a porous polycrystalline sample of
n-TazNs , found to exhibit metallic conductivity [171], was measured to be 4.6(2) MPa-m*?
[209]. This value is similar to that of sintered monoliths of such well-known fracture-resistant
materials as B-SizN4, B-SIC and their composites considered as promising tough ceramics:
Polycrystalline bodies of hexagonal SizN4 sintered using several rear-earth oxides RE;O3
(RE = La, Nd, Y, Yb, Lu) were reported to exhibit Ki.i=5.2-7.1 MPa-m*? but addition of 5
vol.% of SiC led to Kic.i=4.3-5.4 MPa-m? [217]. Hot-pressed SisN,, sintered with 5 wt.% of
Y03, showed Kjc.i=5.2 MPa-m*? while addition of 8 wt.% of SiC resulted an increase to Kic.
i=5.4-5.8 MPa-m"? [218]. For hot-pressed B-SiC with 9 wt.% of Y,03; and AlLOs, Kic.i

between 2.9 and 4.5 MPa-mY? was measured [219]. Because pores-free monoliths and



coatings are expected to exhibit higher fracture toughness, Kc.ir of densified n-Ta,N3 could
surpass the above values for sintered B-SisN4 and B-SiC. This conclusion was drawn from
NITs on samples of polycrystalline n-Ta,N3 having mechanically densified surface layers
where contribution of the dense material to the total sample response was significant (Figure
15). In particular, K. was found to be 10-20% higher than for the same sample after
removing the densified top layer [166]. Also, hardness of densified n-Ta;N3; was estimated,
after the analysis of porosity, to be similar to that of the densified c-ZrsN4. Accordingly, all
the necessary requirements for a wear-resistant material, except one, are fulfilled. The
remaining step in the evaluation of suitability of n-Ta,N3 for machining of hardened steels
and other alloys would be measurement of its wear resistance using a densified bulk sample
or coating on a cemented-carbide- or ceramic tool. It is expected that chemical wear will not
affect performance of such cutting tools because coatings of tantalum mononitride are already
used for machining of high-strength alloys, titanium, stainless steel, and other hard-to-

machine materials.

V. HP-HT nitrides as energy materials

Soon after their discovery in 1999, multiple calculations of electronic structure of nitrides of
the group 14 elements with spinel structure, y-MsN.,, were published and interesting electronic
properties predicted. In one of the earliest first-principals calculations, y-SisN4 was predicted
to exhibit direct band gap, Ey equal or above 3.45 eV, a small effective mass of charge
carriers at the conduction band but a very flat top of the valence band and, accordingly, large
effective mass [220]. In that work, y-SisN4 was proposed to be suitable as basic material for
blue or ultraviolet lasers or light emitting diodes (LEDs) due to its favourable band gap.
However, a competing group predicted an indirect and larger band gap of Eq =3.68 eV and
effective mass of the p-type carriers to be similar to that of the free electron along at least one
of the crystallographic directions in its single crystal [221]. Then, DFT calculations of
electronic structures were extended to y-GesN,4 and y-SnsN4 and direct band gaps of 2.22 eV
and 1.3-1.4 eV, respectively, and small effective masses of the n-type carriers predicted [222-

224]. Later theoretical works confirmed that band gaps of the spinel-nitrides, y-M3sN,, are



direct but their sizes depend (i) on the applied calculation method and (ii) on the lattice
parameter selected in the calculations even when one and the same method is used [225,226]:
For example, E4 of y-Sn3N4 was predicted to be 0.58 eV, 1.53 eV and 1.42 eV using the DFT-
LDA method, GoW, with the plasmon-pole approximation (PPA) and GoW, with the
numerical integration (NI) method, respectively [225]. An even stronger difference in the
calculated Ey of y-SnsN4, between 0.54 eV and 2.19 eV, were demonstrated in a recent
theoretical work [226]. Increase of the cubic lattice parameter of y-SnzN4 from 97% to 103%
of the optimal value (corresponds to the “uncertainty” of £3%) led to a decrease of Ey from
1.45 eV to 0 eV [225]. By using the GoW, approach, Ey of y-SnsN4 also decreases with
increasing unit cell size but the compound remains a semiconductor [225]. The most suitable
elements for the n- and p-type doping were proposed -both for y-SizNs and y-GesNy:
phosphorus and oxygen were suggested as n-type dopants and aluminium as a p-type dopant
for y-SisN4, while antimony and oxygen as n-type dopants and, again, aluminium as a p-type
dopant for y-GesN,4 [227,228]. Also, stability and electronic structures of other imaginable
binary and ternary compounds of the type y-TQ2N4, including elements of the groups 4 and 14
were considered. It was predicted that among the ternary nitrides those with smaller cations in
tetrahedral sites and larger cations in octahedral sites of the spinel structure should be stable
[222]. However, in another theoretical work Ge atoms were stated to have a strong preference
to reside at the tetrahedral sites [229]. More important outcome of this work was, however,
the prediction that solid solution y-(SixGe1.x)sN4 could form at temperatures above ~1400 K
and, apparently, high pressures.

The first attempts to measure band gap of a spinel nitride were devoted to y-SisN4, soon after
its discovery, but precise values and experimental conformation of a direct band gap were
provided 17 years later (see below). Interpretation of the data obtained for a powder sample
cold-compacted by squeezing between anvils of a DAC to the thickness of ~30 um using
optical absorption and cathodoluminescence (CL) spectra led to an underestimated E4=3.25

eV [230]. In the case of optical absorption spectra (Figure 17A), it was assumed that the band



gap is direct and photon-energy dependence of the optical density, OD(E), can be described

as

~1g(22) = op(r) = L% (15)

Iy(E)

where Io(E) and I(E) are intensities of the incident and passed-through-the-sample light,
respectively, at the photon energy E. The subsequent analysis of the absorption spectra
suggested that the absorption coefficient recovered from these measurements was too low
when compared with the values typical for a direct band gap. This could be attributed to
passing of the incident light along grain boundaries because the cold compression in a DAC
didn’t completely densify the y-SisN4 powder due to its high hardness. Also, the absorption at
photon energies above ~3.8 eV may be caused by impurity- or defect states within the band
gap while the true band gap absorption was out of the range of the set-up sensitivity [231].
Here, the contribution of oxygen contamination in the used samples of y-SisN4 [54] to the
optical absorption and CL spectra may be the primary source. Position of the strongest peak in
the CL spectra at ~3.1 eV as well as the bands between ~1.6 eV and ~ 2.6 eV (Figure 17B)
appear to agree with the latter interpretation of the optical absorption measurements and
should be attributed to states within the bad gap associated with impurities and/or defects. The
luminescence onset at much higher photon energies of ~4.8 eV, indicating the E4=5.05(5) eV,
was extracted 14 years later from the synchrotron-based photoluminescence (PL) and PL-
excitation (PLE) measurements at low temperatures [232]. Transmission spectra measured for
a transparent sample of y-SisNg, obtained from a-SisNs compressed to P=15.6 GPa and
heated to T= 2073 K in MAA (Figure 17C), showed the onset of a strong absorption at ~4.1
eV (300 nm) [35,233] which is still below the value from the PL-PLE measurements [232].

The element-selective soft X-ray spectroscopy (SXS) promised delivering of less uncertain
results on the band-gap size when compared with the methods described above because it
overcomes the limitations due to possible sample contamination with oxides and
unavailability of the absolutely transparent defect-free samples. X-ray absorption near edge

spectroscopy and X-ray emission spectroscopy (XANES and XES, respectively) allow



probing the localized partial densities of occupied and unoccupied states (LPDOS) near the
Fermi level. For crystalline compounds, XANES and XES probe conduction band (CB) and
valence band (VB), respectively. The photon energy difference between onsets of the
XANES- and XES signals provides a value close to E5 which, however, should be corrected
for the core-hole effect (e.g. 0.5 eV for v-SisNg), spin—orbit interactions, quantum
confinement by examination of nm-sized grains, selective excitation of the two non-
equivalent sites (e.g. tetrahedral and octahedral sites in spinel structure), broadening effects
and excitonic states e.g.[234-236]. Values of some of these corrections can be determined
from theoretical calculations only. However, the approach does not provide any experimental
information about the band-gap type, direct or indirect.

