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Foreword

Gallium nitride (GaN) is a direct wide bandgap semiconductor of great and still
growing technological importance. In particular, light-emitting diodes (LEDs)
based on GaN induced breakthrough changes in general lighting techniques, which
was awarded by the Nobel Prize in physics in 2014.

As a rule, semiconductor devices [including microprocessors (Si), telecommu-
nication lasers (GaAs)] require perfect single-crystalline substrates as basis for
epitaxy and processing for a final product. For Si or GaAs, the bulk crystals of high
quality and large size are grown by Czochralski or Bridgman method from stoi-
chiometric melts cooled down for single-crystal growth. For GaN, such stoichio-
metric melt cannot be obtained due to the presence of nitrogen in the GaN crystal,
which leads to decomposition of the nitride at high temperatures and formation of N2

gas and liquid gallium. GaN is therefore unstable against its constituents containing
molecular nitrogen lowering the free energy of the Ga + N2 system. To increase the
free energy of the constituents and thus to make GaN thermodynamically stable,
sufficiently high pressure of N2 gas is necessary at high temperature. For example, at
1500 °C, the equilibrium pressure of N2 is as high as 1.0 GPa. The temperature of
1500 °C seems nominally high; however, it is still significantly lower than the one
expected for melting of GaN. The melting temperature of GaN most probably and
significantly exceeds 2500 K, and the pressure necessary for melting is higher than
6.0 GPa. A direct confirmation of such a high melting temperature is extremely low
solubility of nitrogen in gallium. For example, at 1500 °C (and corresponding N2

pressure of 1.0 GPa) this solubility is not higher than 0.5 at. %.
Consequently, the equilibrium method of GaN crystallization from a solution in

liquid gallium, although it allowed obtaining structurally perfect crystals, proved to
be ineffective for use in industry.

Therefore, the super-efficient GaN LEDs were constructed on foreign substrates,
mismatched to GaN, which necessarily meant a high number of defects in the active
structure of the device.
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Due to its physical properties and the resulting figures of merit, GaN is also
considered the best material for high-frequency and high-power electronics where
silicon has reached its physical limits. However, to take full advantage of GaN’s
physical potential, monocrystalline GaN substrates with high structural quality are
necessary.

In the opinion of many scientists and engineers, the future of GaN will belong to
optoelectronic and electronic devices based on GaN-on-GaN technology. It means
that epitaxial structures of light-emitting diodes (LEDs), laser diodes (LDs), and all
kinds of transistors (of vertical and lateral architecture) will be built on native GaN
wafers.

Unfortunately, the lack of native substrates of high structural quality and
appropriate size as well as required electrical properties still limits the development
and progress of the mentioned technology. As mentioned, the most known
GaN-based devices, LEDs, are built on foreign sapphire substrates. In the case of
nitride-based electronic devices, high-electron-mobility transistors (HEMTs) are
constructed today mainly on silicon carbide and silicon substrates. Some devices
have already been commercialized. A long and bumpy road is, however, ahead
of the industry in order to achieve a full commercial success, comparable to that of
LEDs. Still, the structural quality of the mentioned electronic devices is insufficient
to obtain their maximum operation level. On the other hand, vertical electronic
devices based on GaN (e.g., metal-oxide semiconductor field-effect transistor;
MOSFET) are at the beginning of their road to commercialization.

There is no doubt that GaN substrates are needed to explore full potential of GaN
in electronics. For the last three decades, crystallization of bulk gallium nitride
(GaN) and fabrication of native substrates has been one of the main goals of the
“application oriented nitride community” as the expected technical potential is very
high. On the other hand, nitride materials and components appear in many fields
other than electronic as well. However, as it was already mentioned, crystallizing
GaN is quite a challenging task. For fundamental reasons, it is impossible to grow
GaN crystals from the melt. This compound should be grown by other techniques
requiring lower pressure and temperature. Crystallization from gas phase, solution,
or any combination thereof must be included. Three main methods are applied for
obtaining GaN: sodium flux, ammonothermal, and halide vapor phase epitaxy
(HVPE). The first two methods represent crystallization from solution, the third one
from gas phase. HVPE is the most advanced technique strongly developed by the
industry. Today, GaN crystals of the highest structural quality can be obtained by
the ammonothermal method. Ammonothermally grown GaN crystals and wafers
demonstrate low threading dislocation density, not higher than 5 � 104 cm−2, and
they are crystallographically flat. The bowing radius of (0001) crystallographic
planes for 2-inch wafer can exceed 30 m. Moreover, the technology is scalable
because, like for hydrothermal technology of quartz, a number of seeds can be
placed in the growth zone of the reactor, and thus, a number of crystals can be
grown simultaneously, in one process. This makes ammonothermal crystal growth
technology and especially GaN crystal growth worth a further effort and
development.
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The approach based on the ammonothermal synthesis and crystallization of GaN
started in Poland at the Faculty of Physics of the University of Warsaw in the
middle of 1990s. The pioneer of this method was Dr. Robert Dwilinski. Based on
some very encouraging results of ammonothermal synthesis of GaN, Dwilinski and
his colleagues with a help of the Japanese company Nichia Chemical Industries
(today Nichia Corporation) created Ammono SA in 1999. For first 12 years,
Ammono developed very fast demonstrating 1-inch and 2-inch GaN wafers of the
highest structural quality. One-inch wafers were sold in small quantities. In 2012,
Glencross Company Limited (GHL) became a financial investor of Ammono. In
2015, due to a disagreement between shareholders, insolvency of the company was
declared. Since then a court-appointed liquidator has run Ammono until 2019. On
January 8, 2019, the Institute of High Pressure Physics of the Polish Academy of
Sciences (IHPP PAS) acquired Ammono, and the company became a part of the
institute. The acquiring was conducted in the best interest of the nitride semicon-
ductor science and technology. A significant development of ammonothermal GaN
crystallization technology is observed, again (see Fig. 1). Crystals are grown with a
twice higher rate and without deteriorating their amazing structural quality during
the growth. This is mostly due to successful elimination of detrimental influence of
lateral growth sectors being source of stress in the resulting bulk crystals.
Commercial activity is maintained in the form of the institute’s pilot line. Currently,
2-inch wafers are sold as a regular product of the line.

At present, there are several companies and research institutes working on
ammonothermal growth of GaN, such as SixPoint Materials Inc. (USA), Mitsubishi
Chemical Corp. (Japan), Kyocera (formerly Soraa, Inc., USA/Japan), University of
California Santa Barbara (USA), Lehigh University (USA), Tohoku University
(Japan), and Nagoya University (Japan). However, these researchers usually
address no other compounds as the technological potential is primarily focused
on. Ammonothermal GaN synthesis and the fundamental understanding of the
crystallization processes are intensively studied in Germany by the research group
FOR1600 created by Friedrich Alexander at University of Erlangen, the
Ludwig-Maximilian University in Munich, and the University in Stuttgart. The

a  b 

Fig. 1 a Ammonothermal “as grown” GaN crystals from one crystal growth process; grid 1 mm;
b 2-inch ammonothermal GaN substrate in polarized light. IHPP PAS, 2020
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researchers in Germany also explored a wider spectrum of compounds that would
be best available through the ammonothermal synthesis. This demonstrates not only
the recently expected potential for this method through the example of GaN crystal
growth, but also the open future capabilities for production of new nitride materials.

We are convinced that the book “Ammonothermal Synthesis and Crystal Growth
of Nitrides—Chemistry and Technology” is published at the right time, when the
bulk GaN crystallization takes on new meaning for the upcoming breakthrough
GaN applications. The book shows recent progress in understanding the
ammonothermal processes, so crucial for efficient growth of perfect GaN crystals. It
leads us from a general information on the synthesis and crystal growth of nitrides,
through technology and chemistry of ammonothermal processes to the future
aspects and challenges.

It is highly probable that the ammonothermal method will also show its strength
in thermodynamically challenging cases such as InN or ternary compounds, e.g.,
solid solutions InxGa1−xN. Quite the same is true for crystallization of hard to access
novel ternary and higher nitrides based on silicon or germanium. Many of the
achievements of the co-authors of this book can be considered as convincing proof
of concept of such a forecast. Obtaining bulk InN crystals would be of fundamental
importance, whereas InxGa1−xN substrates would be groundbreaking for further
development of optoelectronics based on nitride semiconductors. Other nitrides
have huge potential as hard, semiconducting, ion-conducting, or optical materials,
to name only few.

Outstanding scientists and technologists, leaders in the field of ammonothermal
synthesis and crystallization, present their new visions. The book is extremely
important not only for our technical and scientific nitride community but also for
young people, students, and PhD students, whowant towork on new semiconductors.

Michał Bockowski
Institute of High Pressure Physics

Polish Academy of Sciences
Warsaw, Poland

Izabella Grzegory
Institute of High Pressure Physics

Polish Academy of Sciences
Warsaw, Poland
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Preface

The development of new materials to solve urgent future problems is one of the
greatest challenges of the twenty-first century, and materials research is a key
technology for almost any scientific, technological and economic progress. New
materials are the basis for new products, which directly influence our daily life and
the whole society, by solving technological and environmental problems. Nearly,
70% of all innovations depend directly or indirectly on material innovations.
Alternative synthesis methods for materials with desired intrinsic properties are the
basis for such developments of more efficient and sustainable technologies.

Especially nitrides are a class of materials, which already have enabled
tremendous innovations like the blue light-emitting diodes (LED), high-electron
mobility transistors, UVC light devices, blue and green semiconductor lasers and
much more. The three scientists who invented the blue LED based on GaN even
received the Nobel Prize in 2014 due to the enormous impact they created for the
societies worldwide.

As an emerging technology for exploration and preparation of such new
nitride-based materials, ammonothermal synthesis is an innovative and powerful
method carried out in supercritical ammonia. The application of this technique can
range from the synthesis of fully new compounds, over the fabrication of micro-
crystalline materials up to the growth of larger volume crystals. However, many
fundamental questions remain unsolved and immanent to the nature of the
ammonothermal process, and it is hard to solve such questions for a closed system
under extreme conditions.

In Germany, groups with diverse backgrounds in crystal growth, chemistry,
materials science and engineering from the Friedrich-Alexander-University
Erlangen-Nuremberg, the Ludwig-Maximilian University Munich and the
University of Stuttgart joint there forces in the research group FOR1600, funded by
the German Science Foundation, DFG, starting from 2010. Researchers in
FOR1600 since then have intensively studied the fundamentals of ammonothermal
synthesis. The topics comprised studies of synthesis of so far unknown binary and
ternary nitride compounds, corrosion of autoclave and liner materials under
ammonothermal conditions, the development of sophisticated in situ observation
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tools, new technical solutions, studies of solubility of compounds in supercritical
ammonia, the chemistry of intermediates and the crystal growth of GaN. A large
number of publications emerged from this intensive and focussed collaboration,
many of which are unique and first findings. This book is a comprehensive and
dense compilation of results from this collaboration. It may serve as a compendium
for students, researchers, engineers and any other interested readers to discover the
enormous potential of this so far to our opinion underestimated and underdeveloped
synthesis method.

The Editors are very grateful that a number of renowned and internationally very
recognized researchers, collaboration partners and close colleges of the members of
FOR1600, added their valuable contributions to this compendium and such con-
tribute to an even broader and well-balanced picture about ammonothermal syn-
thesis. However, a large number of open questions still remain for challenging
explorations, and we dearly hope that this book can draw further attention to this
field and trigger future research. The Editors, also in the name of the further
members of FOR1600, would like to thank the German Science Foundation for
long-standing continuous research funding.

Erlangen, Germany Elke Meissner
Stuttgart, Germany Rainer Niewa
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Chapter 1
Significance of Ammonothermal
Synthesis for Nitride Materials

Rainer Niewa

Abstract This chapter is intended to introduce the ammonothermal synthesis as an
alternative technique to other methods for nitride materials production. Properties of
liquid and supercritical ammonia with focus on use as a solvent for nitride synthesis
and crystal growth are discussed and compared to those of water. Finally, inherent
drawbacks of the use of fluidic ammonia arising from its chemical properties are
considered.

The overwhelming majority of functional materials, both traditionally in use and
more novel and innovative ones, are based on oxides. These are most often thermo-
dynamically stable and can be synthesized simply by high-temperature treatment,
often in air. Nitrides, as one important more specialized materials class, in contrast
are typically thermodynamically less stable than oxides, thus require inert handling
during synthesis. Figure 1.1 gathers formation enthalpies of some selected binary
nitrides. As a general trend one can observe rather high negative enthalpies of forma-
tion for the more ionic salt-like binary nitrides highlighted with yellow background
as well as for the more covalent main-group element nitrides emphasized with blue
background. The formation enthalpy of InN already tends to a small negative value
and is overcompensated by the unfavorable entropy of formation, thus results rather
metastable. More metal-like interstitial transition metal nitrides depicted with green
background show a decreasing stability with increasing group number, and even
positive values for several late-transition metal nitrides [1].
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Fig. 1.1 Enthalpies of formation [kJ/mol] of some selected binary nitrides within the periodic table
of the elements (modified according to [1])

1.1 Classical Nitride Synthesis

The progress of existing synthesis techniques as well as the development of new
and innovative methods is one central subject to gain access to novel functional
nitride materials. Already, there are a variety of techniques available to synthesize
nitrides, like direct nitridation ofmetals, metallic alloys or hydrides in nitrogen atmo-
sphere, carbothermal reduction or metathesis reactions of oxides, sulfides or halides
with gaseous ammonia, typically at elevated temperatures. General challenges in
synthesis, different from themajority oxidematerials, concern the significantly lower
thermal and thermodynamic stability of basically all corresponding nitrides and the
necessary activation energy of molecular nitrogen. The second point often prevents
the direct reaction of elements or precursors with elemental nitrogen. Althoughmany
elements react with molecular nitrogen to form nitrides, frequently only low-level
nitrogen containing product phases are obtained or complete reaction is difficult to
achieve. A good example in this respect is the interaction of elemental gallium with
nitrogen. At lower temperatures no reaction can be observed, while high tempera-
tures require high nitrogen pressures to prevent decomposition of the desired GaN.
Congruent melting of gallium nitride demands a nitrogen pressure of 6 GPa resulting
in amelting point of about 2200 °C [2]. Therefore, reactions of elementswith themore
reactive ammonia as nitrogen source or metathesis reactions of precursor compounds
like metal halides with gaseous ammonia, normally referred to as ammonolysis reac-
tions, are often preferred, since they provide faster and more complete reactions for
products with even typically higher nitrogen content [1]. As a drawback, unintended
contamination with hydrogen or even formation of different compounds like amides,
imides, hydrides or else must be considered [3]. Furthermore, the higher stability of
virtually all oxides compared with nitrides makes it difficult to remove any oxide
impurities in a post-treatment of a product nitride.