In the first SXS measurements on y-SisNa, the authors collected spectra for the Si Ljgs
transition and extracted Ey =4.30(25) eV [234]. However, the spin-orbit splitting, core-hole
effect, and nonequivalent site splitting were not considered [235]. In the latter work, the SXS
method was used to measure Eg values for several members of the solid solution
v-(Si1-xGex)sN4 with x=0, 0.178, 0.347, 0.524, 0.875, and 1.0, stated to have been synthesised
in a MAA at P=23 GPa and T=1773 K, except y-GesN, (x=1.0) obtained at P=12 GPa and
T=1473 K. According to the authors, the sample stoichiometries were measured using the
EPMA technique generally accepted to be the most reliable non-destructive method of
chemical analysis of small solid samples. In contrast to the previous work, the N Ko XES and
N 1s XANES spectra were measured in order to avoid uncertainties due to the analysis of the
spectra for different cation sites (Si or Ge), because the solid solutions and the end members
all contain nitrogen in tetrahedral coordination, and because there is a large number of N p-
states in the CB and VB [235]. The obtained experimental E4 values for the solid solutions
v-(Si1-xGex)sN4 (red squares in Figure 18A) revealed a decreasing band gap size when the
Germanium content increases from x=0 to x=1.0: from Eq4 =4.85(20) eV for y-SizN, to 3.5(2)

eV for y-GesNg.



1. For energy consumption

The above described progress in understanding of electronic structure of the spinel nitrides
presented results strongly supporting investment in development of technologies based on the
new nitrides with the aim to substitute the presently used compounds. It appears that, in the
present days of international tensions and actual state of technology, one of the most
promising ways to establish new materials in the industry would be extending the products
durability and efficiency. This would also lead to reduction of energy consumption needed for
the products’ fabrication and application. Somewhat higher energetic and investment costs
required by their production can be compensated by a significant increase of life-times of the
devices and tools based on the advanced materials. An additional outcome of the latter
approach would be reduction of costs for raw materials as well as collection and handling of
waste. Suitability of advanced materials for applications in very different, today maybe
unforeseeable, fields of application should also be considered. For example, if one and the
same material can be used as a hard and wear resistant material suitable for machining tools
but also for fabrication of IR-LEDs. As follows from the discussions above and below,
c-Zr3(N,0), should be considered as a realistic candidate.

In the past, such successful transition to novel materials took place in lighting applications
which were and maybe still remain the most energy consuming sector after heating/cooling
and transportation. The light sources based on LEDs dominate the present-day market due to
their efficiency of conversion of electric current in light which strongly exceeds that of
traditional light bulbs and of fluorescence lamps requiring relatively complex and expensive
electronic ballasts. After extension of optical fibres in private households, LEDs also
dominate communication and visualization electronics. Accordingly, fabrication of LEDs
based on hard, wear- and chemically resistant materials (in contrast to GaAs, (Ga,In)N or
Zn0O) permitting tuning of the band-gap size would extend fields of their application and
simplify their design. It should be also mentioned that Gallium and Indium are relatively
expensive because they are less abundant: Most of Gallium is produced as a by-product of

treating bauxite, an important aluminium ore. Production of Gallium is a labour- and energy-



consuming process which is profitable only in low-cost countries. Due to its very low content
in bauxites (50 ppm), large amounts of Gallium will never be available. Also, GaN and/or
GaAs have relatively low efficiencies of transformation of electric power to light due to their
low exciton binding energies, De (see below). Finally, they exhibit limited stability against
hydrolysis and oxidation in air, especially at elevated temperatures.

Strong indications that some of the above-considered novel nitrides are realistic candidates for
industrial applications were presented in 2013-2021. As will be shown below, application of
nitrides of the group 4 and 14 elements as basic LED materials promises an increase of
efficiency of conversion of electric energy in light by 10-1000 times when compared with the
presently used semiconducting compounds of the groups 13 and 15 elements (also denoted as
[11-V compounds), e.g. GaN or GaAs. Because the novel nitrides are highly (meta)stable and
their conversion efficiency remains high at elevated temperatures, the novel devices will
require much less material for the same level of the light intensity as for the GaN-based
compounds. Another indication of their suitability is the confirmed deposition of y-SnzN, and
c-Zr3Ny4 as thin films. The possibility to continuously tune band gaps of the nitrides and
oxinitrides of the group 4 and 14 elements in a broad range of light, from near-IR to UV, is of
further advantage (Figure 18). Products based on these nitrides are expected to have much
simpler designs due to their high thermal stability in air making any kind of protection against
oxidation or hydrolysis unnecessary. Finally, elements of groups 4 and 14 are more abundant
and, accordingly, less expensive when compared with Ga.

In 2013, results of another SXS measurements of electronic structure and band gap size of the
three binary nitrides of the group 14 elements recoverable to ambient conditions, namely
v-M3N4, where M=Si, Ge, or Sn was published [236]. The work also presented theoretical
predictions of Eg of the binary spinel-nitrides as well as of the solid solutions y-(Si1-xGey)sNa4
and y-(Ge1xSny)3Na. The calculations for the end members agreed reasonably well with the Egq
extracted from the SXS spectra (Figure 18A). Moreover, calculated band gaps of the two
solid solutions were found to change continuously with composition thus covering a very

broad range of photon energies, from near-IR- to germicidal UV light. More important were,



however, predictions of very high exciton binding energy, De, for all spinel-nitrides exceeding
by several to more than 10 times the product k-T (where k is Boltzmann constant) not only at
room- (Troom) but also at elevated temperatures (Figure 18B). The subsequent measurements
of PL- and PLE spectra of y-SisN4 and y-GesN4 did not only confirm high De-values but
showed them being ~2 times higher than the predicted ones: For y-SizN4, De Was predicted to
be 333 meV [236] but measured to be ~650 meV [232], for y-GesNg, the same De-values were
174 meV [236] and ~300meV [49], respectively. Until now, De of y-SnzN, is not measured
due to experimental limitations. If the tendency holds for y-SnsNy, then its true De value
should be ~140 meV or ~2 times higher than the predicted Ds=69 meV [236] , and 5.4 times
higher than energy of thermal phonons at room temperature, k-T.,om=26 meV. In such case,
light emission from a LED should be dominated by the excitonic mechanism even for
v-SnsN4. Upper limit of efficiency of an LED material can be estimated from the probability

of a radiative decay of excitons using the equation

Ry
n=

" Rr+R4q

(16)

where Ry=t,* and Rg=vr-exp(-De/kT) are, respectively, radiative and thermal-dissociation
rates of excitons [232]. In the case of y-SizNg4, the measured 1,~100 ps and the estimated
frequency v=6-10" s resulted in 7(300 K)~1.0 (or 100%) [232]. Interestingly, even at the
maximal temperature of stability of y-SisN, (see Table 6), efficiency of the radiative decay of
the excitons would be #(1773 K)~0.1 (or 10%) provided the parameters t, and vt remain
unchanged. For comparison, GaN with 1,~295 ps and GaAs with t,~443 ps exhibit at room
temperature, #7~0.015% and 1~0.004%, respectively. Assuming for y-GesN4 and y-SnsN, the
same T, and vt as for y-Si3Ny, efficiency of the radiative decays of their excitons is estimated
here to be #<85% and 7<2%, respectively. The latter values are much higher than those for
GaN and GaAs having comparable E4 values, respectively (see Figure 18). Thus, the end-
members y-M3N4 and the solid solutions y-(Si;xGex)sN4 and y-(Gei-x,Sny)sN4 could have

much higher performance as basic LED materials than binary and ternary compounds of the



group 13 and 15 elements (e.g. GaN, InN, GaAs, GaP) used today in the industry. Because
the here-estimated #-values provide only upper limit for the efficiency of conversion of
electric current in light, other limiting parameters such as material quality, defects, device
design etc. can influence final efficiencies of the end-products. Nevertheless, the spinel
nitrides appear to be suitable for production of highly efficient LEDs withstanding harsh
chemical, thermal, radiative and/or mechanical attacks.

Even though fewer efforts were invested in examination of optoelectronic properties of
nitrides of the group 4 elements having cubic ThsPs,—type structure, c-AsNg, experimental
information permitting judgment about suitability of the oxygen bearing c-ZrsN, and c-Hf3N4
as optoelectronic materials is available. One of the reasons for the delay in examination of
these compounds could be the earliest theoretical predictions that both nitrides exhibit indirect
bad gaps, between 0.7 eV and 1.1 eV for c-Zr3N,4 and between 1.0 eV and 1.8 eV for c-Hf3N,
[241,242]. However, more recent first-principles calculations predicted direct band gaps for
these compounds but the calculated E4 values remained in the same range [243-246].

In two independent SXS experiments, band gaps of an oxygen bearing c-ZrsN4 (with the
composition c-Zr,gs(No.gsOo.12)4, Se€ Table 3) and of c-Hf;N4 were determined [247,248]. In
the earlier work, the N 1s X-ray absorption and N 2p — 1s resonant X-ray emission spectra
were used and E4 values of 1.6(2) eV for the oxygen-bearing c-ZrsNs and 1.8(2) eV for
c-Hf3N4 found [247]. In the later work, the measurements were extended by XANES- and
XES spectra from oxygen in order to obtain the local unoccupied/occupied partial density of
states not only of the N p-states but also of the O p-states [248]. In these measurements, the Eg4
values were found to be ~10% higher than in the previous ones, namely 1.75(25) eV for
C-Zr286(NogsOo.12)4 and 2.05(25) eV for c-Hf;N4. Moreover, Boyko et al. presented first-
principles calculations of electronic structure of the end-members c-ZrzN4 and c-Hf;sN4 and
much more complicated modelling of the solid solution c-Zr;—(N1—Ox)s with x= 0.0625,
0.125, and 0.25. To perform the latter calculations, the authors had to develop a model
reasonably well reproducing the structure of c-Zr;—(N1—Ox)s with uniformly distributed Zr

vacancies and substitutional O atoms in the crystal lattice. The latter calculations have shown



that Eg of c-Zr;«(N;—<Oy)s increases from 1.47 eV to 1.84 eV when the amount of oxygen
increases from x=0 to 0.25 [248]. The calculations have also confirmed direct band gaps for
all simulated compositions, including the solid solutions. Finally, an important outcome of
these works is prediction of ~10 times higher De, between 32 meV and 43 meV, when
compared with De=4.2 meV of the industrially used GaAs having a similar E; = 1.423 eV
[248]. If DFT calculations systematically underestimate D, values by ~2 times, as is the case
for the spinel nitrides, then cubic (oxy)nitrides of Zr and Hf having ThsP,—type structure
exhibit exciton binding energies exceeding 60 meV. Accordingly, we could expect
efficiencies of the energy conversion in the LEDs based on c-A3(N,0)s to be ~100 times
higher than those of the presently used LEDs based on GaAs. Application of these new
compounds in the industry is feasible because c-ZrsN4 and, most probably, c-HfsN, were
deposited as thin films on different substrates, including economic glass plates, using two
different techniques, modified filtered cathodic arc [206] and high-power impulse magnetron
sputtering (HIPIMS) [249], respectively. The only contradiction requiring clarification is a
significantly higher energy of the absorption edge of the c-HfsN4 film of 2.53 eV when
compared with E4 from the above-considered SXS-measurements, between 1.8(2) eV and

2.05(25) eV.

1. For energy production

Photovoltaic (PV) technology based on silicon approached already a high level of solar
energy conversion, up to 26%, close to the theoretical limit of ~30% [250]. For this reason,
further efficiency improvement requires novel types of PV-cell. Also, the high energy
investment needed to obtain elemental Si via reduction of SiO, can be hardly compensated
during lifetime of the corresponding PV-module not to mention the irreversibly consumed
natural energy resources and CO, emission [251]. One of the proposed solutions to increase
efficiency of solar light conversion to electricity is fabrication of tandem PV-cells composed
of two layers of absorbing materials with different band gaps. Silicon could remain the
bottom layer while overlaying material should exhibit a wider band gap. If the latter is direct

then only thin layer of the second absorber will be necessary. The possibility to deposit it on



silicon or any other established PV-material via economic techniques, e.g. magnetron
sputtering, would bring us closer to the solution. Even though significant progress in
development of tandem PV-cells was achieved by application of organic-inorganic
perovskites e.g. [252], these compounds typically show limited stability when exposed to
solar light, temperature variations and/or air. y-SnsN4 with its direct band gap of E5 =1.6 eV
appears to be suitable for the second absorber in the tandem PV-cells because its electronic
structure is similar to those of such well-known PV-materials as CdTe or GaAs. The latter is
considered to be the most efficient established photovoltaic material approaching, in single-
junction solar cells, efficiencies up to 30%. However, it is rare (see above) and thus available
only for demanding PV applications where the performance but not the price is crucial. As
was shown above, Eg of y-SnsN4 exceeds that of silicon (E4=1.12 eV) and, for this reason, is
well suitable for applications as the PV-cell material. Also, it should be kept in mind that
highly adhesive films of y-SnzN4 can be deposited on silicon, borosilicate glass and other
substrates via different versions of magnetron sputtering (see above Chapter |1, Section 1 and
below). Summarising, application of the y-SnzN4 as an absorber material can be of great
interest as it is environmentally stable due its structure and composition; the main elements
have high overall Earth abundance and are concentrated in easy accessible deposits [253]. y-
Sn3N4 can be processed and recycled with less efforts and harm for the environment. Also,
most of the tin compounds are less or not soluble in water and non-toxic.

Another unexpected but promising direction of application of y-SnzN4 is production of

hydrogen via photoelectrochemical (PEC) splitting of water (Figure 19):

solar light

Harvesting of green hydrogen via this process attracts again strong interest in these days due
to (i) abundance of water as a renewable feedstock; (ii) environmental neutrality; (iii)
applicability at ambient conditions; (iv) suitability as fuel for transportation of goods with

motor-lorries via the existing network of roads and highways and, maybe more important, (v)



adaptable and reliable production of electricity in the periods of peak consumption which
cannot be insured by other environment-friendly energy sources such as solar-cell plants and
wind parks. Also, green hydrogen can be potentially stored in reservoirs and transported
through pipelines used today for the natural gas. However, requirements on electronic band
structure of a PEC-material strongly limit the number of potential candidates. The
requirements include a direct band gap between 1.2 eV and 2.2 eV while the valence and
conduction bands should match the redox potentials of water. Most of the presently
considered PEC-materials contain rare- or noble elements as co-catalysts (e.g. La, Rh).
Progress in investigation of different semiconductors considered to be suitable for the PEC
splitting of water has been reviewed elsewhere [254]: The known drawbacks of the examined
compounds were (i) only a small part of the solar spectrum could be used, e.g. just UV
radiation; (ii) less suitable CV- and/or VB band positions; (iii) photo-corrosion (e. g. CdS,
GaAs); (iv) production of either hydrogen or oxygen; (v) the PEC splitting efficiency was
insufficient; (vi) use of rare elements; (vii) economically unviable synthesis routes. Thus, the
search for PEC materials will continue until an efficient and sustainable approach for the PEC
splitting of water is developed [255].