Particularly for crystal growth of binary or multinary nitrides, either application
of very high temperatures [1, 4] or the use of a liquid phase to aid crystal growth
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processes must be taken into account. The liquid phase may act as nitrogen source, as
demonstrated for synthesis in molten alkali metal amides [5, 6] or in lithium nitride
melt [7, 8]. Alternatively, it may enhance the nitride formation by functioning as
solvent or via enhancing the kinetics by surface modification and mediation [9, 10].
In the latter case, the typical liquid phases are molten metals, which do not form
a stable binary nitride, but may be constituent of the nitride product. If the target
product nitride material is prone to decomposition under nitrogen evolution, liquid
solvents or fluxes and high nitrogen partial pressures assist the nitride crystal growth
significantly [10]. Consequently, ammonia at elevated pressures directly must come
into mind as one fluidic medium of choice for nitride synthesis and crystal growth
[3, 11].

1.2 Fluidic Ammonia as Reaction Medium and Solvent

Given the success of solvothermal synthesis in general and hydrothermal synthesis
in particular, for both crystal growth of various hard to access materials as well as
materials synthesis with different morphologies andmetastable forms, there is plenty
of room for further developments in the comparably less explored ammonothermal
synthesis. In this respect, the ammonothermal synthesis represents a highly promising
and scalable technique combining rather moderate temperatures with pressurized
ammonia as reactionmediumor solvent [11, 12]. For the closely related hydrothermal
synthesis particularly the industrial crystal growthof quartz comes intomind, recently
inmany aspects adapted for ammonothermalGaNcrystal growth.Althoughdeclining
in importance, a further successful hydrothermal materials synthesis on an indus-
trial scale is carried out for CrO2 for use in magnetic tape emulsions via decom-
position of higher chromium oxides [13]. The oxygen partial pressure developing
during this process is discussed to stabilize the rather unusual oxidation state of
chromium in the desired product material [12]. Additionally, hydrothermal synthesis
proved superior in zeolite preparation, where a vast plethora of different silica poly-
morphs and alumosilicates in various morphologies can be reproducibly synthesized
upon changes of process parameters like concentrations, pressure and temperature
with addition of different mineralizers and templates. Water in this respect is prob-
ably the most similar fluid to ammonia due to several properties compared below
[14]. However, many further prototropic solvents as (water free) hydrofluoric acid,
hydrochloric acid, sulfuric acid or else may be used for various material synthesis
applications, depending on the target compounds. Additionally, solvents showing
transfer of ions other than protons in equilibria in oxido-, fluorido- or chloridotropic
solvents, to name only the most common ones, or basically non-polar solvents like
carbon dioxide, methane or benzene have been successfully applied in solvothermal
synthesis.

As water is especially appropriate to grow oxygen-based materials like oxides,
hydroxides or hydrates thereof, ammonia is best suited for synthesis of nitrogen-based
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Table 1.1 Comparison of selected properties of water and ammonia [19, 65, 66]

Water Ammonia

Tmelt (°C) 0 −77.7

Tboil (°C) 100 −33.4

T crit. (°C) 374.5 132.1

pcrit. (bar) 221 113

Autoprotolysis 2 H2O � H3O+ + OH− 2 NH3 � NH4
+ + NH2

−

Acids H3O+ NH4
+

Bases OH− NH2
−

Ionic product (mol2/L2) 10−14 (at 25 °C) 10−32 (at −34 °C)

pKB 15.7 4.75

Permitivity εr 78.3 (at 25 °C) 16.9 (at 25 °C)

Polarizablity α (Å3) 1.5 2.1

Proton affinity (eV) 7.9 9.2

materials as nitrides, imides, amides or ammoniates [11]. In this respect, the critical
pressure and temperature to reach a supercritical state of ammonia are somewhat
lower than those of water (see Table 1.1 and Fig. 1.2). Ammonia presents a similar
autoprotolysis equilibrium, however, with a more than 15 orders of magnitude lower
ionic product at its boiling point under atmospheric pressure (−34 °C) than water at
room temperature. Therefore, any ammonobase or ammonoacid will provide much
lower concentrations of ammonium or amide ions as compared to the respective
species in similar water-based systems of alike concentrations. However, the ionic

Fig. 1.2 Schematic pressure-temperature phase diagram of ammonia with emphasis on the
fluideous states (according to data from [65]). The dashed line is extrapolated. Note the logarithmic
pressure-scale of the ordinate
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products, respectively the pH- or pKA-values, of water and ammonia are subject to
significant changes upon variation of temperature and pressure: Asmight be expected
from its endothermal nature, the degree of autoprotolysis in water increases with
rising temperature until approaching the critical temperature of about 375 °C. This
effect is even more pronounced for higher pressures. Above the critical temperature,
the ionic product again drops even well below the order of magnitude of pure water at
room temperature [15].Ammonia in contrast, according tomolecular dynamics simu-
lations under isochoric conditions shows an increasing pKA, thus increasing auto-
protolysis, up to at least a temperature of 500 °C well above the critical temperature,
however, with values residing well below those observed for water and with changes
clearly less pronounced [16].Ammonia as a solvent additionally shows an about four-
times lower permittivity (dielectric constant) around room temperature, meaning a
lower potential to dissolve ionic compounds thanwater, due to lower solvation energy
(c.f. the born equation). Like for water [12, 17], the permittivity of ammonia drops
with increasing temperature, although less dramatically [16] (about 50% from room
temperature to 500 °C, while εr for water drops well below 10% in this temperature
interval). Related, the tendency to association of ions, this means formation of ion
pairs and larger associates, particularly also of amide ions, in ammonia ismuch higher
than in water. For water this ion association has been impressively demonstrated, for
example by a UV/vis-spectroscopic study of K2[Cr2O7] in aqueous solution of KOH.
The concentration of HCrO4

– ionic species rises with temperature until the critical
point of the solvent, when it dramatically decreases and the formation of ion pairs
{K+[CrO4]2−} becomes favorable. Eventually, this results in further ion association
and finally precipitation of K2[Cr2O7] at around 420 °C [18]. On the other hand,
ammonia provides a higher polarizability compared to water, resulting in a higher
potential to dissolve non-polar solutes at room temperature; in other words, more
covalent compounds can be better dissolved by ammonia than by water. Ammonia
has a larger proton affinity than water (energy release upon proton attachment within
the gas phase), thus it is the stronger base, reflected in the lower pkB value [19]. Due to
these properties, ammonia is ideally suited as solvent for nitrides and thus for crystal
growth of nitride-based materials, if a suitable high solubility can be achieved by
adding mineralizers, which typically modify the autoprotolysis reaction to achieve
formation of soluble intermediates. Furthermore, it can also be used as solvent for
synthesis of many further, often water-sensible compounds like, for example, oxide
nitrides, hydrides, sulfides, hydrogen sulfides, hydroxides, pure metals and inter-
metallic compounds, and related [e.g., 3, 11, 20–29]. Even if the solubility of a target
material in ammonia is vanishing low it may still be used as fluxing agent with high
nitridation potential, meaning that, for example, metals may be effectively nitrided,
de facto without significant dissolution of the metal, any intermediate or the product
metal nitride, for instance in pure supercritical ammonia. In summary, a number of
binary nitrides have already been synthesized in supercritical ammonia up to date,
the current state is gathered in Fig. 1.3 [11, 30]. Next to the group three nitrides AlN,
GaN, and InN, crystal growth of binary nitrides wasmost successful for two different
manganese nitrides, namely η-Mn3N2, and θ-Mn6N5+x [31, 32], an iron nitride (γ′-
Fe4N [33–35]), copper nitride (Cu3N [36]) and few rare-earth metal nitrides (LaN,
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Fig. 1.3 Binary nitrides synthesized under ammonothermal conditions throughout the periodic
table of the elements (shown with focus on the stable metallic elements up to group 14). Composi-
tions inwhite letterswere obtained asmicrocrystalline powders only,while crystal growth succeeded
in case of compositions in black letters (for references compare main text body)

EuN [3, 37, 38]). Furthermore, a number of various binary transition and rare-earth
metal nitrides was obtained in microcrystalline form [30, 39–44]. Directing further
research efforts to ammonothermal nitride synthesis and crystal growth, optimizing
process conditions, mineralizer systems and starting precursors designed for the
specific product nitride, clearly has highest potential for further developments in this
broad field. Early ternary nitrides from ammonothermal synthesis cover few nitri-
dotantalates, -silicates and -phosphates [45–49]. The huge synthetic potential was
recently indicated with the production of some carbodiimides [50, 51] and several
multinary nitrides from ammonothermal conditions [52–64].Most promising current
examples like rare-earth and alkaline-earth metal transition metal oxide nitrides as,
for example, LaTaN2O for thermoelectric and water splitting applications, oxoni-
tridosilicates and related materials for use in superior lightning applications or new
piezoelectrics with potential applications in piezoacoustic devices will be focused
on in Chap. 2.

1.3 Drawbacks of Ammonothermal Technique

General drawbacks of application of ammonia under high temperatures and pressures
concern its corrosive behavior and the equilibrium to decomposition into hydrogen
and nitrogen next to environmental, health and security considerations, to name
only few most obvious ones. Ammonia solutions act corrosive on the autoclave
material in several ways, which may equally harm the autoclave or liner materials
and introduce impurities into the solution and thus into the products. Both solu-
tions containing ammonoacidic and ammonobasic mineralizers are prone to produce
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nitrides within the metal surface of the metallic material of the autoclaves [67, 68].
Although some protective aid against further corrosion by formedmetal nitride layers
was postulated [3], the further progress of corrosion due to different corrosive mech-
anisms is evident. In ammonobasic solutions rather blistering of nitride-based layers
occurs, while in ammonoacidic solutions pitting corrosion dominates. Additionally,
dissolved metals may agglomerate within the autoclave wall or other metallic instal-
lations [69] and even lead to destruction of the pressure vessel. A more detailed
view of these processes will be discussed in Chap. 3. Dissolved autoclave material
components due to corrosionmay be incorporated into the desired product as impuri-
ties with strong impact on the materials properties. Furthermore, the decomposition
of ammonia at elevated temperatures adds elemental hydrogen to the fluid phase,
possibly also produced by further chemical processes like reaction of ammonia with
the chosen mineralizer or precursor thereof, metallic feedstock or metallic auto-
clave wall, which may provoke hydrogen embrittlement. In addition, a significant
degree of decomposition directly reduces the amount of ammonia acting as solvent
for the desired nitride product, respectively for the dissolved intermediates. In this
way, the decomposition of ammonia may lead to non-static conditions for feedstock
dissolution and crystal growth [70].

Key points for a successful development of the ammonothermal synthesis for
future application in nitride-based materials synthesis are thus progress in high-
pressure equipment development including reduction of corrosion, extension of
accessible process parameters pressure and temperature, and knowledge-based opti-
mization of mineralizer systems and feedstock precursor material customized for the
desired product.
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Chapter 2
The Potential of Nitride Materials

Mathias Mallmann, Niklas Cordes, and Wolfgang Schnick

Abstract The following chapter provides an overview of the most important
application fields of nitride and oxonitride materials and outlines briefly their struc-
tural features as well as their materials properties. (Oxo)nitrides are employed in a
variety of important technological areas such as structural ceramics, heat conduc-
tors, semiconductor technology, solid-state lighting, water splitting and solid-state
battery materials. Their significance for daily life as well as possible advancement
of (oxo)nitride materials with respect to these applications is examined.

A world without innovative electronic technology developments such as computers,
smartphones, wireless communication, autonomous driving or solid-state lighting is
unimaginable. These technologies have already and will further enrich human’s life.
Therefore, in industry there is a broad interest in these business branches, involving
the issue of high energy and resource consumption due to the production and devel-
opment of novel technologies. For this reason, one of the most important tasks is the
quest for new materials that allows us to retain or even improve our living standards,
but with better energy efficiency and environmental acceptability. In many cases,
nitride materials have great potential for remedying or alleviating these problems.

Nitride materials such as silicon nitride exhibit high chemical, thermal and
mechanical stability. This is due to the strength of the bonds between the involved
elements (provided by low electronegativity difference of the elements resulting in a
covalent character of the bonds) and the presence of highly crosslinked structures in
nitrides. While oxygen in silicates is able to connect a maximum of two Si tetrahedra
centers, nitrogen can even link up to four Si together, resulting in highly crosslinked
structures [1]. Furthermore, nitrogen atoms in nitridosilicates are capable to connect
neighboring tetrahedra both via common corners and edges. Contrary, in oxosilicates
almost exclusively corner sharing tetrahedra have been found. However, considering
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Fig. 2.1 Development of the number of publications per year including the keywords “nitride” or
“nitrides” from 1950 to 2018 [3]

thermal stability, other criteria such as the binding energy of possible decomposi-
tion products must be included as well. N2 as a possible decomposition product of
nitrides has an extremely high bond energy (941 kJ mol−1). Therefore, the thermal
decomposition of nitride materials occurs typically at lower temperatures compared
to corresponding oxides (bond energy of O2: 499 kJ mol−1) [2]. Furthermore, the
bond energies of nitrogen to other elements are generally lower than oxygen-element
bonds. This raises the problem of possible side reactions (oxides as by-products)
during synthesis of nitrides, which can be overcome by severe exclusion of oxygen
and water and employment of inert gas technique during synthesis.

Nonetheless, the high structural diversity as well as their chemical, thermal
and mechanical stability, makes this materials class interesting for various appli-
cation fields. The multitude of applications led to an extensive exploration of these
substances, resulting in a rapid increase in the number of publications on nitrides
since 1950 (see Fig. 2.1). The following chapter summarizes the chemical and phys-
ical properties of nitrides and gives an overview of the related applications and the
predicted potential of nitride materials.