As already mentioned above, the main requirement for an efficient PEC-splitting of water is
availability of semiconducting compounds having direct band gaps, Ey, between 1.2 eV and
2.2 eV which valence band (VB) and conduction band (CB) straddle (or nearly straddle) the
water oxidation and proton reduction potentials (~5.7 eV below vacuum for oxidation and
~4.5 eV below vacuum for reduction) which is almost never the case, e.g. Ref.[256]. Since
that work, published in 1998, the situation didn’t change and today there are only a few
compounds with Eg<2.2 eV showing a close band alignment with water redox potentials
[257]. Such compounds should also exhibit other important properties: It should be possible
to dope them to ensure p- and/or n-type conductivity and the created charge carriers should
exhibit a high mobility. The specific requirement for PEC-materials is their corrosion stability
during functioning in an electrolytic solution (e.g. see water). Finally, industrial production of

green Ho-fuel implies that the basic semiconducting PEC-material is easily available at low



costs (which excludes use of gallium and other rare elements) and can be produced via
energetically economic high-volume methods such as deposition of thin films on large
surfaces made of cheap materials, e.g. ordinary glass or even plastics. The latter implies a
strong adhesion of the films to substrates, also at different temperatures.

In 2015, a team of the former National Renewable Energy Laboratory (USA) confirmed
deposition of the y-SnsN4 thin films by radio-frequency (RF) reactive sputtering using
metallic Sn-targets in a nitrogen and argon atmospheres [257]. The films were found to
exhibit n-type conductivity explained by an unintended doping with oxygen but the p-type
conductivity was not reported. Important are energetically favourable conditions of deposition
of y-SnsN4 films: the RF magnetron sputtering requires low powers. of ~50W and the
substrates were either not or just slightly heated [73]. A good adhesion of y-Sn3zN, to different
low-cost substrates such as Si-wafers and borosilicate glass were also stated. The CB of
v-SnsN4 was measured to be 4.3-4.6 eV below vacuum thus straddling the proton reduction
potential of ~4.5 eV and its VB is located at 5.9-6.0 eV below vacuum, close to the water
oxidation potential of ~5.7 eV [257]. Also, a high mobility of the negative charge carriers
(concentration up to 10" cm™) approaching 1.2 cm?V*.s* was measured. The latter was
explained by a small electron effective mass of m.*=0.18-m, calculated using a DFT
approach. The hole transport properties are not known because their diffusion length was
limited by boundaries of the grains having sizes of <100 nm. Thus, larger grain sizes or
reduction of the barrier potential between the grains of unknown origin should be found. The
first attempt to perform electrochemical examination of the films was not successful due to an
insufficient thickness of the films transforming to a passivating non-conducting layer. This
suggests that thick samples or deposition of a passivating layer is needed in order to examine
the electrochemical behaviour of y-SnsN4 [257]. The authors proposed, however, a large hole-
mass of my*=12.9-my which appears to be strongly overestimated because in subsequent DFT
calculations a much smaller my*=1.08-mo was predicted [258].

Accordingly, experimental investigation of the electronic band structure of y-Sn3sN,4 should be

pursued: (i) An experimental evidence of a direct transition between its VB and CB has to be



provided; (ii) precise Eq and D, values should be determined using optical spectroscopy; (iii)
influence of structural defects and impurities on electronic structure and mobility of charge
carriers in y-SnsN,4 examined.

In 2017 the same group from the National Renewable Energy Laboratory (USA) extended
their search to ternary spinel-nitrides and reported on deposition of the solid solution y-(Sn;.
x T1x)sN4 exhibiting a tuneable band gap from E4~2.0 eV, for x=0.2, down to E4<1.0 eV, for
x>0.35.[259] This permitted not only optimization of positions of the VBs and CBs and
tuning of Ey but also reduction of the effective hole mass, as followed from their DFT
calculations, to my*=1.4m,, for x=2/3. At the same time, the electron effective mass remained
low, me*<0.5mo. The authors reported a similar free carrier concentration as for y-SnzN4 and
an improved hole mobility: Their PEC experiments with y-(Sni.xTix)sN4 films supported
indirectly the theoretical prediction that the Ti substitution should decrease its hole effective
mass. They have used the relative current of the photo-generated holes as a proxy for their
effective masses and found that increasing the concentration of Ti leads to the photocurrent
increase by as much as 5 times [259]. However, the measured photocurrent values could not
be considered as quantitative indications of the hole mobility due to a small film thickness.
Thus, bulk samples of the solid solution are required in order to quantify PEC-related
properties of y-(Sn1xTix)3N4 and estimate its performance.

An experimental evidence of the existence of y-(Sn;xGex)sN4 was not provided until now.
Accordingly, the potential of this compound for PEC-splitting of water follows, for small x,
from the above observations for y-SnsNs and from DFT calculations which predict a
continuous increase of Eq from 1.6 eV (for x=0) to 2.0 eV (for x=0.4) and to 3.5 eV (for x=1)
[235,236]. Thus, this solid solution together with y-(Sn1«Tix)sN4 covers the whole range of
interest with respect to the Eg-sizes. Compared with y-SnsN4, the VB maximum of
v-(Sn1xGex)sN4 with x=0.5 decreases by moderate ~0.6 eV while the CB minimum remains at
nearly the same energy level below vacuum.[258] This moderate displacement of the VB
position with respect to the water oxidation potential of ~5.7 eV is compensated by a lower

my*=0.73m, and unaffected m*=0.18m, promising a high mobility of both types of charge



carriers in y-(Sni.xGex)sN4 [258]. The possibility of doping was not theoretically examined for
the solid solution but, as already mentioned above, potential candidates for the two related
nitrides, y-SisN4 and y-GesN4, were already proposed. The fact that the presence of oxygen
appeared to be responsible for the n-conductivity of the y-SnsN4 films suggests the same
element as the candidate for n-doping of the solid solution y-(Sn;.xGex)sNa.

Summarising, y-SnsN4 and two solid solutions having spinel structure exhibit or are expected
to exhibit properties satisfying the requirements for an efficient PEC-material. These
compounds are thermodynamically stable at high pressures but can be deposited as thin films
(except y-(Sn1-xGex)sN4 which existence is not yet verified) via economic industrial methods.
The main purpose of future research could be obtaining these compounds as macroscopic
densified 3D objects with the aim to experimentally measure their mechanical and
optoelectronic properties, including those needed for the PEC splitting of water. Developing
of controlled p- and n-doping using chemical methods or implantation of accelerated ions is
another task. Successful accomplishment of these tasks, for one of the discussed compounds
at least, promises an efficient PEC-material deserving investment in large-scale tests at

realistic environmental conditions.

VI. Summary

Chemical reactions at HP-HT conditions, earlier considered as adverse effects hindering
reliable measurements of properties of laser-heated solids compressed in a DAC, such as
melting curves or phase boundaries of minerals and other solids e.g.[260,261], became today
a fruitful research direction not only in high-pressure mineralogy but also in chemistry of
nitrides delivering new objects of investigation to the science of materials. Without any doubt,
development of LH-DAC boosted the search for new compounds which origins, however,
date back to the 1930s [262-264]. The first steps in application of LH-DAC as a chemical
reactor were successful demonstrations of the capability to ignite chemical reactions and
recognise the products most of which were already known. Examples of such reactions were
synthesis of B-SisN4 and of four phases of boron nitride from the elements at P<15 GPa

[265,266], of amorphous sp®-bonded carbon nitrides via decomposition of an organic



precursor at P<42 GPa [267], and of (Mg,Fe)SiO3 from the stoichiometric mixture of the
oxides, (Mg,Fe)O and SiO,, at P<100 GPa [268] providing an ultimate evidence of
thermodynamic stability of these compounds. Even the synthesis of y-SisN4 from the elements
in a LH-DAC [44] was motivated by the quest to obtain a single-phase product despite the
availability of the low-pressure a- or B- phases of SizN,4 as starting materials. Since that time,
numerous reports on chemical reactions and discoveries of novel HP-HT compounds using
LH-DAC, multianvil apparatuses, Belt-type apparatuses etc. were published. Methods of
assessment of composition and crystal structure also developed thanks to progress of the
experimental tools especially at large-scale facilities. Unfortunately, only a fragment of these
achievements could be considered here.

On the other hand, reports on measurement of properties of the novel compounds recoverable
at ambient conditions are much less numerous and rarely go behind measurement of their
EOSs even though accompanying calculations or general considerations promise interesting
properties. Experimental confirmation of the promises is, however, laborious especially if
methods of property measurements approaching the industrially certified ones are considered.
They pose high requirements to samples such as uniformity of composition, absence of
porosity, defects, of contaminating byproducts on 1 mm-scale at least etc. Obviously, anyone
would be very hesitant to take on this kind of work if not confident of achieving outstanding
results. This review shows that some of the properties of interest can be revealed with
reasonable investment in the sample quality using approaches lesser-known or not used in the
high-pressure domain. The here-discussed examples of application of nano-indentation
testing, picosecond laser ultrasonics, soft X-ray spectroscopy, or synchrotron-based PL- and
PLE spectroscopy showed that at least some of the HP-HT nitrides exhibit properties
deserving deeper examination requiring investment in the synthesis of bulk high-quality
samples or in their deposition as thin films/coatings. Adaptation of these techniques to high-
pressure samples was only possible thanks to cooperation with colleagues whose professional
skills were far from the high-pressure research. It was also shown that high-pressure

compounds could be of value not only as hard and/or stiff materials but offer interesting



functional properties from predicted and, for this reason, expectable applications as LEDs to

less foreseeable as potential catalyst for the photoelectrochemical splitting of water and

production of green hydrogen.
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Figure 1. (A) Ball-stick model of spinel structure of nitrides of the group 14 elements,
v-M3N4 where M=Si, Ge, or Sn. Two types of coordination polyhedra of cations in spinel
structure, tetrahedron and octahedron, are shown. (B) Photograph of a bulk transparent
sample of nanocrystalline y-SizN4 synthesised by Nishiyama et al. at 15.6 GPa and 2073 K
and reported in Ref.[35]. (C) Photograph of an almost completely densified bulk sample of y-
GesN4 of ~ 1.25 mm in diameter synthesised at ~13 GPa and ~1500 K [49,50]. Despite the
low porosity of only 2.6%, the sample remained opaque in contrast to that of y-SisN4 shown
in (B).
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Figure 2. Experimental X-ray powder diffractograms (black lines) collected by (A) Lima et
al. [72] and (B) Maruyama et al. [73]. Red lines represent calculated pXRD pattern for an

ideal polycrystalline texture-free samples of y-SnzN4 having cubic spinel structure.



Figure 3. (A) Ball-stick model of cubic ThsP,~type structure of nitrides of the group 4
elements, c-AsN4 where A=Ti, Zr, or Hf. Only one type of the coordination polyhedron of
cations exists in this structure. It can be described as an irregular octaverticon formed by eight
nearest anions. (B) Photograph of the sample chamber in a LH-DAC showing product of
reaction of the elements, hafnium and nitrogen, at 18 GPa and 2800 K [28]. Contrast and
brightness of the photograph, but not colours, were modified in order to enhance central part
of the product which is transparent to dark-red light. This iIndicated formation of
semiconducting c-HfsN4 with a narrow band gap. (C) Photograph of a sample of c-ZrsNy4
synthesised in a MAA [82] showing metallic lustre. The initially cylindrical sample was cut
radially. Bluish traces at edges of the plane surface appeared after applying high voltage to

these sample areas.
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Figure 4. P-T conditions of formation of three compounds in the Zr-N system: c-Zr3N,4 (wine
symbols), Is-ZryNy (green symbols), and 6-ZrN (orange symbols). Squares indicate synthesis
via reaction of the elements [28]; circles — via decomposition of nanocrystalline n-Zr3Ng.x
[82,89]; diamonds — via metathesis reaction of ZrCl, with CasN, [86]. Bicoloured symbols
indicate P-T conditions where two different phases were found to form while areas occupied
by each colour show qualitatively amount of the corresponding compound. If synthesis
conditions were the same in different experiments, the symbols were shifted by 0.5 GPa to

right, for a high-pressure phase, and to left, for a low-pressure phase.



Figure 5. Ball-stick model of orthorhombic U,Ss-type structure of HP-HT nitrides of the
group 5 elements, n-E;N3, where E=Nb or Ta. The coordination polyhedra of the cations can
be described as trigonal prisms while either one or two of the three prism faces are capped by
N-anions [108].
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Figure 6. (A) Schematic of a DAC showing two opposed diamond anvils and a pre-indented
gasket with a hole in the indentation centre. (B-C) Schematic cross-section of the sample
assembly in the reaction volume of a DAC heated with focused IR-radiation of a Nd:YAG- or
CO, laser. The sample is either (B) placed on the bottom anvil and embedded in the
cryogenically-loaded nitrogen contaminated with H,O-ice or (C) isolated from the bottom
anvil by a NaCl-layer who precludes diffusion of carbon from the anvil into the sample and
imbedded in pure nitrogen condensed using a gas-loader. (D) Optical image of a sample of
0-TiN with lateral size of ~20 um obtained after the reaction of metallic Ti with N, at 22 GPa
and 2850 K, see also [28].
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Figure 7. (A) 2D-XRD pattern from a stationary sample of a post-spinel phase of tin nitride,
imbedded in the argon PTM, collected at P=55 GPa using a monochromatic X-ray beam.
This new phase was obtained after the laser heating of y-SnsN4 in a DAC to ~2500 K and ~50
GPa. (B) Black line shows a pXRD diffractogram, 1(26), of y-Sn3sN,4 obtained via integration
of the 2D-XRD pattern shown in (A). Coloured lines show diffractograms obtained via
integration of different sections of this pattern. Reprinted Figures with permission from
Supplemental Material of the article: Hong C., Deng Y., Xu F., Huang H., Zerr A. Phys. Rev.
B, 111, 184110 (2025).[126] DOI: https://doi.org/10.1103/PhysRevB.111.184110. Copyright
2025 by the American Physical Society
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Figure 8. (A-B) 2D-XRD patterns of a powder sample of LaBg containing a small number of
grains within the volume irradiated with the Mo Ka radiation collimated to a spot of ~150 um
in diameter. The pattern was collected using a MAR345 image-plate detector. The patterns
were obtained for (A) the stationary sample, (B) the sample rotated on a Gandolfi stage.
Reprinted Figures (A) and (B) with permission from Supplemental Material of the article:
Hong C., Deng Y., Xu F., Huang H., Zerr A. Phys. Rev. B, 111, 184110 (2025).[126]. DOI:
https://doi.org/10.1103/PhysRevB.111.184110. Copyright 2025 by the American Physical
Society. (C) Photograph of the experimental set-up used to collect the XRD patterns shown in
(A) and (B).
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Figure 9. (A) Schematic cross-section of a simplified sample assembly inside an MgO
octahedron which was used for the synthesis/densification of the novel nitrides in a MAA.
The MgO octahedron is squeezed between 8 truncated cubes made of cemented carbide (WC-
Co composite described in more detail elsewhere [141]) who serve as anvils in a MAA; (B)
photograph of an MgO octahedron after the HP-HT synthesis experiment sticking to one of
the anvils. The grey material on the left upper corner of the cube is remnants of pyrophyllite
gaskets. (C) Recovery of a sample of y-GesN,4 from such a MgO-octahedron. (D) Schematic
cross-section of the central part of a BTA composed of two opposed anvils (modified pistons)
and a die (modified cylinder) made of cemented carbide. This simplified example of the
sample assembly in a BTA includes pyrophyllite gaskets (grey); pressure medium, e.g. Al,O3
+ NaCl (blue); graphite heater (black); pressure medium, e.g. NaCl (yellow); and an