2.1 Ceramic Materials

The above mentioned high covalence and bond strength in nitrides make them inter-
esting for high performance ceramics. Especially, Si3N4 is an important nonoxidic
ceramic material, with high temperature applications (e.g. aerospace engineering
for gas turbines, crucibles) because of their exceptional chemical, physical and
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mechanical properties. Such ceramics tend to have a low density and combine
several important properties. These include a high decomposition temperature (about
1500 °C), high mechanical stability, low friction coefficients, good thermal shock
properties, as well as good resistance to oxidation and corrosive environments
[4]. Additional doping with oxides results in elimination of the sensitivity against
mechanical damages like fractures. These explorations eventually led to the group
of SiAlONs. The latter are solid solutions of Si3N4 and Al2O3 with general formula
Si6–nAlnOnN8–n. The mixed phases result in an improvement of mechanical strength.
For example, sintered α-SiAlON has a Vickers hardness of about 21–22 GPa [5].
One of the hardest materials is cubic boron-nitride (c-BN). It is considered the third
hardest material following diamond and c-BC2N [6], and is used as an abrasive or
cutting material for steel. The advantage over diamond lies in the higher thermody-
namic stability, resulting in no side reactions with steel even at high temperatures.
In contrast, the hexagonal form (h-BN) has a very low hardness (similar to graphite)
and is therefore used as a lubricant. The advantage over graphite lies, as with many
other nitrides, in the very high thermal stability, making h-BN interesting as a high-
temperature lubricant. Jansen et al. demonstrated, that amorphous ceramics based
on Si, B, N and C show unique properties. Amorphous compounds like Si3B3N7 or
SiBN3C were synthesized by polymerization of trichlorosilylaminodichloroborane
(TADB) in ammonia or methylamine and subsequent pyrolysis [7, 8]. Adjustment of
the viscosity of the polymer solution (by adjusting the degree of cross-linking), influ-
ences the type and shape of the ceramics (coatings, fibers or individual components).
These compounds exhibit outstanding properties. Si3B3N7 for example has a 150 °C
higher decomposition temperature than crystalline Si3N4 or Si3N4/BN-composites.
SiBN3C shows an even better thermal stability. Furthermore, they show high stability
against oxidation [7].

2.2 Thermal Conducting Nitrides

Furthermore, thermally conductive materials are also of great importance for indus-
trial application. These materials are mainly used as heat sinks in electronic compo-
nents, such as in electronic circuits or similar devices. Thermal conduction is medi-
ated by propagation and collisions of phonons. Already in 1973, Slack postulated that
especially sphalerite and wurtzite type compounds show high thermal conductivi-
ties [9]. Such materials exhibit values greater than 100 W m−1 K−1. Especially,
AlN is interesting for this application field, because it shows a relatively high
thermal conductivity. The thermal conductivity of pure AlN at room temperature is
319 W m−1 K−1 and has a maximum conductivity of κ = 2300 W m−1 K−1 at 52 K
[10]. Particularly the value at room temperature is in the same region as that of pure
copper. In addition, thermal conductivity studies were also carried out on Grimm-
Sommerfeld analogousMgSiN2 (wurtzite superstructure). It has been shown that this
compound is thermally conductive as well, but with lower efficiency than AlN [11].
More recently, it has been reported that silicon nitride (Si3N4) ceramics have high
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thermal conductivity as well. Together with the high chemical and thermal stability
of nitrides and the high fracture toughness compared to other ceramics, these results
make Si3N4 interesting as promising substrate materials for next-generation power
devices [12].

2.3 Semiconducting Materials

One of the most important technological discoveries has been the development of
semiconductors based on silicon. The scope of applications for such semiconducting
materials is very large, for instance solar energy conversion, data handling, signal
processing or transistors to name a few. Besides elemental semiconductors (e.g. Si
or Ge), Grimm-Sommerfeld analogous compounds like SiC, III-V pnictides (GaAs,
GaN and InP) or II-VI chalkogenides (ZnO, CdTe or ZnS) are of particular interest as
well. Especially, III-Vnitrides are one of themost important semiconductors, because
they paved the way to optoelectronic devices like light emitting diodes (LEDs)
or short wavelength diode lasers [13]. This group of nitrides, including aluminum
nitride (AlN), gallium nitride (GaN), indium nitride (InN) and solid solutions thereof
(Al,Ga,In)N covers a bandgap range from around 0.7–6.2 eV. Additionally, the high
chemical and thermal resistance of thesematerials is essential for applications in elec-
tronic devices. One of the most promising characteristics of these nitrides is the fact
that they can enable light emission from the ultraviolet to the infrared region in LEDs.
In combination with the later mentioned luminescent materials, the development of
highly efficient pc-LEDs led to environmentally friendly alternatives for commonly
inefficient light sources like incandescent or halogen lamps [14]. According to a
report from the United States Energy resort, the energy consumption of lighting can
be reduced by 75% until 2035 due to solid-state lighting, which is equal to the energy
consumption of 45 million U.S. homes. Thereby, from 2015 to 2035, 630 billion US-
dollars energy costs can be avoided, indicating the importance of solid-state lighting
and thereby the importance of GaN based semiconductors [15].

Compared to silicon, GaN exhibits a wide bandgap, high electron mobility and
large critical breakdown electric field, improving the power performance with higher
efficiency in electrical systems such as field-effect transistors [16]. The use of such
devices would increase the efficiency and therefore decrease the overall energy
consumption. Further applications for III-N semiconductors include laser diodes
or photovoltaic devices [14, 17].

First-principle calculations as well as practical measurements showed, that in
addition to group 13 nitrides especially ternary zinc nitrides, for example Grimm-
Sommerfeld analogous compounds ZnSiN2, ZnGeN2 and ZnSnN2, are of particular
interest as possible next-generation semiconductors due to their promising semicon-
ducting properties including good bandgap tunability, high carrier mobility and small
carrier effective masses [18]. Besides, these nitrides as well as their solid solutions
show similar lattice parameters and cover almost the same bandgap range compared
to the already discussed group 13 nitrides [19]. Especially, the similarity in lattice
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constants as well as their structural analogy (superstructures of hexagonal GaN) can
enable the formation of hybrid structures or epitaxial growth on group 13 nitrides.
One of the great advantages of these compounds is the high abundance of the consti-
tuting elements (e.g. Zn, Si) compared to Ga or In [20]. In particular, indium is one
of the rarest elements of the earth (reserves ~15,000 tonnes) and, similar to gallium,
only occurs as a byproduct by the production of copper, aluminum, lead or zinc
[21, 22]. Such semiconducting materials can be synthesized under ammonothermal
conditions and will be discussed in detail in Chap. 12.

2.4 Optical Materials

As mentioned above, solid-state lighting has the potential to reduce 75% of light
energy consumption until 2030. In addition to the development of doped GaN-
wafers, especially research and advancement of phosphors is important for the design
of phosphor converted (pc)-LEDs, promoting a revolution in the lighting industry.
Depending on the choice of the used LED (ultraviolet or blue), appropriate phos-
phors are needed to convert the emitted radiation into white light. By additive color
mixing of the underlying LEDwith the used phosphors, white light can be generated.
Figure 2.2 shows the schematic structure of a two pc-LED.

These luminescent materials have to fulfill some important requirements, namely
an efficient absorption of the UV or blue light emitted by the primary LED, a
good conversion efficiency, small thermal quenching and high chemical and thermal
stability. Especially, (oxo)nitrodosilicates, (oxo)nitridoalumosilicates and nitridoa-
luminates, doped with activators such as Eu2+ or Ce3+ ions, do accomplish these
requirements and have therefore proven to be excellent luminescent materials. The

Fig. 2.2 Schematic design of a two pc-LED composed of a GaN-wafer with green and red
luminophors on top of it
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high structural diversity of these compounds as well as the composition and the
dopant, makes it possible to cover the entire visible range of the emission spectrum
(from blue to red). The excitation of the luminescent material by UV or blue light
leads to absorption of energy, which is transported to the activator. This results in
the parity allowed relaxation of electrons from an excited state to the ground state
(Ce3+: 5d1 → 4f 1, Eu2+: 4f 65d1 → 4f 7), causing light emission. As d-orbitals of
the activator interact with ligand orbitals, the luminescence properties are strongly
influenced by the surrounding of the activator. Accordingly, the emission of lumi-
nescent materials covers the whole visible range, depending on crystal field splitting
and nephelauxetic effect. Due to their high formal charge and covalent bonds nitride
ligands in nitridosilicates and nitridoaluminates can exhibit a very strong nephelaux-
etic effect towards Eu2+ or Ce3+ which can even allow for luminescence in the deep
red and infrared region of the spectrum. One of the most famous representatives of
luminescent materials are the Eu2+-doped alkaline-earth compounds of the 2-5-8-
family with general formulaM2Si5N8 withM = Ca, Sr and Ba with strong emission
maxima between 590 and 630 nm. In addition to their remarkable optical proper-
ties, they offer the opportunity to affect the emission wavelength by change of the
chemical composition of solid solutions, making them interesting for application
in high performance pc-LEDs. Further prominent luminescent LED materials are
MSi2O2N2 (M = Ca, Sr, Ba) with emission maxima from 498 to 560 nm,MAlSiN3

(M = Ca and Sr) with emission maxima at 650 and 610 nm and Sr[LiAl3N4]:Eu2+

(λmax ≈ 650 nm) [11, 23, 24]. In MSi2N2O2 as well as in MAlSiN3 the emission
wavelength can be shifted by solid solutions. The ammonothermal process can also
be used for the syntheses of phosphors and will be discussed in detail in Chap. 12.

Another possible field of application of nitridosilicates, such as the above
mentionedM2Si5N8, is the development for their use as non-linear optical materials
(NLO). The latter are used in optical signal processing as well as telecommunication
[11]. Again, the great advantage of nitrides is their high stability and a noticeable
accumulation of non-centrosymmetric space groups in the case of nitridosilicates
(highly condensed tetrahedral networks exhibit a disproportionately high amount of
non-centrosymmetric spacegroups),which are required forNLOmaterials.However,
the major challenge in this area still lies in the growth of large single crystals of these
compounds.

2.5 Ion Conductors

In addition to the conversion of energy as used in LED technology, the storage of
energy is an important topic of modern research as well. Especially, in the case of
solid electrolytes, nitride materials have a great potential to achieve improvements
in this application sector.

Due to their high efficiency and high-energy-density storage, lithium ion batteries
are good candidates for a broad field of energy storage applications, for example
in automotive industry or in portable electrical storage applications. Already in
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2014, approximately 41% of the annual lithium production was used for lithium
ion batteries [25]. Commonly, lithium ion batteries are composed of an anode, a
cathode and a liquid electrolyte. The C|LiPF6|LiCoO2 cell for example consists of
graphite as anode, LiPF6 as liquid electrolyte (dissolved in ethylene carbonate) and
LiCoO2 as cathode [26]. A significant disadvantage of such batteries with liquid
electrolytes is the safety problem, resulting from overloading or low discharging.
This leads to lithium metal deposition in dendritic form at the cathode, causing a
short-circuit [27]. This problem has already led to some accidents as well as product
recalls. In 2006, millions of Sony laptops were recalled due to this battery issue
[28]. Or even more recently in 2016, Samsung mobile phones caught fire due to
battery overheating [29]. One possibility to solve these problems is the replacement
of liquid electrolytes by non-flammable ones. Especially, solid ceramic electrolytes
are expected to be well-suited materials. Because of their high mechanical, electro-
chemical and thermal stability as well as the nonappearance of leakage, they lead to
an increased safety compared to liquid electrolytes [30].

Some of the most promising solid-state electrolytes are perovskites (e.g.
La0.5Li0.5TiO3), garnets (e.g. Li7La3Zr2O12), NASICON-type Li1.3Al0.3Ti1.7(PO4)3
or Li10GeP2S12 (LGPS) [31]. They show ionic conductivities ranging from 10−2 to
10−6 �−1 cm−1 at room temperature and activation energies Ea between 0.3 and
0.6 eV [27]. One disadvantage of such compounds is their low stability against
Li metal. Most of them are thermodynamically unstable against lithium metal and
are reduced. LGPS for example reacts with Li and forms germanium or intermetallic
lithium-germanium-compounds, causing an interface formation betweenLi and elec-
trolyte. The kinetics of such interphases are essential for the performance of recharge-
able batteries. In the case of LGPS the interface still growth after decomposition,
making the use of LGPS in batteries with direct contact to Li metal difficult. In
contrast, nitride materials are mostly stable against Li or build kinetically stable
solid electrolyte interphases (SEIs) [32]. Such SEIs should have an acceptable ionic
conductivity and preferably no electronic conductivity to prevent the growth of the
interface. Amorphous “LiPON” (with composition Li2.88PO3.73N0.14) for example,
which is already used in thin-film solid-state batteries with LiCoO2 as cathode and
Li as anode material, is unstable in contact with lithiummetal, but forms a stable SEI
consisting of binary and ternary Li-compounds like Li3PO4, Li3N, Li3P and Li2O.
This formed SEI protects the electrolyte from further decomposition. Due to this
protection, such “LiPON” based batteries achieve a life time of over 10,000 cycles
[31]. In contrast to the previously mentioned solid electrolytes, however, “LiPON”
shows a relatively low conductivity (2× 10−6 �−1 cm−1), making high-energy appli-
cations not profitable. Therefore, the research for new nitride-type solid electrolyte
materials or the research for possible protective layers between anode and electrolyte
is of essential importance. Ideally, the SEI should only consist of highly conductive
materials such as Li3N or Li3P, since poorly conductive SEIs (e.g. Li2O or Li2S)
can negatively affect the overall performance of the battery. For example, lithium
nitridophosphates would build an SEI only consisting of Li3P and Li3N in contact
with lithium metal. Additionally, lithium nitridosilicates show similar behavior. For
more precise statements regarding the stability of the individual compounds against
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lithiummetal, however, individual experimentswould be required. The ionic conduc-
tivity of lithium nitridophosphates (e.g. LiPN2, Li7PN4, Li10P4N10, Li18P6N16) and
lithium nitridosilicates (e.g. LiSi2N3, Li2SiN2, Li5SiN3, Li8SiN4, Li18Si3N10) ranges
from 10−4 to 10−8 �−1 cm−1 and activation energies Ea between 40 and 64 kJ mol−1

[33–36]. In comparison with the above mentioned ionic conductors, the conductivity
of these compounds are relatively small. However, it should be noted that most of the
measurements were made on cold-pressed and non-optimized samples. For example,
NASICON-type compounds like LiTi2(PO4)3 also showed low conductivity, which
could be highly improved by sintering and substitution with Al or Ge. Thus, a partial
substitution of Li+ by higher charged cations like Ca2+ in the presented nitrides would
create vacancies, leading to an increase in conductivity, due to easier Li+ movement.
Furthermore, annealing of the pellets results in relaxed grain boundaries, further
leading to an increase of conductivity and a decrease of activation energy as well.