encapsulated (or not) sample (red).
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Figure 10. (A-B) Colour maps of oxygen distribution in two samples of y-SizN, synthesised
in a MAA [54,76]. Courtesy of Dr. Marcus Schwarz. (A) The sample of ~1.6 mm in diameter
was enclosed in a single-wall Pt-capsule. The highest value of the colour scale corresponds to
a complete sample oxidation. (B) The sample of ~2 mm in diameter was enclosed, during the
HP-HT synthesis, in a triple-capsule with the innermost Pt-capsule, outermost h-BN capsule
and molybdenum between them. In this sample, the highest oxygen content was measured to
be <4 wt.%. (C) SEM image of polished surface of a sample of oxygen-bearing c-Zrs;N,
revealing high porosity, up to p=0.3.
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Figure 11. Visualisation of mistakes in By derived from (A) a synthetic V(P)/\, data-points
(grey circles) with a strong dependence of bulk modulus on pressure. (B) The same data-
points represented in terms of F versus f. Fitting of the third order Birch-Murnaghan EOS
(black solid line) provided By =110(7) GPa and B,"=14.2(5). Assumption of By"=4 (black
dashed line) led to B =176(1) GPa which is 60% higher that the previous value. Use of a part
of the V(P)/V, data-points at the high-pressure end (highlighted by red circles) and keeping
Bo'=4 resulted in By =202(6) GPa which is 83% higher than By =110(7) GPa.
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Figure 12. Principals of the psLU method of the SAW velocity measurement. (A) Schematic
of geometry of spots of a pump- (red) and probe (green) laser beams used to excite the SAW
pulses and detect their arrivals, respectively. (B) Schematic of propagation of the SAW pulses
on surface of a porous sample of c-ZrsN4. (C) SEM image of traces of the material ablation
when energy of the pump-laser pulses exceeded the threshold value. Distances between the

traces of ablation caused by the pump-laser beam are identical and equal to 8.3 um.
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Figure 13. (A) Examples of photoacoustic signals collected from the surface of a porous
sample of the oxygen-bearing c-Zr3N4 [163]. They were recorded at the pump-probe distances
from 24.9 um to 123.9 pum in steps of 8.3(5) um (only each third record is shown). Signals
due to arrivals of the surface Rayleigh waves (R) are much stronger that those due to the
longitudinal waves (L). (B) Distance between the pump- and probe laser spots as a function of
propagation time, At, of each type of the SAW-pulses (results at the distance below 24.9 um
were not considered due to a strong overlapping of the two pulse types). Solid lines represent
results of the linear least-square fits to the experimental data which slopes provide the sound
velocities, Vg and V.. Dashed lines are extensions of the linear fits confirming the same
origin of both types of the SAW-pulses.



Figure 14. Extraction of a PAF from an SEM image: (A) SEM image of polished surface of
a porous polycrystalline sample of oxygen-bearing c-ZrsN,4. (B) Black-white representation of
the image shown in (A) providing visualisation of pores in the sample. The scales show pixel
numbers. The image in (B) was used to derive a projection of the PAF showing only a weak

deviation from isotropy (C).
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Figure 15. (A) Illustration of two types of nano-indentation testing (NIT) where black solid
line shows a load-unload curve: In the Oliver-Pharr method, the Berkovich pyramid is
continuously pressed in the sample and then unloaded while the applied load and
displacement are measured. The first third of the unloading curve is then used to determine E;
and interception of its linear extrapolation with the abscissa provides nano-indentation
hardness, H,. In the CSM method, the loading-unloading cycles are performed in small steps
while the total load is successively increased (see insert) and E; and H, are recovered at each
step as functions of the indentation depth. The CSM method permits revealing of property
changes with depth as was the case for E; and H, of n-Ta;Ns: Blue lines show change of E;
(panel B) and H, (panel C) with indentation depth for mechanically polished surface of a
porous sample of n-TayN3. Orange lines show E; and H, values for the same sample after the
surface etching by the Ar™ ion beam which removed the strongly densified material at shallow

depths, up to ~400 nm, formed during the polishing.
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Figure 16. Wear resistance of a selection of compounds used as coatings on cutting tools
made of cemented carbide. Here, wear resistance is expressed in terms of lenth of cut (Lcy)
needed to achieve the same width of worn flank and is normalised with respect to that of a
noncoated cemented-carbide tool, e.g. Lew= 1 m (grey box). The L., values for the tools
without coating, coated with 8-TiN (orange box) and c-Zr3N,4 (dark-red box) are exctracted
from Ref. [206]. The L values for the three 6-TixAlxN coatings (with x =0.23, 0.53 and
0.62) are extracted from Ref.[216] where examination of wear of a 6-TiN coating was also
presented. In order to compare the data reported for c-ZrsN4, wear resistance of the -TiN
coatings was assumed to be equal in both works. In the work of Moreno et al.[216], wear
resistance was quantified via analysis of the worn areas because the coating removal was not
uniform while Chhowalla and Unalan measured width of worn part of the tool flank [206].
For this reason, the results for the 6-Ti;-xAlxN coatings (normalised with respect to 6-TiN and
then to uncoated cemented carbide) are presented in two ways: (1) Light-orange boxes show
L., obtained from widths of the flank regions where the non-uniformly worn areas were
recognised after turning with the cutting speed of 80 m/min (Fig. 4 in Ref.[216]). (2) Hatched
“transparent” boxes show L, values obtained from normalised ratios of worn areas observed

after turning with the same cutting speed, i.e. from the values given in Fig. 5 of Ref.[216].
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Figure 17. Optical transmission and CL spectra of two types of polycrystalline samples of y-
Si3Ng4: (A-B) powder compacted in a gasket hole via compression between the diamond anvils
of a DAC; (C) transmission spectrum for a transparent sample obtained via compression and
heating of a-SisN4 in a MAA [35,233]. (A) Experimental value of the product OD?*E?, as a
function of photon energy, E, is shown by red solid line (see Equation 15). Dashed black line
represents a linear fit to the experimental data whose interception with the abscissa would be
equal to Eg provided the absorption data were not biased by any impurity- or defect states. (B)
The CL spectra of the same compacted powder of y-SigN4 at room temperature excited by an
electron beam accelerated by 20 keV. The two spectra were collected from different places on
the sample surface shown in the insert which displays an optical photograph of the sample of
~100 pm in diameter after the irradiation with the electron beam. Red-brownish colouring of
the initially white-greyish sample surface was observed after the irradiation with the
electrons. (C) Real in-line transmission spectra measured for a transparent y-SisN4 sample and
originally published in Ref.[35]. The onset of a strong absorption takes place at the photon
energies of ~4.1 eV (A=300 nm).
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Figure 18. (A) Direct (or nearly direct) band gaps of nitrides of the group 14 elements having
spinel structure, y-MsN4 where M=Si, Ge, or Sn, and of the solid solutions y-(Si;-xGex)3sN4 and
7-(Ge1xSny)sNa. Experimental Eg values from the SXS measurements are shown by solid red
squares [235] and solid wine pentagons [236] while those obtained from the PL- and PLE
spectroscopy are shown by solid blue pentagons [49,232]. Open black circles indicate results
of theoretical calculations [236]. In the latter work, direct band gaps of the solid solutions
were calculated, in a few cases, to be slightly wider than the indirect ones. Because the
difference was very small and in order to avoid the figure overloading, averages of the two
values were plotted here. Experimental E4 values for GaAs, GaN and diamond are shown for
comparison. For the first two compounds, the band gaps are direct while that of diamond is
indirect. The rainbow band spans photon energies of the visible light. (B) Exciton binding
energies, De, of nitrides of the group 14 elements, y-M3N4 where M=Si, Ge, or Sn, and of the
solid solutions y-(Si;.xGex)sN4 and y-(Ge1.xSnx)sN4. Open black circles indicate results of the
theoretical the calculations [236]. Blue solid pentagons show D, values for y-SisNs and
v-GesN, obtained from the PL- and PLE spectroscopic measurements using synchrotron
radiation [49,232] which are ~2 times stronger than the theoretical ones. Open blue pentagon
shows an expected D, value for y-SnsN, if the tendency holds for this compound. Green
horizontal dashed line shows average energy of thermal phonons at room temperature, K- Troom.
Experimental values reported for GaAs (Eq = 1.423 eV [237] and D, = 4.2 meV [237,238]),
GaN (Ey =3.452(1) and D =26 meV [239]) and diamond (Eq4 = 5.470(5) and D, =70(4) meV
[240]) are shown for comparison.
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Figure 19. [Illustration of production of ‘green’ hydrogen (and oxygen) via

photoelectrochemical water splitting.