2.6 Nitride Superconductors

Nitridematerials, such as NbN or TiN, were investigated as the first compound super-
conductors. These materials crystalize in the NaCl structure type and have critical
temperatures up to Tc = 16 K [37]. Later, La3Ni2B2N3 was synthesized with super-
conductivity at temperatures around 12–13 K. The crystal structure consists of three
rocksalt type LaN layers alternating with Ni2B2 layers and is related to supercon-
ductive LuNi2B2C [38]. Superconductivity was also found in electron-doped layered
metal nitride halides with general formulaMNX (M = Ti, Zr, Hf; X = Cl, Br, I) [39–
41]. There are two kinds of layered polymorphs of these compounds (α- and β-form).
Both polymorphs are constructed of MN-layers which are separated by halogen-
layers. Upon doping small amounts of electrons, by intercalation of alkali, alkaline
earth or rare earth elements between the layers, the band insulators become supercon-
ducting nitrides. For example the co-intercalated lithium and tetrahydrofuran (THF)
compound Li0.48(THF)yHfNCl is a superconductor with a high Tc (Tc = 25.5 K)
[40]. These compounds exhibit higher critical temperatures than the corresponding
3D nitrides (TiN, ZrN, HfN) [41].

2.7 Carbon Nitrides

The chemistry of carbon nitride type materials is based on two building blocks
triazine (1,3,5-triazine, C3N3) and heptazine (1,3,4,6,7,9,9b-heptaazaphenalene,
C6N7). The most prominent molecule resulting from this precursor is melamine
(triaminotriazine), which has been named by Justus Liebig [42]. Such molecules
(melamine, melem, melam or melon) can be formed by condensation of precursors
like cyanamide or ammonium dicyanamide. Nowadays, the chemistry of carbon
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nitrides is more about the applications in electrocatalysis, photoelectrode appli-
cations, batteries, fuel and solar cells, light emitting devices, supercapacitors and
sensors. A challenge in the context of energy is an alternative from fossil fuels.
Carbon nitrides, which are semiconducting materials composed of earth abundant
elements can convert water with sunlight to hydrogen. This so called photocatalytic
water splitting method provides clean and sustainable energy for mankind. Further-
more, the binary sp3-hybridized carbon nitride, C3N4 was predicted to show extreme
incompressibility and superhardness and was claimed in literature as a theoretical
material which is “harder than diamond” [43, 44].

2.8 Oxonitride Perovskites

By exchanging oxygen with nitrogen in the anionic network of the perovskite struc-
ture, a vast spectrum of new compounds is accessible. Oxonitrides combine the
advantages of metal oxides and nitrides. In general, oxides have wide bandgaps and
are therefore often colorless compounds and nitrides are very stable compounds with
interesting electronic characteristics.

The combination leads to an even higher stability in comparison to pure nitrides
and simultaneously reduces the bandgaps compared to oxides leading to useful
electronic and optical properties. The general formula of oxonitride perovskites is
ABO2−xN1+x with A = Ca, Sr, Ba or rare earth elements, and B = Nb, Ta, Ti and
other transition metals. These materials were first synthesized by Marchand et al.
[45] and later industrial applicationswere predicted [46].Nowadays, oxonitrideswith
perovskite structure are well known for various kinds of applications due to the flex-
ibility of their crystal structure towards substitution. Thereby, suitable modifications
are possible.

Oxide perovskites are normally insulators with an optical absorption within the
visible spectral range. By introducing nitrogen into the lattice as a non-metal with
lower electronegativity, the bandgap decreases about 1 eV. This changes the color
of these compounds which can cover the entire visible range of the spectrum from
yellow to orange, red, ochre and black. Good examples are CaTaO2N and LaTaON2

and their solid solutions (Ca1−xLaxTaO2−xN1+x) in which color tuning is possible
from yellow (x = 0) to red (x = 1) [46]. Their characteristics like high chemical
and physical stability makes them promising candidates for inorganic pigments as
colorants for papers, thermoplastics, rubbers, ceramics and enamels. In addition to
their stability in air, water or diluted acids at room temperature, the fact that they do
not contain toxic elements like Cd, Pb or Cr is a huge advantage for the application
as inorganic pigments [47].

The reduced bandgaps (around 2 eV) of oxonitride perovskites offers another
promising application area of this material class. Kasahara and co-workers showed
that oxonitride perovskites like LaTiO2N can be used as photocatalysts for the evolu-
tion of H2 and O2 from water under irradiation with visible light (420 nm < λ

< 600 nm) like sunlight. LaTiO2N reduces H+ to H2 and oxidizes H2O to O2 in the
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presence of an electron donor (methanol) or acceptor (Ag+) [48]. The big advantage
compared to other photocatalysts is the above mentioned stability of perovskites
[49]. Other oxonitride perovskites like CaTaO2N, SrTaO2N, BaTaO2N, LaTaON2

and BaNbO2N are suitable for both water oxidation and reduction under visible
light. The tantalum oxonitrides are able to evolve H2 from water but are not active in
O2 production. CaNbO2N has the highest activity for both H2 and O2 of the niobium
oxonitride perovskites [50]. The difference between oxonitrides of different compo-
sitions most likely result from the energy positions of the valence and the conduction
bands. The potential of the top of the valence band must be lower than the one of the
H2O/O2 redox pair for the evolution of oxygen. Whereas for the hydrogen evolution,
the bottom of the conduction band must be higher in energy than H2/H+. Because
of this, the energy position has to be suitable for the water splitting reaction and not
only the size of the bandgap itself [49].

In terms of the potential of oxonitride perovskites, synthesis of these compounds
plays a crucial role. Oxonitride perovskites are commonly synthesized in flowing
ammonia (ammonolysis). Newly developed synthesis methods are thin film depo-
sition by reactive sputtering [51], heteroepitaxial growth [52], the fabrication of
a nanowire photoanode [53], and the ammonothermal approach [54]. These new
synthetic methods lead to varying morphologies of the compounds resulting in
different application fields. For instance, the ammonothermal approach is useful
to obtain high crystallinity and well-shaped crystals of oxonitride perovskite (see
Chap. 12). Further research has to be done in order to achieve a better understanding
on the intrinsic properties which lead to new applications of oxonitride perovskites.

By combining transition metals like Nb5+ with mixed valence states and magnetic
rare earths, like Eu2+, colossal magnetoresistance can be achieved in EuNbO2N
and EuWO2N at low temperatures [55]. By manipulating the O/N content within
EuWO1+xN2−x films or monoliths, it can be used to create spintronic or nonlinear
resistive devices operating at low temperatures [56]. As the oxidation state of both
metals (Eu, W) can be tuned by varying the O/N ratio, this reveals a remarkable
electronic flexibility by enabling hole- and electron-doped regimes to be accessed.
Furthermore, these materials are of fundamental interest and practical importance
for new memory and sensor technology.

The oxonitride perovskites have a great potential for various applications. Espe-
cially, for environmental reasons, this field is a highly fascinating class of compounds.
The structural challenges and their physical properties offer the possibility of appli-
cations as pigments, dielectrics, photocatalysts and magnetic materials. To conclude,
it can be noted that the partial substitution of O by N in the perovskite structure leads
to surprising new physical and chemical properties. Further research in terms of new
synthetic approaches needs to be done in order to achieve possible single crystals
which are desired for measurements of physical properties.
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Chapter 3
Technological Challenges of Autoclave
Design for Ammonothermal Syntheses

Eberhard Schlücker and Anna-Carina Luise Kimmel

Abstract The challenges of ammonothermal reactor design are manifold. High-
pressure and temperature require the use of high-performance alloys with sufficient
strength at elevated temperature and excellent creep resistance: highly alloyed Ni-
base and Co-base alloys and a Mo-base alloy have been in use in ammonothermal
reactor design. Furthermore, the dimensioning rules have to be strictly followed to
minimize stress concentration. Repeated loading cycles and degradation over time
have to be considered. Finally yet importantly, good handling of the equipment not
only minimizes the workload but also reduces the risk of crucial operating errors.
The chapter Technological challenges of autoclave design discusses design options
for high-pressure at high-temperature equipment with regard to their mechanic and
thermal stability. Materials suitable for ammonothermal pressure vessels will be
reviewed and some basic safety advice is given at the end of this chapter.

3.1 High-Pressure Autoclave Design

Thedevelopment of high-pressure vessels and components requires a verydisciplined
approach. On the one hand, the applicable dimensioning rules (e.g. the ASME Boiler
and Pressure Vessel code [1] in the US or the Pressure Equipment Directive [2] in
the EU) must be consistently implemented. On the other hand, high-performance
materials with high strength, ductility and creep resistance have to be selected. In
addition, the design, e.g. the wall thickness of the autoclave, is based on the selected
materials. Therefore, the choice of suitable materials is the first priority.
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3.1.1 Selection of High-Performance Alloys
for Ammonothermal Autoclave Design

In principle, materials for high-pressure application should possess a yield strength
of at least 500 N/mm2 and must me sufficiently ductile. According to the Pressure
Equipment Directive of the EU they must have an elongation at break of at least
14% and an impact strength of at least 27 J at the lowest process temperature or at
20 °Cmax [2]. As surfaces, although ground, are not free of small recesses andmicro
cracks, it is beneficial that the notch effect emanating from such geometric elements
(see also Sect. 3.1.3) is mitigated by a high elasticity of the material. Deformation
energy is consumed during fracture of a ductile material, which means that usually,
fracture occurs only after a strong deformation of the alloy. The higher the notched
bar impact strength, the tougher the material will be during fracture and the longer
the fracture phase. It is therefore possible to react to an incipient fracture, in most
cases.

High-pressure materials such as duplex steel 1.4452 in Fig. 3.1a no longer have
a pronounced yield strength limit. Instead, the so-called 0.2% yield strength (Rp0.2)
is used as a yield strength substitute. This means that a load that leaves a remaining
elongation of 0.2% is considered to be the yield strength. If one thinks of high-
pressure components and especially of seals (see below), it is also important that
the compressive strength is always greater and also permits higher elongations. This
can also be understood as an indication that compressive stresses should be aimed at
whenever possible.

Fig. 3.1 a Stress strain curve of a duplex steel 1.4462 (measured at institute of process machinery
and systems engineering), as well as b exemplary tensile and compressive stress curve
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Table 3.1 Materials suitable for high-pressure applicationswith their yield strength, ultimate tensile
strength, rupture elongation and notch bar impact work at room temperature [3, 4]

ISO No. Notation Yield strength
maximum
[N/mm2]

Ultimate
tensile
strength
[N/mm2]

Rupture
elongation [%]

Notch bar
impact
work min.
[J]

1.4542 X5CrNiCuNb16-5 1000 1270 10–14 15

1.6580 30CrNiMo8 1250 1450 9–11 30

1.4922 X20CrMoV12-1 490 830 16 41

1.7709 21CrMoV57 440 780 16 69

1.8523 39CrMoV9 1080 1420 8 27

1.6956 33NiCrMo14 5 1030 1470 8 20

2.4668 8NiCrMo55-21-3
IN718, Alloy 718

1100 1375 25 68

Table 3.1 shows a number of selected high-pressure alloys with yield strength,
tensile strength, elongation at break and impact strength data. This shows that the
elongation at break and the notched bar impact strength decrease with increasing
yield strength and tensile strength. The higher the pressure, the higher the strength of
the alloy to be selected. This, however, reveals the dilemma that ductility is lost with
increasing yield strength. The only possibility is therefore to work on the quality and
design of the high-pressure component to rule out all possible notch effects. This
often only means absolutely straight container bores without any step or notch and
fine ground surfaces.

As it can be seen inTable 3.1, basically, the higher the tensile strength, the lower the
rupture elongation and notch bar impact work. Themechanical behavior of each alloy
results from a complex interplay between the composition, manufacturing process,
heat treatment and the resulting microstructure of the alloy. Several strengthening
mechanisms are exploited when developing high-strength alloys: dislocation hard-
ening, grain boundary strengthening, solid solution hardening or particle hardening
[5]. With regard to the application in ammonothermal processes always the high
process temperature has to be considered. In general, with increasing temperature
the tensile strength and yield strength decrease, with elongation at break and impact
strength generally increasing. According to [6], alloys suitable for high-temperature
applications have to maintain their mechanical properties and withstand loading at
elevated temperature, close to their melting point (T > 0.4 Tmelt). Additional they
possess high creep resistance (maintaining their mechanical properties over time)
high yield stress/ultimate tensile strength, fracture toughness. To withstand severe
operating environments a high oxidation and corrosion resistance is desirable. This
means that the mechanical data must always be obtained for the desired operation
temperature. Yet, the increase in temperature and its effects on the mechanical prop-
erties also offer opportunities. If an alloy with unsatisfactory elongation at break at
room temperature is selected, it could be suitable at higher temperatures. In this case,
it must not be subjected to maximum stress at room temperature.
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At the described process conditions of ammonothermal syntheses (p = 100–
300MPa,T =300–800 °C) only particle-hardened alloys are conceivable asmaterials
that permit sufficient strength [5]. Carbide and solid solution hardening as strength
mechanisms in austenitic iron-based alloys achieve sufficient mechanical properties
up to temperatures of TmaxFe-Basis ≈ 500 °C [6]. However, for even higher process
temperatures, precipitation hardened superalloys (e.g. Ni-base superalloys) have the
biggest potential in the high-pressure/high-temperature autoclave design. The exten-
sive use ofNi-base superalloys, amongothers in aerospace or power plant technology,
resulted in a highly developed microstructure, manufacturing process and corrosion
resistance [6–9]. Therefore anddependingon thedesiredpressure/temperature ranges
or synthesis route, state of the art materials for ammonothermal pressure vessels are
among others René 41 [10, 11], Alloy 625 (Inconel®Alloy 625; 2.4856) [12, 13],
Alloy 718 (Inconel®Alloy 718; 2.4668) [14], and Alloy 282 (Haynes®282®Alloy)
[15]. Excellent strength at elevated temperatures because of precipitation hardening
was the primary selection criterion for those alloys. Sufficient corrosion and oxidation
resistance at high temperature is given, but not necessarily under ammonothermal
conditions, see Chap. 11.

Another class of suitable superalloys are precipitation hardened Co-base super-
alloys of the system Co–Al–W. The development of the precipitation of an ordered
Co3(Al, W) phase (γ′) in a Co solid solution matrix, similar to the Ni3Al γ′ phase in
Ni-base superalloys [16], together with improved oxidation resistance and mechan-
ical properties due to additional alloying [17–20], promises a wide range of high-
pressure/high-temperature applications. The highermelting point of Co, compared to
Ni, and resulting higher liquidus and solidus temperatures of the alloy help to expand
the possible temperature window of ammonothermal synthesis to higher temperature
(T > 600 °C). The raise to even higher temperature and pressure have been shown
beneficial in ammonothermal synthesis for new synthesis routes, especially when
developing new compounds [15]. Potential alloys of this class for ammonothermal
applications have already been developed [19] and optimized [21–23], however, they
are not commercially available yet.

The Mo-base Ti-Zr-Mo alloy TZM is another alternative in ammonothermal
reactor design that has been recently tested successfully [24], especially due to its
good resistance in ammonoacidic environment (see Chap. 11). Mo possesses excel-
lent high-temperature strength and creep resistance, a highmelting point, a lowcoeffi-
cient of thermal expansion and high thermal conductivity [25]. However, some disad-
vantages have to be considered: the unsatisfactory oxidation resistance at tempera-
tures above 500 °C requires protective coatings or an oxygen free containment during
heating. Additionally the high ductile to brittle transition temperature (DBTT) of
100–150 °C challenges handling and manufacturing of autoclaves [25, 26].

Figure 3.2 shows a Larson-Miller Plot for some exemplary Ni-base, Co-base
alloys suitable for or already in use in ammonothermal reactor design. The creep
resistance of Alloy 718 and Alloy 282 is similarly high. The one of CoWAlloy2 even
higher.

Figure 3.3 depicts the yield strength over temperature for selected alloys. Possible
working areas for autoclaves made of those alloys are indicated. The drop in
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yield strength at a certain temperature is mostly due to irreversible changes in the
microstructure and loosening of the strengthening mechanisms and therefore repre-
sents themaximumoperating temperature.With about 1000MPaAlloy718possesses
the highest yield strength of the presented alloys, but its use is limited to a temperature
of about 600–650 °C. The microstructure of Alloy 282 is stable up to about 800 °C,
however the maximum yield strength is significantly lower (about 600 MPa) than
the one of Alloy 718. The use of the Co-base alloy CoWAlloy2 expands the possible
working area of Alloy 282 to ether higher temperature (about 850 °C) or to a 125MPa
higher yield strength at the same Tmax of 800 °C. In oxygen free environment TZM
is supposed to be stable in ammonia gas up to 1000 °C and shows high yield strength
at this temperature of about 600MPa [30], which would expand the possible temper-
ature range of ammonothermal growth of another 250 °C. Pressure vessels made of
TZM have been used among others at internal pressures and temperatures of up to
100 MPa/1200 °C [31] or 150 MPa/1025 °C [32]. Yet, in ammono-thermal environ-
ment, autoclaves made of TZM have only been tested up to >100 MPa/650 °C so far
[24].

Asmaterials used for internal setups inside the autoclave are not exposed to tensile
stresses they will be only discussed regarding their chemical stability in Chap. 11.

3.1.2 Dimensioning an Autoclave

The core elements of high pressure vessels are usually straight pipe sections.
Depending on the pressure, these are calculated using either the boiler formula (3.1)
or formulae (3.2)–(3.4).

s0 = da · p

2 · ν · K
S

[mm]; s = s0 + c1 + c2 (3.1)

where: s: wall thickness [mm]; s0: theoretical wall thickness [mm], da: tube outer
diameter [mm], p: maximum internal pressure [N/mm2], ν: Poisson’s ratio [−], K:
Material value [N/mm2], S: safety factor, c1: Add on for wall thickness correction,
c2: Add on for corrosion and wear.

This equation assumes that the stress is constant over the wall thickness and also
considers only one stress component. This assumption applies up to a wall thickness
ratio of u = 1.2.

u = ro

ri
= 1.2 (3.2)

For wall thickness ratio u > 1.2, all three stress components must be considered and
the following equations apply [35]:
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Figure 3.4 shows the exemplary course of the three stress components (σφ : tangential
stress; σ r : radial stress; σ z: axial stress). The tangential stress is always the greatest
stress in a straight tube and the radial stress always begins with σ r = pin. The
comparative stress is usually similar to the tangential stress with a slightly lower
starting value at the inner diameter.

Since three stress components are difficult to workwith, several equilibrium stress
theories have been developed in the past. The theory best suited to high-pressure
technology is that of von Mises, who developed Formula [36]:

σe =
√
0.5 · [

(σϕ − σz)2 + (σz − σr )2 + (σr − σϕ)2
]

(3.4)

Fig. 3.4 Stress distribution in a thick walled tube: tangential, axial and radial stress with respect
to the internal pressure pin over the radius
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3.1.3 Influence of Notch Factor and Dynamic Load

As already described above, well designed and manufactured high-pressure compo-
nents are very smooth and free of notches and corners, to minimize the notch effect
of the surface structures. However not every cross-section transition, deflection or
bore can be avoided. The bore in the test component in Fig. 3.5 represents such a
location; the notch effect here values about three.

This means that the stress at the corner of the bore intersection is about three
times higher than in the undisturbed area of the main bore. However, the sharpness
of the intersection edge is also decisive for the notch factor. If the edge is rounded off,
the notch factor decreases noticeably. In addition, a material with high elongation at
break at the notch point can react with greater plasticizing. This can mean that for
constructions that cannot do without notches, a material that is more less solid but
has more elongation at break may be better suited.

Additionally dynamic load reduces the material strength significantly. Under high
dynamic loading (beginning at about 107 load cycles), the permissible stress falls
below half the yield strength of the material. The suitability of a material for dynamic
high pressure can be seen from the Wöhler curve. This curve is available for many
materials.

Figure 3.6 shows the results of dynamic testing with the component shown in
Fig. 3.5 made of four different alloys. The components were tested up to failure in
bending-rotation test, pulsating tensile test and with pulsating pressure of about 300
MPa (v. Mises).

It shows very clearly that material 1.4404 with a yield strength of approx.
250 N/mm2 and an elongation at break of 45% withstands about the same internal
pressure (v. Mises) as material 1.4462 (Fig. 3.1a) with a yield strength of approx.
500 N/mm2 and an elongation at break of 25%.

The ammonothermal method usually does not generate a dynamic load as it was
applied to the example in Figs. 3.5 and 3.6, especially not during research scale.
The few load cycles of an ammonothermal autoclave and its accessories (max. a few
hundred loads) can be regarded as static loads. Nevertheless, this topic should not be
omitted when heading to industrial scale or during special operation processes, for
example when filling the autoclave with oscillating positive displacement pumps.

This all leads to the five basic rules we have to consider during design or use of
a high-pressure-vessel:

Fig. 3.5 Component for dynamic high-pressure testing with transverse bore for testing the notch
effect
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(1) Select the material with the best properties for the application.
(2) Consider all elastically and plastically developed deformations of the pressure-

loaded and temperature-exposed parts.
(3) Let the pressure help to seal the autoclave! To get a perfect and tight seal, the

material at the detail of seal should plasticize. This smoothens the roughness of
the surfaces.

(4) Avoid every sharp or even every edge in the pressure loaded area because these
details will produce notch factors up to a value of three, resulting in a stress
three times higher than in the area around.

(5) Surface quality is essential, as surface imperfections on a rough surface represent
a high number of small notches that may lead to breakdown of the autoclave.
Therefore a coarseness value of about Ra = 0.8 μm is recommended.

3.1.4 Safety Factor

Each component is never loadedup to its yield point. There is always a safety distance.
This should cover imponderables such as wall thickness fluctuations or corrosion.
Simple components such as beams have a safety factor of S = 2 – 3, lifts up to
S = 10 (typical for passenger transport). High-pressure components, on the other
hand, have precisely manufactured components and tested materials. Therefore, the
required minimum safety factor is about S = 1.5 [37].
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3.1.5 Sealing Options for the Autoclave Closure

High-pressure seals have a special requirement for tightness, because even a micro-
scopically small channel in a seal, which can result, for example, from unsatisfac-
tory production (machining roughness), already shows a pressure-driven leakage,
which can quickly increase, supported by rinsing effects. Absolute precision during
machining of the components is therefore required to reach maximum tightness.
However, this is only possible if the surface roughness is either levelled or perfectly
filled and plasticized at the sealing points. Since this must pass through on both sides
of the seal, seals and high-pressure vessels are often made of similarly solid mate-
rials. This means that seals at high pressure are usually made of steel or comparable
metallic materials. Figure 3.7 shows two examples of plasticization in the sealing
area.

With the compression ring seal (Fig. 3.7a), when nut 1 is tightened, the ring 2 is
pressed and the compression ring along the cone in the base body (6) is pressed into
the pipe surface. Both contact surfaces plasticize and “interlock” so that the cutting
ring can no longer be separated from the tube. This also plasticizes the cone. Thus,
this screw connection is perfectly tight. The limitation in pressure is about 64 MPa.
The reason for this is that the sealing effect is generated screw in the nut.

Sealing lenses (Fig. 3.7b, c), on the other hand, are pressed together by the flanges
and flange screws in such a way that plasticization occurs. To support this process,
the lens is rounded, while the counterface at the pipe end is conical. At the beginning
of the pressing process there is a line contact. If the force is then further increased,
the contact is first elastically pressed into a contact surface (ring). If the yield point
is exceeded, the most heavily loaded area near the first contact plasticizes. The
maximum of pressure reached with this design is 360 MPa, but it depends directly
on thematerial used. If a high strengthmaterial would also have the chance plasticize,
also higher pressure would be possible.

Fig. 3.7 High-pressure seals: a Compression fitting (1 union nut, 2 pressure ring, 3 separating ring,
4 pipe, 5 stop for pipe, 6 body), suitable up to 64 MPa, b, c lens seals for 32,5 up to 360 MPa (DN
40/45), lens indicated by blue arrows
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These two types of seals show that plasticization is basically required and
also possible. Based on the text above, we can state that also the seals for the
ammonothermal process should have the ability to plasticize, but then the pressure
of 300 MPa would not be a big problem anymore.

A basic rule for high pressure seals is that the pressure should help with sealing.
The first idea for the sealing of pressure vessels was the Bridgeman seal (Fig. 3.8a).
Here the pressure helps to seal by compress a stack of rings, whereby the middle
one is the softest ring and therefore produces the greatest radial expansion and thus
represents the core seal. The outer rings only serve to avoid the extrusion of the inner
ring. Such a design can also be realized with five rings. Unfortunately, this seal has a
serious disadvantage: the inner ring should plasticizes and due that clamps so tightly
that it can only be dismantled by destroying the seal. This is not acceptable for the
ammonothermal process. The search was therefore for a seal that could be easily
dismantled and, and tightened with the help of pressure. The result was the C-ring
(Fig. 3.8b, c) [38]. If the pressure penetrates into the C, this expands and creates
sealing pressures at the two contact points. However, the C-ring has to be preloaded
to achieve sealing at lower pressure. High pressure reinforces the sealing effect by
bending the C towards the supporting groove. In the pressure and temperature ranges
of the ammonothermal process, however, this ring also reaches its limits. It will be
pressed into the edge volume. Therefore, the ring must be perfectly fitted into the
locating groove without contact edges (Fig. 3.8c), otherwise fatigue fractures may
occur. However, each new loading of a container generates a certain repositioning of
the seal, which means a relative movement of the seal under high load. This requires
a material with good emergency running properties. The choice fell again on a soft
material like copper, silver or gold.

Figure 3.9 shows a finite element method (FEM) calculation result of the C-ring
arrangement.As it can be seen, theC-ring generates a stress increase in the supporting
area.

Fig. 3.8 High-pressure seals a vessel with a Bridgeman seal with 3 rings, b C-ring seal (not in a
perfect groove), c C-ring in a perfect groove [38]
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Fig. 3.9 FEM-simulation of the C-ring seal. Ring is completely under compression stress, reprinted
with permission from [38]

3.1.6 Closure Types

There are several concepts for the closure of high-pressure containers. However, the
higher the pressure, the lesser suitable are concepts with clamps, bolts or joints etc.,
and it is only a matter of the three concepts shown in Fig. 3.10, each of which uses
threads in different variants.

Figure 3.10a shows a concept with flanges. A thread is cut onto the high-pressure
pipe and a flange is screwed onto it. Themating flange represents the container cover,
which also holds the seal. It is important that the gasket is pressed without rotation,
i.e. only linearly. Figure 3.10b shows a concept with a central screw and is therefore
very compact. This concept follows the rule that the forces should not be allowed to
walk under high pressure. Unfortunately, the seal is pressed under the rotation of the
central screw. In variant three in Fig. 3.10c, threads are cut into the vessel wall. Thus
the screw flange from Fig. 3.10a is omitted, but the threads require a thicker wall, but
together with the bore they represent a notch which generates a certain notch factor
and causes a distortion of the stress situation. When the vessels are big, then the
advantage is the small effort for material. In this concern, the ends of the vessel will
be widened to a bigger diameter with a conical changeover, that the screw bores are
not harmful anymore. Another chance if a Bridgeman seal is used, and the sealing
point in the vessel is below the ends of the bores. The selection of the optimal variant
for the ammonothermal process is driven by the rather small container sizes, the high
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Fig. 3.10 Vessel closures for high-pressure:aFlange variant.bVariantwith internal screw. cThread
in pipe wall

pressure and the expensive container materials. Variant Fig. 3.10b is suitable for even
higher pressures and larger vessels, whereby the seal is pressed (in the case of the C-
ring) under the rotary motion of the threaded piece. This creates a shear stress on the
seal surface and can lead to premature wear which already begins during assembly,
whereas variant Fig. 3.10c is rarely used (especially for very big vessels), since the
notch effect of the threaded holes requires considerably thicker wall thicknesses than
with Fig. 3.10a. The result is that the thread is notched and the thread is not pressed.

Up to this point, the technical design of the pressure vessels above was carried out
only based on mechanical properties and without special consideration of temper-
ature. In ammonothermal applications, however, temperatures reach up to 800 °C.
Consequently, and in addition to the selection of high-performance alloys with suffi-
cient strength at the operation temperature (see Sect. 3.1.1), thermal expansion of the
components has to be considered. This applies in particular when different material
types are used and a big mismatch in the coefficient of thermal expansion occurs.

Finally, the chemicals used inside the designedpressure vessels and their impact on
the used materials have to be taken into account. Corrosion and stability of materials
under ammonothermal conditions will be discussed in detail in Chap. 11.