Table 1. Binary nitrides of elements of the groups 1 to 16 of the periodic table and of
lanthanides reported by end of the 20th century. The main source is Gmelin Handbook of
Inorganic and Organometallic Chemistry [3] indicated by (G). In a few cases, the synthesis
methods are indicated: (F) — deposition as a film, (ii) - ion implantation, (HP) — high-pressure

synthesis.
Group 1 Group 10
Li: LisN (G), LiN; (G) Ni: NisN (G), NisN (G), NisN; (G), NiNg (G)
Na: NasN (G), NaN (G), NaN; (G) Pd: n.a.
K: KsN (G), KN; (G) Pt: n.a.
Rb: Rb3N (G), RbN3 (G) Group 11
Cs: Cs3N (G), CsNs (G) Cu: CusN (G), CuN3 (G), Cu(Ns), (G)
Group 2 AQ: AgsN (G), AgN (G), AgN; (G)
Be: BesN; (G) Au: AusN (G), AuN;3 (G), Au(N3); (G)
Mg:  Mg:N; (G), Mg(Ns), (G) Group 12
Ca:  Ca3N; (G), Ca;N; (G), CaN (G), CasNg | zn: ZnsN, (G), Zn(N3); (G)
(G), Ca(Ny). (G) Cd:  Cd3N, (G), Cd(N3), (G)
Sr: - SraN, (G), SrsN, (G), St(Ns); (G) Hg:  HgN (G), HgsN (G), HgaNs (G), HgN; (G),
Ba: BaNg (G), BaszN, (G) HgN6 (G)
Group 3 Group 13
Sc: ScN (G) B: B3N (G), BN (G)
Y: YN (G) Al: ALN (G), AIN (G), AN, (G)
La: LaN (G) Ga: GaN (G)
Group 4 In: InN (F)
Ti: Ti,N (G), TiN (G), TiN, (G), TizN,4 (G) | TI: TIN (G), TIN (F), TIN3 (G), TI,Ny; (G)
Zr. Zr3N2 (G), ZrN (G), Zr3N4 (G), Zr2N3 Group 14
(G), ZrsNsg (G) C: C2N (G), C3N; (G), (CN); (G), CN (G),
Hf: HfN (G), HfsN, (F) CN; (G), CN,4 (G)
Group 5 Si: (SizN), (G), SiN (G), SizN, (G), Si,N3 (G),
V: VN, V4N, V5N (G), V5N, (G), V2N (G), Si(Na)s (G)
VN (G), VN, (G), VN, (G) Ge: GesN; (G), GesN, (G)
Nb:  Nb,N (G), NbyN; (G), NbN (G), NbsNg | Sn: Sn3N, (G), Sn-N-films (F), SnsN, (G), Sn(N),
(F), (G)
Nb,Ns (F), NbsN, (F), NbsN;s (G) Pb: Pb3N, (G), PbsN, (G), Pb(Ns), (G),
Ta: TayN (G), Ta;N (G), TaN (G), TaNy PbNs (G), PbNy, (G), PbNyy 5 (G);
(G)n TaSNG (F)n Ta4N5 (F)1 TaSNS (G) OL'Pb(Ng)z —> PbNg,zs —> PbN2.85 —> PbNg]g —>
Group 6 PbN; 53 >PbN25 (G).
Cr: Cr3N (G), CrN (G), Crs3N, (G), CrN Group 15
(G)’ p: PN (G), (PN)n (G)! P4N6 (G), P3N5 (G)v (PSNS)n
CrNe (G) (G), (PN(N3),)s (G)
Mo:  Mo;N (G), MosN; (G), MoN (HP), As:  AsN (G)
Mo:N; (F), MoN; (G) Sh:  SbN (G), Sb(Ns)s (G), Sb(Ns)s (G)
W: W,N3 (G), WN, (G) Bi: BiN (G)
Group 7 Group 16
Mn: MmN (G), Mn;N; (G), MnzN (G), MmN | s: SsN; (G), SuN; (G), (SoN)y (G), (SN)y (G),
(G), MnSNZ (G), Mn3N2 (G)v Mn6N5 (G)v S4N4 (G), SZNZ (G)
MnN (G), Mn(N3), (G) Se: SesNy (G), SeN (G)
Tc: n.a. Te: TeN (G), TesN, (G)
Re: ResN, ReN (ii)
Group 8 Lanthanides
Fe:  FepN (G), FesN (G), FesN (G), FesN CeN (G), CeN;, (G), PrN (G), PrN; (G), Pr(Ns); (G),
(G). FerN; (G), FesN (G), FesN, (G), NdN (G), NdN, (G), NdN, (G), SmN (G), EuN (G),
FeoN (G), FesN2 (G), FeN (G), FeNo (G) | GdN (G), TbN (G), DyN (G), HoN (G), ErN (G),
Ru: RuN(G) TmN (G), YbN (G)
Os: n.a.
Group 9
Co: CoNg s (G), CosN, (G), CosN (G),
Co,N (G), CozN, (G), CoN (G), CoNg
(G)
Rh: RhN, (G)
Ir: n.a.




Table 2. Refined lattice parameters, ao, and positions of N-anions, x(N), in unit cells of spinel

nitrides y-MsN, (where M= Si, Ge or Sn), at ambient conditions. The reported solid solutions

v-SizzN4.yOy and y-Siz.,AlyOyNa.y are also included.

Compound a (A) X(N) References & comments
v-SizN, 7.80(8) <0.2625 |[53] from the elements in a LH-DAC, TEM-SAED
7.7381(2) | 0.25968(1) |[54] MAA, pXRD
7.7339(1) | 0.2584(1) |[55] MAA, pXRD
7.742(9) n.a. [56]
7.7373(6) n. a. [35]
7.7318(2) n. a. [57]
7.744(11) n. a. [58] shock-wave, pXRD
7.75(1) n.a. [59] shock-wave, pXRD
v-Si28N3600.4 7.751 0.2565(4) |[60] shock synthesis, pXRD
v-Siz,N4.,Oy 7.75 0.26 [61] shock synthesis, <35 nm grains, TEM
v-Si,AION; 7.8234(3) | 0.2591(2) |[32]
'Y'Sil‘QAIl.lol‘lNZ.g 7.836 (2) n.a. [62]
v-GesNy 8.30(5) <0.2625 |[45] from the elements in a LH-DAC, TEM-SAED
8.2125(1) | 0.2577(1) |[47,48] MAA, pXRD
8.206(2) n. a. [63] shock synthesis, pXRD
8.2048(6) n. a. [50] MAA, pXRD
v-SnzNy 9.0187(5) | 0.2575(14) [[29] from the elements in a LH-DAC, XRD-Gandolfi
9.037(3) 0.25950(6) |[46] ammonolysis, neutron diffraction
9.03716(5) n. a. [64] ammonolysis,pXRD
~9.074* n. a. [65] NH; vapour phase epitaxy, pXRD
9.0144(1) n. a. [66] HP-HT metathesis reaction, pXRD
9.0205(5) n. a. [67] HP-HT metathesis reaction, pXRD
9.03716(5) n. a. [64] precursor ammonolysis, pXRD
9.029 n. a. [68] precursor ammonolysis, pXRD
9.0549(2) 0.2600(6) |[69] solvothermal metathesis reaction, pXRD
9.0221(5) 0.2594(4) |[70] metathesis reaction, ScCXRD
9.01-9.05° |0.240-0.241%| [70] metathesis reaction, pXRD®

* average of a, values calculated here for each of the reported interplanar distances

¥ Summary. of measurements for several products




Table 3. Refined cubic lattice parameters, ao, and positions of N-anions, x(N), in unit cells of

nitrides of the group 4 elements having ThsP,—type structure, c-AsN4 (where A= Ti, Zr or Hf),

at ambient conditions. Values obtained at high pressures are indicated.