3.2 System and Safety

Even after conscientious design and manufacturing of the autoclave, failure of the
process equipment cannot be ruled out completely. Corrosiveness of new compounds
or reaction mixtures and their behavior at hardly explored process conditions cannot
always be predicted precisely. Additionally, unexpected high rates of ammonia
decomposition, e.g. due to catalytic effects of metallic reaction compounds, could
lead to a prohibited pressure increase and failure of the autoclave.Therefore, a number
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of safetymeasures have to be taken to prevent damage to people and equipment during
operation. Table 3.2 sums up potential risks when operating high-pressure vessels
together with measures to rule them out, following and supplemented according to
the EU Pressure Equipment Directive [2].

During operation, themonitoring of the process parameters is crucial: pressure and
temperature of the autoclave should be followed at all times,with a safety shutdown at
exceeding pressure/temperature. Bursting discs are a cheap addition to an automatic
shutdown, but thermal and corrosion influences on the bursting disc have to be taken
into account. Containment vessels with suction ensure, that in case of leakage during
operation no operating staff gets harmed. Periodical review of the material quality of
the pressure vessel, the additional process equipment and the working space together
with regular training of staff help to prevent such failures in the early stages of failure.
Figure 3.11 shows an ammonothermal autoclave with some basic safety equipment,
such as inlet/outlet valve, pressure sensor and bursting disc.

Fig. 3.11 Autoclave for
ammonothermal crystal
growth (1) with
inlet/outlet-valve (2),
pressure sensor (3) and
bursting disc (4)
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3.3 Summary

The development and construction of high-pressure/high-temperature autoclaves for
ammonothermal synthesis is subject to compliance with regulations (e.g. the ASME
Boiler and Pressure Vessel code [1] in the US or the Pressure Equipment Directive
[2] in the EU) and the effect of a number of influencing parameters. An essential
prerequisite is the correct selection of materials, which have high strength, high
fracture toughness, an elongation at break greater than 14% and at the same time
have a high chemical resistance. For these reasons, only highly developed materials
for example Ni-base, Co-base, or Mo-base superalloys are used.

Another important aspect are the seals. In the case of ammonothermal process
parameters, those can only be manufactured from metallic materials and must there-
fore be plasticized in order to achieve a reliable and safe sealing. There are various
types of seals for high pressure such as Bridgeman seal, sealing lenses or the C-ring
seal. The C-ring seal shows good potential for high pressure and temperature as it is
ideally supported by pressure, easy to exchange and can be combined well with all
types of closure systems. Additionally protective coatings can be easily applied.

When handling high pressure/high temperature equipment, which may also
contain hazardous substances, it is essential to develop a safety philosophy and
strategy. Only when these have been worked out, should the ammonothermal process
be put into operation.
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Chapter 4
Technical Solutions for In Situ
Monitoring of Ammonothermal
Processes

Eberhard Schlücker

Abstract Due to the thick-walled autoclaves, the ammonothermal system has long
been regarded as a black box and the crystal quality was only improved through
systematic, time-consuming experiments [1]. One of the main goals therefore was
to bring “light into the dark” with new window design for the extreme process
parameters of larger than 650 °C and simultaneously 300 MPa.

4.1 Dimensioning Sight Glasses

The material selection for the viewing windows depends first on the spectral trans-
mission range. If suitable materials are found for the expected wavelengths, the
suitability must be examined with regard to their mechanical strength properties.
The bending strength Rb, compressive strength Rd and Poisson’s ratio μ are partic-
ularly important for this. Last but not least, the chemical resistance of the material
to the fluid used must be tested. The most important properties of various window
materials for high-pressure technology are shown in Table 4.1 Depending on the
material quality and the manufacturing process, there may be minor deviations from
the stated values.

Based on this table it is not difficult to select the best material. The first choice
is sapphire glass! It has a high mechanical stability, a high thermal stability and
also a good chemical resistance, but has, typical for such glass, brittle properties.
When brittle parts should be clamped in-between metal parts, we should accept only
compression stress and avoid any tensile stress. And even when optical monitoring
goals should be fulfilled, the optic properties should stay in a good quality, which
meansno remarkable bendings. Figure 4.1 shows three types of clamped sight glasses.

In the design of the counterforce or squeezer type (a), the sealing force must be
applied via an external force. This means that the sealing force is at its greatest at the
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Table 4.1 Strength and transmission properties of different window glasses [2]

Properties Borosilicate glass Quartz glass Sapphire glass

Bending strength Rb (N/mm2) 160 80–100 420

Compression strength Rd (N/mm2) 100–140 1250 2000

Poisson number μ (–) 0.2 0.170 0.25–0.30

Transmission range (nm) 350–2500 180–2500 170–5500

Fig. 4.1 Variants of sight glass clamping: a counterforce type, b amagat type and c poulter type
[2], real design see Fig. 4.5: σC = clamping stress; σ S = minimal sealing stress; σCF = counter
force stress; σA = amagat stress, should be equal to σC; σ pre = preload stress; σP = poulter stress
(smaller than σCF)

upper side in the unpressurized state. The reason for this is that the internal pressure
relieves this point again and it must still be tight. At the same time, it should be
noted when designing that the force at the clamping surface is particularly high in a
pressurized case, as the preload force and the compressive force add up at this point.
For these reasons, this type is more suitable for viewing windows with small clear
widths.

The Amagat type places very high demands on the parallelism of the conical
sealing surfaces. Even with the ideal shape of the window, inhomogeneity’s occur
in the contact pressure. This effect is further intensified by the different thermal
expansion of the materials and the deformation of the container when the internal
pressure is applied. All in all, many window materials are not particularly suitable
for use in this type, as this inhomogeneous stress distribution quickly causes the
compressive strength of the window material to be exceeded, resulting in breakage.
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Due to the larger contact surface, however, better results are obtained when using
Poulter-type viewing windows. These are therefore used in most applications [2].

4.2 Dimensioning a Poulter Type Window

For the design of cylindrical viewing windows, various calculation equations for the
window thickness TF can be found in the literature. Equations (4.1) and (4.2) are
taken from the calculation bases of a sapphire glass manufacturer, (4.3) and (4.4)
are taken from the literature [3]. The basic material parameter here is the bending
strength Rb of the glass.

TF = dFi · K · √
p (4.1)

K =
√

3

32
· (3 + μ) · S

Rb
(4.2)

TF = p · S · dFi
4 · Rb

(4.3)

TF =
√
1.1 · p · d2

Fi · S
4 · Rb

(4.4)

The basic dimensions for calculating the thickness of the viewing window are shown
in Fig. 4.2.

Fig. 4.2 Dimensions of the
viewing window for window
thickness calculation
viewing window

viewing 
window 
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pseal = pi · D2

D2 − d2
(4.5)

A safety factor S = 5 is usually used to calculate the window thickness [4]. The
diameter of the window dFa results from the required overpressure on the sealing
surface. It can also be calculated according to the equation for a gasket according
to the unsupported area principle (see 4.5). An overpressure of at least 15% should
be achieved on the sealing surface, which corresponds to a diameter ratio dFa to
dFi of 2.77:1. If a lower ratio is selected, the overpressure at the sealing surface
increases. The minimum outer diameter dFa should not be less than the value deter-
mined according to (4.6). The overpressure in the sealing surface is then about 41.4%
[2].

dFa = √
2 · dFi. (4.6)

4.3 Construction of Inspection Windows

In the design andmanufacture of high-pressure inspectionwindows, particular impor-
tance is to be given to manufacturing tolerances and surface quality. There must
be no sharp edges on the contact surfaces between glass and metal. Instead, radii
must be provided at the edges. The sealing surfaces must be parallel, absolutely flat
and provided with an optical polish. This is the only way to achieve an optimum
distribution of forces and a functioning seal. The metallic sealing surface must be
manufactured in such a way that the glass protrudes slightly so that it is not pressed
into the sealing surface and stress peaks form. If necessary, a coating of the metallic
sealing surface with a soft metal is required in order to compensate for low roughness
depths of the glass andmetal surface by plastifying it. Particularly with low-viscosity
media such as gases and supercritical fluids, the slightest unevenness is sufficient to
cause leaks. In addition, attention should be paid to the parallelism of the window
surfaces, the orientation along the crystallographic axis and the crystal quality of the
window material. The edges of the window should at least have a small bevel, as it
is difficult to produce defined radii.

In order to achieve an efficient seal, the window glass must be pre-stressed. This
is the only way to ensure an initial seal at a low process pressure. When mounting
and applying the prestress, however, the sealing surfaces must not be twisted against
each other (i.e. no rotating cover attachment), as otherwise unevenness and scratches
can occur which lead to stress peaks in the glass and consequently to breakage [2].

A problem is that under the compression of steel and glass can easily generate the
compressive stress necessary for sealing, but the glass bends slightly under compres-
sive stress and the pressure loading, which would already result in a notch effect from
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the upper steel surface. For this reason, we need a sealing material that is capable of
smoothing such effects. This material should plasticize much better than steel and of
course glass. Also it should be able to follow smalls deflection due pressure loadings
but should still have enough strength to be not extruded completely. Copper, silver
or gold are materials with which good experiences have been made. The greatest
success, however, was the use of a very thin layer of gold on both steel surfaces.
The layer was thick enough to perfectly cover the coarseness and also to avoid notch
effects.

4.4 Dimensions of an Inspecting Window

Due to its excellent mechanical properties, sapphire is suitable for use under the
required operating conditions. At the same time, the transmission range is larger
than that of borosilicate and quartz glass, allowing more flexible use. However, the
determination of strength values at elevated temperatures is problematic, as these
are usually only given for room temperature in the literature and by the manu-
facturers. Furthermore, several different formulas are available for design. For this
reason, the dimensions of sapphire glass are determined conservatively by deter-
mining the corresponding extreme value. Figure 4.3 shows the values for bending
strength as a function of temperature. The diagram shows the determined values for
two different specimens (round disc and rectangular plate) with orientation along the
crystallographic c- and a-axis. For reasons of conservative design, the smallest value
from the diagram is selected for the bending strength. The temperature-dependent
representation of the compressive strength is shown in Fig. 4.3.

At a temperature of 650 °C, the data can be used to determine the minimum value
of the bending strength of sapphire to 317 N/mm2 along the c-axis and to 414 N/mm2

along the a-axis. The clear width of the window should be 6 mm, since endoscopes
and detectors are available for this diameter. Since the glass deflects during operation
at the unsupported point of the window in the area of the hole in the window holder, a

Fig. 4.3 Flexural strength of
sapphire as a function of
temperature [8]
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Table 4.2 Result of the calculation the thickness of an inspection window

Orientation sapphire a-axis a-axis c-axis

Window thickness according to Bieg Equations (4.1), (4.2) 7.21 8.24

Window thickness according to Robertson Equation (4.3) 6.48 8.46

Window thickness according to Whyman Equation (4.4) 6.8 7.78

Surcharge for the bevel 1 1

Thickness including the champfer 8.21 9.46

small radiusmust be provided at the edge. Thus the sapphire does not press on a sharp
edge. This results in a slightly larger unsupported diameter of 6.5 mm, which is used
for the calculation. The Poisson’s ratio is given as 0.29 in the literature. Asmentioned,
a safety factor of S = 5 is used. For the calculation pressure of 330 MPa, the window
thickness is calculated according to the (4.4)–(4.5) according to Table 4.2. Due to
the conservative design, the minimum window thickness results from the maximum
of the three determined values plus a chamfer of 1 mm. Thus the minimum window
thickness along the a-axis is 8.21 mm, along the c-axis 9.46 mm. As a result, a
thickness of 10 mm was selected.

The minimum outside diameter is calculated according to (4.5) to 9.19 mm
and should not exceed 18 mm. For the final determination of the outer diameter,
the surface pressure between glass and metal must still be checked on the basis
of the occurring stress and the compressive strength. This can be determined by
interpolation according to Fig. 4.4.

The compressive strength of sapphire along the c-axis decreases sharply with
temperature, so that at 650 °C only a value of 412 N/mm2 is determined. Along the
crystallographic a-axis, a significantly lower decrease can be observed, resulting in
a significantly higher compressive strength of 1662 N/mm2.

Fig. 4.4 Compression strength of Sapphire depending on temperature
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Table 4.3 Specifications for
a sapphire sight glass

Outer diameter dFa 12 mm

Thickness of the window hF 10 mm

Bevel 1 mm × 45° und 0.1 mm × 45°

Orientation a-axis along the cylindrical axis

Surface quality S/D 40/20

Flatness 1 Lambda

Quality Stress free tempered

State Sapphire grade 1

A comparison of the pressure acting on the sealing surface with the strength
shows that sapphire in the c-direction at 650 °C does not have sufficient strength.
If necessary, sufficient strength is given with a safety of 1.4 at 600 °C and an outer
diameter of 18 mm. Since this low safety level is unsuitable for a brittle material such
as sapphire, the axis of the sapphire glass must be oriented along the a-axis. With an
outer diameter of 12 mm, the safety against overloading at design conditions above
3.5 is provided. This results in the specification of the viewing window according to
Table 4.3.

In addition, it is of great importance that the viewing window is tempered without
tension after machining.

4.5 Construction of the Window Unit

As already described, the window unit is based on the Bridgman sealing stamp. This
is additionally provided with a hole and a shoulder with an external thread, in order to
apply the necessary pretension via a window holder for the construction of an initial
seal between glass and metal. Figure 4.5 shows a sectional drawing of the window
unit (a) and a detailed section in the area of the sealing surface (b).

An important criterion in the production of the individual components of the
window unit is that they are aligned completely parallel to each other, otherwise
uneven force application and glass breakage will occur. The sealing surface on the
metal stamp must have an absolutely flat, smoothly polished surface, otherwise no
sealing of gases and supercritical fluids is possible. In addition, there is a thin galvan-
ically applied gold layer on the surface. This significantly improves the sealing by
plastically compensating for the slightest unevenness.

For the reasons alreadymentioned (seeChap. 3), thewindowunitmust bemounted
without twisting, otherwise the surfaces in the area of the seal may be damaged. For
this purpose, the glass is pressed onto the metal stamp with a hydraulic ram and only
then is the window holder firmly screwed into place. After the hydraulic plunger
has been released, a pre-tensioning force is maintained which guarantees a seal at
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Fig. 4.5 Cross section
drawing of the window unit:
a glass part, b sealing surface

a)

b)

the beginning. This does not have to be very large, as the seal is self-sealing during
operation (Figs. 4.6 and 4.7).

Finally, the assembled viewing cell is shown in a sectional view in Fig. 4.8. Inside
the sighting cell a metallic crucible is visible in which the solid educts can be placed.
A light beam is stylized in red.

Reaction chamber Cross bore, for thermal element

Simulated detail Fig. 4.7

Fig. 4.6 Autoclave core part
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a) 200 MPa, 650 °C  b) 300 MPa, 650°C 

Fig. 4.7 Result of an FEM-Simulation; van Mises equilibrium stress 200 MPa (a) and 300 MPa
(b) and a heating temperature of 650 °C in a detail (a) of the glass window

Fig. 4.8 Autoclave with glass Windows to be used up to 300 MPa and 650 °C simultaneously [1]

4.6 UV-VIS Spectroscopy

With the help of spectroscopic measurements on the autoclave in Fig. 4.8, the general
feasibility of spectroscopic investigations in the ultraviolet (UV) and visible to near-
infrared range is to be demonstrated. In these experiments, a deuterium lamp (Heraeus
Noblelight DO 520) was used, since the emission of conventional halogen lamps in
the UV range is not sufficient. This is positioned directly in front of the viewing
cell. To detect the transmitted light, a glass fiber probe is installed on the opposite
side, which transmits the received light to theUV-Vis spectrometer (Avantes Avaspec
2048-2) for analysis. The determined spectra are constantly updated and displayed
on the screen. The data is stored by manual activation in the software. The stored
spectra were evaluated with the help of signal acquisition software. By comparing
the determined spectra, changes in the system can be evaluated depending on the
process variables pressure and temperature.
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For the investigations the startingmaterials are presented and then heat is supplied
to the system via heating sleeves. In order to keep the experiments comparable, iden-
tical boundary conditions have been selected. Within the scope of these investiga-
tions, an ammonothermal system consisting of ammonia, the mineraliser ammonium
chloride and gallium nitride was investigated. So-called counts are used as units of
measurement for the measurements carried out. This term refers to the number of
photons detected per wavelength after the light passes through the sight cell. The
increase in pressure and temperature is achieved solely by adding heat to the closed
system.

Starting from the ambient temperature, there are hardly any changes in the wave-
length spectrum at the beginning, so that the black curve for 285 °C in Fig. 4.9 can
be regarded as representative of the recorded spectra up to this temperature. At the
same time, these data serve as a basis for comparison with other measurements.
From a temperature of about 300 °C a continuous decrease of the measured light
intensity can be observed. The reduction takes place relatively quickly in the low
wavelength range (UV and blue) and to a greater extent relative to the other ranges.
The behaviour is therefore analogous to that of video-optical investigations. The
assumption that absorption takes place in the low wavelength range is confirmed.
However, the reduction of the light intensity occurs much earlier than optically deter-
mined (observation). The decrease of the intensity of the detected, transmitted light
decreases further with increasing temperature, until at a temperature in the range of
400–410 °C hardly any light is emitted through the sight cell.

Fig. 4.9 Change of spectrum of light intensity (counts vs. wavelength in [nm]) with simultaneous
change of temperature and pressure in the autoclave from 285 °C to 406 °C and 85.8 MPa to
124.2 MPa [1]
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Fig. 4.10 Progression of the solubility of an NH4Cl/GaN mixture in ammonia, solubility of GaN
is shown for three different molar ratios of GaN and NH4Cl: 0.0127 (red square), 0.032 (black
up-pointing triangle), and 0.127 (black square). The exponential fit is made to the latter curve. The
inset shows the Arrhenius plot drawn for the molar ratio of 0.032 [9]

With a further temperature increase, the minimum light transmission is finally
reached at a temperature of approx. 540 °C. This is the minimum temperature at
which the light can pass through the light source.

Figure 4.9 shows, as the first result, clear influences of the parameter change on
the spectrum signal. The measured radiation reduction also shows a similarity to the
solubility behaviour of GaN in a supercritical ammonia solution containing NH4Cl,
as can be seen Fig. 4.10 in the solution course of the NH4Cl/GaNmixtures. From 300
°C the solubility increases there. It can therefore be concluded that an intermediate
formation is responsible, which subsequently changes at higher temperatures and
becomes more permeable at higher wavelengths!

Through further test series, with an additional use of UV/Vis-spectroscopy, the
decomposition of sodium azide and subsequent formation of sodium amide above
300 °C was observed. This showed that at first only the decomposition of the azide
takes place and the formation of amide is either slower or results from a further
increase in temperature. During the decomposition of sodium azide, no increase
in absorption in the long wavelength range was observed in the UV/Vis-spectra.
However, the experiments to detect intermediates of GaN and sodium amide have
not been successful so far. As also shown in preliminary tests of in liquid ammonia,
[Ga(NH2)4]−, with the characteristic peak at 500 cm−1 in the fingerprint range, is
one of the alkali-based species with very low Raman activity. Due to this and the
very lowmass loss of only one weight percent of the precursor crystals, it is probable
that the detection limit has not been reached yet. Further alkali compounds promise
a higher potential, e.g. cesium amide has proven to be a promising candidate. The
cesium amide synthesized was heated under ammonia atmosphere in the optical
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Fig. 4.11 Change of spectrum of light intensity (counts vs. wavelength in nm) with simultaneous
change of temperature and pressure in the autoclave from 406 °C to 590 °C and 124.2 MPa to
149.1 MPa [1]

cell. The imaging procedures have shown the presence of a second insoluble liquid
phase up to approx. 400 °C, which only disappears when temperature rises further
and is accompanied by a subsequent color shift from yellowish to reddish-brown up
to approx. 550 °C. However, the evaluation of the spectra is still under evaluation
(Fig. 4.11).

4.7 Raman Spectrocopy

Pimputkar et al. [5] were able to estimate the influence on the decomposition of
ammonia under ammonothermal conditions using a modelling approach. These
predictions were checked experimentally via Raman spectroscopy, by comparing the
characteristic peaks of NH3 at 3300 cm−1, N2 at 2330 cm−1 and H2 at 4153 cm−1.
Using a system of pump, compressor and storage tanks, mixtures of pure ammonia
and nitrogen with mole fractions between xNH3 = 0.25 to 0.75 were set and analyzed.
To exclude the influence of the fluctuating absolute intensity of the laser power and to
compare measurements at different pressures, the intensity ratio R(NH3) was intro-
duced, in which the area integrals under the respective peaks are related to each other.
The dependencies between intensity ratio and mixture showed that the ammonia-
nitrogen composition can be investigated during ammonothermal synthesis. This
allows further experiments to study the decomposition of ammonia and mixtures of
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Fig. 4.12 Raman spectra of ammonia and ammonothermal mixtures after 100 h at process
conditions of: ultimate temperature: 530–550 °C, ultimate pressure: 110–230 MPa

ammonia and nitrogen at temperatures above 400 °C. Figure 4.12 shows the influence
of ruthenium catalysts, mineralizers (here NaN3) and gallium nitride on ammonia
decomposition after 100 h at ultimate process conditions. The catalytic limitation of
decomposition was discussed, as the signal intensity was increased by the addition
of highly active catalysts. In comparison with [2] this leads to the assumption of a
kinetic limitation of the ammonia decomposition in our setup.

Such information, generated with Raman Spectroscopy and the transparent auto-
clave, is important not only for ammonothermal synthesis, but also for other chemical
processes. Thus, ammonia offers the possibility of acting as an energy storage through
the three bound hydrogen atoms [5], which makes it necessary to expand the known
data on the decomposition kinetics towards higher temperatures.

Figure 4.13 shows Raman spectra of an experiment with pure ammonia, which
is used as an example for ammonia decomposition. For this test, a low density of
only 8.69 mol/l was chosen. Although higher densities are used in ammonothermal
crystal growth, the pressure and thus also the density, as shown in Fig. 4.13, have a
great influence on the equilibrium position of the decomposition reaction of NH3.
The concentration of NH3 is described by:

xNH3 = nNH3

nNH3 + nN2 + nH2

(4.7)

In this example at pressures of about 70.0 MPa and a temperature of 563 °C accord-
ingly to experimental data of [6] and the calculated values of [5] the concentration
at equilibrium should roughly be between 0.3 and 0.4. In order to make the spectra
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Fig. 4.13 Raman spectra of ammonia; filling density ρNH3 = 8.69 mol/l; Tmax = 563 °C; Pmax
= 74.7 MPa; duration 96 h Measuring parameters: PLaser = 2000 mW; integration time 100 ms; 1
measurement; normalized to NH3 signal [10]

more comparable with those of other experiments, the spectra were normalized to
the ammonia signal. Figure 4.13 shows spectra recorded after reaching maximum
temperature of 563 °C. The peaks of ammonia, nitrogen and hydrogen are localized
at the expected wavenumber, but the peaks of hydrogen and nitrogen have a low
signal to noise ratio, due to short integration time. The ratio according (4.1) and (4.2)
are presented in Table 4.3. The first measurement at 563 °C shows a very low N2

signal at 2331 cm−1 and only a very weakly formedH2 peak at 4154 cm−1. After 24 h
the peaks develop stronger, reaching their maximum value after 48 h. The spectra
recorded after 48 h and 72 h are quite similar, indicating that the decomposition will
succumb at this time. This observation of the decomposition of NH3 is also described
by an increase in pressure from 62.2 to 74.7 MPa.

R

(
N2

H2

)
= IN2

IH2

∼ NN2

NH2

(4.8)

whereR is the proportionality of theRaman intensity I to the number ofmoleculesN2.
Furthermore, the intensity ratio R(NH3) according to the mole fraction of ammonia
is described in (4.9):

RNH3 = INH3

IN2 + IH2 + INH3

(4.9)
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These examples show that Raman spectroscopy in combination with the window
technique for ammonothermal crystallization processes offers many possibilities for
new insights.

4.8 Monitoring with X-rays

Another possibility of in situ monitoring is the use of X-rays for the analysis of the
absorption contrast of different materials and the resulting observation of the size
development of crystals. Chapter 10 deals with the measurement results in detail, so
that only the technological requirements are discussed here.

In contrast to the UV-VIS and Raman investigations, thematerial B4N is used here
as a glass substitute due to the good transferability ofX-rays. Thus, volumechanges of
the crystals can be observed very well. Figure 4.14 shows an example of the stepwise
resolution of a GaN crystal. The kinetics determined in this way are important both
for the definition of the resolution kinetics and for crystal growth. The investigations
were performed in the presence of both ammonobasic and ammonoacid mineralizers
(NaN3, NH4F and NH4Cl).

A dissolution process with ammoniumfluoride is shown in Fig. 4.15. Experiments
with different orientation of the crystal in the autoclave were carried out using the

Fig. 4.14 Series of X-rays with an ammonium acidic autoclave content with indication of the
current test time [3]

Fig. 4.15 Differential images of the ammonosaur experiments a L003, b L048 and c L025 to
visualize the anisotropic resolution of the GaN single crystals (according to [2])
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autoclave in Fig. 4.1c with rotatable execution. This shows that a preferred resolution
of one side always occurs, so that a dominant effect of convective mass transport on
the anisotropy of the etching attack seems unlikely [11, 12].

4.9 Ultra Sonic Monitoring

Another monitoring method that has already been tested is the ultrasonic method,
which was used for the first time in this form for [7] and has been proven to work.
The idea is based on the fact that each continuum has its own sound velocity. This is
a function of compressibility and density (4.10).

cfree = δp

δp
(4.10)

where is: cfree = speed of sound in a free environment or in parts, δp = pressure
amplitude, δρ = density amplitude.

But please be careful, (4.10) only applies to the speed of sound, for example in
free water or in building components. The speed of sound in fluids is reduced by the
elasticity of, for example, pipes or other fluid-bearing components. It is therefore
essential that it be measured using simple test equipment. This can be done, for
example, by using a closed pipe filled with the correct pressure and at the correct
temperature. If structure-borne sound sensors are placed on both end faces and one
of the end faces is hit with a small hammer, the transit time of the sound can be
measured with the two structure-borne sound sensors. Since we know the running
length, the speed is then easy to calculate. The same can be done with hardware
components. But then a very high sampling frequency in the range of 100 kHz is
necessary.

If an ultrasonic wave is passing through a component and hits a phase boundary
at the end, at least part of the wave is reflected and the other part flows over the
phase boundary into the following phase. Since we know the speed of sound, we can
determine the length of the component from the travel time of the sound wave to the
phase boundary and back. If the part of the wave that continued to flow is reflected at
another phase boundary, a part of it will flow back and you can see again how thick
the second layer was by the running time, the length and the speed of sound. In the
same way, the signal can be evaluated in relation to the transmitter at the other side.

For the ammonthermal synthesis, the autoclave shown in Fig. 4.16 on the left
was set up (comparable to the autoclave for the ultrasonic viscosity measurement
in Chap. 8). The special feature is that two ceramic components are used here as
transmitter (1) and receiver (2) (Fig. 4.16). The figure on the right shows the unfiltered
and filtered signal. In the filtered signal, the peaks represent the arrival times of the
ultrasound at the sensor.

Figure 4.17a shows the change in the speed of sound as a crystal grows, while
Fig. 4.17b shows that the method works well. The NIST-data are hit perfectly.
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Unfiltered ultrasonic signal

Filtered ultrasonic signal of ammonia

2 1 

Fig. 4.16 Left: Autoclave for monitoring the autoclave contents with ultrasound: 1 sound input, 2
sound output. Right: The unfiltered and filtered ultrasonic signal

Fig. 4.17 Results out of the test with the autoclave in Fig. 4.16: a attenuation of ultrasonic signal:
crystal growth in hydrothermal synthesis can be monitored. b Ultrasonic measurement established
for HP-HT-Applications by use of delay lines based on (NIST data)

In addition, it should be noted that with this method, in a special experiment it
was possible to detect that not only gas was in the autoclave but also a layer of liquid.
No other monitoring method presented in this chapter was able to do this.

4.10 Summary

For a comprehensive understanding of the procedures in an ammonothermal process,
it is essential to look inside the autoclave, respectively to make it “transparent”. Alt
[1] achieved the first step towards this goal already in 2012 by demonstrating that
windows are possible for the critical parameters of the ammonothermal process
and that UV-VIS and Raman spectroscopy are extremely useful for obtaining data.
In addition, the X-ray method and the ultrasound technique were used. Thus, an
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ammonothermal autoclave can now be described as transparent and with themethods
presented here it is possible to obtain high-quality results in a comprehensivemanner.
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Chapter 5
Innovative Techniques for Fast Growth
and Fabrication of High Purity GaN
Single Crystals

Daisuke Tomida, Makoto Saito, Quanxi Bao, Tohru Ishiguro,
and Shigefusa F. Chichibu

Abstract The ammonothermal method involves an upper and lower temperature
difference that is provided in an autoclave by a baffle plate, and GaN, which
is dissolved in supercritical ammonia in the raw material dissolution region and
deposited on a seed crystal in the crystal growth region. Because dissolution
and deposition can be continuously performed in an autoclave, this is a suitable
method for producing large crystals. The growth of bulk GaN single crystals by the
ammonothermalmethod is currently under development and there remainmany inde-
terminate factors. This chapter describes the technological developments to achieve
a high-speed growth and high quality of grown crystals.