Compound a (A) X(N) References & comments
c-TizN4 5.946(1)% 0.07636*° [[81] from &-TiN and N, in a LH-DAC
C-ZrsNy 6.740(6) 0.063(3) |[[28] from the elements in a LH-DAC, pXRD
C-ZrsNy 6.7596° n. a. [86] metathesis reaction in a Belt-press
C-Zry86(NogsOo.12)s| 6.7549(1) 0.0661(3) |[87] from n-ZrsNa.x ina MAA, pXRD
c-Hf3N, 6.701(6) 0.063(2) |[28] from the elements in a LH-DAC, pXRD
c-Hf3N, 6.702(1) n. a. [82] from n-Hf3Ng4. in @ MAA, pXRD

*measured at P=75 GPa
® derived from structural optimization based on density functional theory (DFT)
“derived from the reported product density




Table 4. Refined lattice parameters, ag, b, Co, and positions of cations and anions in unit cells

of nitrides of the group 5 elements having orthorhombic U,Ss-type structure.

Compound| Lattice parameters Sites 4c References & comments
(A) Atom X z
n-Nb,N; ap = 8.2056(2) Nb(1) 0.0213(1) 0.6871(1) |[112]
bo=2.9836(1) Nb(2) 0.1940(1) 0.0046(1) |From the elementsina LH-DAC,
Co=8.1328(1) N(1) 0.4468(9) 0.377(1) |pXRD
N(2) 0.1183(9) 0.450(1)
N(3) 0.280(1) 0.704(1)
n-TazN; ap=8.1830(17) |Ta(l) 0.0198(4) 0.6873(4) [[108]
bo=2.9823(3) Ta(2) 0.1927(4) 0.0046(4) |MA synthesis pXRD-Gandolfi,
Co=8.1911(17) |N(1) 0.475(6) 0.375(6) |TEM
N(2) 0.110(6) 0.415(6)
N(@3) 0.252(6) 0.701(7)
n-TazN; ap=8.1804(8) n.a. [109]
bo=2.9683(2) Synthesis from the elements in a
Co=8.1474(8) LH-DAC, pXRD




Table 5 Experimental elastic moduli of polycrystalline high-pressure nitrides metastable at
atmospheric pressure. A big majority of the shown B, values were extracted from
experimental p(P) while those extracted from the Birch-Murnaghan EOSs assuming fixed
Bo'=4 are not included if results for the third order Birch-Murnaghan EOS were provided.
Data obtained or derived using results of other techniques such as NIT, BLS or psLU are

included.
By (GPa) By’ Gy (GPa) References
v-SisN, 300(10)° 3.0(1) >146(16)" [158]
308(5) 4.0(2) >145(15) " [56]
290(5) 4.9(6) >148(16)" [31]
303(4)° n.a. 248(1)° [35]
317(16) 6.0(8) >143(17)" [52]
334(7) 4.1(9) >141(14)° [159]
v-GesN, 295(5) 3.8(2) >124(17)° [48]
254(13) 6.0(7) >130(20)" [52]
322(44)° n.a. 188(7)® [50]
7-SnsN, 149(1) 4 - fixed >68(23)" [67]
191.8(5) 3.97(3) >63(20)" [160]
209(1)° 4 — fixed >62(20)" [161]
158(11) 5.4(1.1) >67(22)" [29]
c-ZrsN, 219(13) 4.4(1.0) >96(13)" [162]
217(20)° n.a. 163(9) [163]
213(1) 4 - fixed >97(11)" [86]
c-Hf;N, 227(7) 5.7(6) n.a. [164]
n-Ta,N; 319(2) 4 — fixed 124-139' [109]
311(6) 4.67-fixed 124-141" [109]
281(15)° n.a. 123(2)¢ [165]
129-144! [166]

% isentropic shock compression

® calculated using Equations 13 and 14 and E,o>303(17) GPa from NIT of a polycrystalline sample
synthesised at HP-HT conditions in a MAA [31]

¢ BLS measurements on a transparent polycrystalline sample densified at HP-HT conditions in a MAA

¢ calculated using Equations 13 and 14 and E,,>275(21) GPa from NIT of a polycrystalline sample
synthesised at HP-HT conditions in a MAA, see [34,167]

¢ psLU measurements where the minimal sample porosity, p<0.03, was taken into account

" calculated using Equations 13 and 14 and E,,>167(36) GPa from NIT of a polycrystalline sample
preliminary compressed and heated in a MAA [34]

9 the value could have been biased due to uncertainties in chemical composition of the sample and
experimental data (see Supplemental Material to Ref.[29]).

" calculated here using Equations 13 and 14 and E>224(16) GPa from NIT of a polycrystalline

~ sample synthesised at HP-HT conditions in a MAA [162]

' derived using E, between 222 GPa and 238 GPa from NIT[166] where the contribution of porosity

~ was taken into account

! obtained from NIT data using B, =281(15) GPa [165] and taking porosity contribution into account



Table 6. Author’s selection of the most reliable values of Vickers microhardness, Hy, of
several (super)hard solids including those which can be obtained as macroscopic objects of ~1
mm in size via the HP-HT synthesis or as thin films. Only reports indicating applied loads
(shown between /.../) were considered. Hardness values (instead of microhardness) obtained
with high loads and, thus, almost independent of it are marked as /H/. Temperatures prior to

decomposition, conversion to a low-pressure phase or oxidation (ox.) are included.

Compound | Hy (GPa) References thermal References
/load in N/ (oxidation)
stability, K
Diamond 78 -99 /H/ [180] 800-1200 (ox.) [181-183]
900 [184]
c-BN 49 /H/ [185] 973-1623 (ox.) [186]
1473-1673 [180]
B4C 36 /H/ [187] <873 (ox.) [188]
a-SiC 27 /5/ [189] 1773 (ox.) [190]
B-SiC (3C) | 237/2/ [191] 1773 (ox.) [190]
WC 17-21 IH/ [192] 873 (ox.) [193]
a-SizNg 31/3/ [194] 1373 (ox.) [195]
B-SizNg 15% H/ [196] 1373 (ox.) [195]
20 /5/ [197] 1673 (ox.) [198]
3-TiN 17 13/ [199] 1073 [199]
8-ZrN <13 /H/ [200] 1073-1273 [201]
Al,O3 <19 /H/ [202] 2345° [204]
18 /10/ [203]
¥-SizNg4 35/10/ [35] 1773 (ox.) [57]
37/10/ [179] 1673 (ox.) [30]
v-GesNg 28 1/ [34] <1000 [63]
25 /5/ [205]
7-Sn3Ng4 11 /1/ [34] 673 [70]
C-Zr3Ny >12°/10/ [82] <773 [82]
~37%/0.005/ [206]
c-Hf3N,4 >11°/10/ [207] > 473 [208]
n-TazN3 >16° /10/ [209] n.a.

2 with a densification aid; ° melting; © porous sample; @ dense film with thickness of 0.78 pm




Andreas Zerr is a CNRS/France researcher since 2005. He received his doctorate from the Johannes
Gutenberg University (Mainz/Germany) in 1995 and Habilitation a Diriger des Recherches from the
Université Sorbonne Paris Nord (Villetaneuse/France) in 2020. From 1991 to 1997 he worked at the
Max-Planck-Institute for Chemistry in Mainz and, until 2005, at the Darmstadt University of
Technology (Germany). His research centres on chemical and physical behaviour of condensed matter
at high pressures and temperatures including novel compounds and phases with advanced properties,
methods for in- and ex-situ measurement of elastic and optoelectronic properties of solids, synthesis of

organic-inorganic hybrids.




Progress and challenges by high pressure — high temperature synthesis, characterisation, and
measurement of properties of novel advanced nitrides, found to be hard, stiff but also

promising energy materials is reviewed.
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