5.1 Introduction

In the field of power electronics, the development of high-energy devices with low
energy loss is one of the ways to reduce the total energy consumption. In addition,
high-speed wireless communication systems that transmit large amounts of infor-
mation are expected to support the future information society by advancing network
technology. To realize such a system, a power transistor capable of switching at
high frequency is required. Power electronics using GaN may enable the fabrica-
tion of high frequency, high-power devices over Si based devices. To make such a
device practical for use, a large diameter, high quality and low cost GaN wafer sliced
from a large bulk single crystal is required. The ammonothermal method, which is
a type of solvothermal method, is one of the most promising methods to make GaN
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single crystals. Using the pioneering work reported by Dwiliński et al. [1], research
aimed at the fabrication of large diameter and high quality GaN single crystals is
proceeding. This chapter outlines the ammonothermal method and describes the
present condition of the high quality GaN single crystal growth technology using the
acidic ammonothermal method.

5.2 Ammonothermal Method

The GaN crystal growth apparatus used in the ammonothermal method is shown
in Fig. 5.1 [2]. The ammonothermal method is a method in which an upper and
lower temperature difference is provided in an autoclave via a baffle plate and GaN
dissolved in supercritical ammonia in a raw material dissolution region, is deposited
on a seed crystal in a crystal growth region. Because dissolution and deposition can
be continuously performed in an autoclave, this is a suitable method for producing
large crystals. In a similarmethod, there is a good track record for commercial growth
of quartz crystals by the hydrothermal method, and it is a method expected to mass
produce GaN single crystal. For mass production, the production cost of the GaN

Fig. 5.1 Schematic illustration of the experimental apparatus for growth of GaN crystals [2]
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Table 5.1 Main mineralizers
used in the ammonothermal
method

Acidic mineralizer NH4F, NH4Cl, NH4Br, NH4I

Neutral mineralizer NaI, KI

Basic mineralizer KNH2, NaNH2, LiNH2

single crystal is important, and the crystal growth rate becomes important to lower
the production cost.

For this method, it is necessary for GaN to be dissolved in supercritical ammonia;
however, GaN is hardly dissolvable in supercritical ammonia. Therefore, a mineral-
izer that promotes dissolution is added. Table 5.1 shows themainmineralizers used in
the ammonothermalmethod.Mineralizers include acidicmineralizers such as ammo-
nium chloride, neutral mineralizers such as sodium iodide, and basic mineralizers
such as potassium amide. When dissolving in ammonia, mineralizers that produce
ammonium ions are called acidic, those that produce amide ions are basic, and those
that produce neither ammonium ions nor amide ions are called neutral. Because a
neutral mineralizer has a low solubility promoting effect, the crystal growth can be
roughly classified as using an acidic mineralizer or a basic mineralizer.

The basic ammonothermal method has been reported to produce GaN crystals
having a diameter of 2 in., which exhibit a low dislocation density and little warpage
[3]. However, in the case of the basic ammonothermal method, because a high
pressure (200–500 MPa) is required to fabricate high quality crystals, it is difficult
for scale-up to an autoclave and it is difficult to mass-produce crystals. Addition-
ally, because the solution is basic, an autoclave is corroded so that the transition
metal contained in the base material of the autoclave dissolves into the supercritical
ammonia and becomes mixed into the grown crystal. As for the corrosion resis-
tance of metals under ammonothermal conditions, a detailed investigation has been
performed by Pimputkar et al. [4] In growing a bulk crystal of ZnO, a platinum inner
cylinder is used to prevent contamination of transition metals arising from corrosion
of the autoclave [5]. However, in the basic ammonothermal method, because the
growth solution reacts with platinum, corrosion protection of the autoclave using
platinum cannot be performed. However, in the case of the acidic ammonothermal
method, because the inside of the autoclave can be lined with platinum, contami-
nation of the transition metal into the crystal owing to corrosion of the autoclave
can be prevented. In addition, it is possible to grow crystals under comparatively
moderate growth pressures of 100–150 MPa, which are conditions that are suitable
for industrialization.

The main growth parameters of the ammonothermal method are the growth
temperature, the growth pressure and the mineralizer concentration, but the crystal
growth rate and crystal quality also change depending on the type of mineralizer and
the opening ratio of the baffle plate.
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5.3 Temperature Inside the Autoclave

The growth temperature is one of the important growth parameters. To control the
crystal growth rate, it is necessary to properly control the temperatures in the raw
material dissolution region and in the crystal growth region. However, because the
temperature controlled by the thermocouple contactedwith the outer wall of the auto-
clave is different from the temperature inside the autoclave, and the temperatures of
the upper and lower heaters are different, a natural convection is generated inside the
autoclave, and so it becomes necessary to accurately determine the temperature inside
the autoclave. In addition, because the temperature distribution inside the autoclave
varies with the opening ratio and shape of the baffle plate, it is important to accurately
understand the natural convection and the internal temperature distribution.

Table 5.2 shows the results of the internal temperature measurement using Ni-Cr
superalloy lined with platinum with the inner diameter ϕ of 20 mm [6] when the
lower heater temperature was fixed at 570 °C. The lower area temperature inside
the autoclave was 50–100 °C lower than the set temperature, while the upper area
temperature inside the autoclave was 20–50 °C higher than the set temperature.
Hence, there was a large temperature difference both in the upper area and in the
lower area inside the autoclave compared with the set temperature. Therefore, it is
important to determine the actual temperature inside the autoclave by an internal
temperature measurement or convection simulation.

Mineralizer concentration is also an important growth parameter. When an acidic
mineralizer is used, the solubility linearly increases with an increase of the mineral-
izer concentration. Therefore, the amount of raw material transported from the raw
material dissolution region to the crystal growth region also increases by increasing
the mineralizer concentration. When the raw material conveying speed is too high,
crystals are deposited on the inner walls rather than on the seed crystal, and needle-
like crystals are deposited.When the rawmaterial conveying speed is slow, the crystal
growth rate naturally slows down. The raw material transport speed is influenced not
only by the mineralizer concentration but also by the temperature difference between
the rawmaterial dissolution region and the crystal growing region, aswell as the shape
of the baffle plate. However, because the raw material transport speed is not system-
atized at present, it is not possible to calculate the raw material transport speed from
the growth condition.

Table 5.2 Heater set temperature and actual measurements of the internal temperature

Set temperature of
upper part heater
[°C]

Set temperature of
lower part heater
[°C]

Temperature of
crystal growth
region [°C]

Temperature of raw
material dissolution
region [°C]

Case 1 330 570 350 467

Case 2 400 570 383 485

Case 3 430 570 398 496

Case 4 470 570 421 517
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5.4 High Speed Crystal Growth Technique

As mentioned above, GaN hardly dissolves in supercritical ammonia. Therefore, it
is necessary to add a mineralizer to promote dissolution, but this selection greatly
affects crystal growth. In the acidic ammonothermal method, crystal growth was
initially performed using NH4Cl as a mineralizer. This is because the use of the
NH4Cl mineralizer has the advantage that the GaN dissolves at a relatively low
temperature and the crystals after dissolution and deposition have a hexagonal shape
[7]. However, it the crystal growth rate was remarkably slow, with a rate of 5µm/day
or less [8, 9]. The solubility curve shown in Fig. 5.2 reveals that when NH4Cl was
used as a mineralizer, it dissolved at a relatively low temperature, but the temperature
dependence of the solubility was moderate [10]. However, the slope of the solubility
curve in the case of NH4I as a mineralizer was larger than that obtained with the
NH4Cl mineralizer although almost no GaN was dissolved at 400 °C in the case
of using NH4I as a mineralizer [11]. Therefore, an autoclave that could withstand
high pressures at a higher temperature than before was developed, and by growing
crystals on the high temperature side using NH4I as a mineralizer, a crystal growth
rate of more than 100 µm/day has been achieved [2]. Hence, the crystal growth rate
could be dramatically increased (Fig. 5.3).

When ammonium iodide is used as a mineralizer, because the temperature depen-
dence of the solubility is steep, unless the temperature difference and mineralizer
concentration are properly controlled, needle-like crystals, as shown in Fig. 5.3, can
be deposited on the inner wall of the autoclave. Therefore, it is necessary to carefully
decide on the experimental conditions.

Figure 5.4 shows GaN crystals grown using each of the acidic mineralizers [12].
The dotted line represents the shape of the original hydride vapor phase epitaxy
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Fig. 5.2 Comparison of temperature dependence ofGaN solubility in supercritical ammonia arising
from the difference in halogen species of the acidic mineralizer [10, 11]
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Fig. 5.3 Photomicrograph of GaN crystals grown at 558 °C for 4 days using NH4I mineralizer [2]

Fig. 5.4 GaN crystals grown using each acidic mineralizer [12]

(HVPE) seed. Crystal growth occurred only in the polar direction (c-plane) when
NH4Cl, NH4Br and NH4I were used as the mineralizer. However, when NH4F was
used, the crystal grew in nonpolar directions (a-plane, m-plane) in addition to the
c-plane. For the acidic mineralizers, only NH4F caused growth to the a-plane and
m-plane, but the reason for this has not yet been elucidated.

Figure 5.5 shows the relationship between the growth rate of the GaN crystal and
the pressure for each acidicmineralizer used [12]. A crystal growth rate that exceeded
that obtained with the NH4I mineralizer was obtained when the NH4F mineralizer
was used, and high-speed growth in them-plane as well as the c-plane was achieved.
The pressure is an important factor of the crystal growth rate, and the crystal growth
rate increases with an increase in pressure no matter which mineralizer is used.
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Fig. 5.5 Relationship between GaN crystal growth rate and pressure for each acidic mineralizer
used [12]

Seed crystals are important to fabricate GaN single crystals with no distortion and
low dislocation density. By using crystals resulting from spontaneous nucleation as a
seed crystal, there is a possibility thatGaNsingle crystalswith nodistortion/lowdislo-
cation density can be fabricated. In the acidic ammonothermal method using NH4F
as a mineralizer, high quality spontaneous nucleation crystals have been successfully
obtained, as shown in Fig. 5.6 [13].

Fig. 5.6 Spontaneous nucleationGaNcrystals andXRCmeasurement results obtained by the acidic
ammonothermal method using NH4F as a mineralizer [13]
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5.5 Technique Towards High Purity GaN Crystals

A high purity GaN single crystal substrate is indispensable to realize a high
current/high voltage GaN vertical power device. To fabricate a high purity GaN
crystal, the uptake of Fe, Ni, Cr and other transition metals, and O into the crystals
must be avoided. Here, we will introduce techniques to reduce oxygen uptake into
the crystal.

The main source of oxygen contamination in a crystal is moisture contained at
trace amounts in ammonia used as a solvent and extremely small amounts of mois-
ture contained in hygroscopic ammonium halide. Conventionally, NH4Cl powder has
mainly been used as a mineralizer in the acidic ammonothermal method. However,
powdered NH4Cl is hygroscopic and is considered to be a source of oxygen contam-
ination. Therefore, a mineralizer gas phase synthesis (GPS) method that synthesizes
NH4Cl by reacting HCl and NH3 in an autoclave was developed [14]. Figure 5.7
shows a comparison of the experimental procedures for the conventional method and
the GPS method. In the conventional method, polycrystalline GaN as a raw material,
NH4Cl powder as a mineralizer and HVPE-GaN as seed crystal are charged, and then
the autoclave is sealed. Thereafter, after vacuum degassing at room temperature, the
autoclave is cooled with a methanol/dry ice bath and filled with NH3. However, in
the GPS method, polycrystalline GaN as a raw material and HVPE-GaN as a seed
crystal are charged and the autoclave is sealed. Thereafter, the autoclave is heated
to 200 °C and vacuum degassed. In the case of the conventional method, because
NH4Cl sublimates, vacuum degassing cannot be performed while heating. However,
in the GPS method, because the mineralizer is not introduced at the time of closing
the autoclave, it is possible to perform vacuum degassing while heating. As a result, it
is possible to remove the extremely small amounts of moisture adhering to the inner
wall of the autoclave and the raw material. Thereafter, the autoclave is cooled with
a methanol/dry ice bath, filled with NH3, and HCl gas is introduced. HCl gas reacts
immediately with ammonia in the autoclave to produce NH4Cl, which is dissolved
in ammonia.

Figure 5.8 shows the secondary ion mass spectrometry (SIMS) measurement
results of GaN crystals grown using powdered NH4Cl as the mineralizer and GaN
crystals grown using NH4Cl synthesized by the GPS method as the mineralizer. By
fabrication with the GPS method, a reduction of O in the GaN grown crystal by a
factor of approximately 3 was achieved compared with that observed with the GaN
crystals grown using powdered NH4Cl, so this method was shown to be effective.

As anothermethod, it is conceivable that oxygen in the autoclave could be immobi-
lized by adding ametal withwhich it is easy to form ametal oxide, thereby preventing
the contamination of oxygen into the crystal. Therefore, crystal growth was carried
out by adding Al, Si, Ca and Ti, which form oxides that are more stable than gallium
oxide, as oxygen gettering agents [15]. The appearance of the grown crystal is shown
in Fig. 5.9. Transparent crystals were obtained only when Al was added. Figure 5.10
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Fig. 5.7 Experimental procedures of the ammonothermal method using NH4Cl as a mineralizer.
a Conventional method and b GPS method [14]

shows the photoluminescence (PL) measurement results of crystals grown by adding
Al and crystals grown without adding Al. In the crystal grown without adding Al,
the spectrum was broad, which indicates that the impurity concentration was high.
However, the spectrum of the crystal grown by adding Al had separated peaks, which
suggests that the oxygen concentration in the crystal was low. From these results,
adding Al is effective for fabricating high purity GaN crystals.
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Fig. 5.8 Comparison of oxygen concentrations contained in GaN crystals grown by the conven-
tional method and GPS method [14]

Fig. 5.9 GaN crystals grown at 615 °C using NH4F as a mineralizer. a No metal addition. b Al
addition. c Si addition. d Ca addition and e Ti addition [15]
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Fig. 5.10 PL spectra of GaN
crystals (a) grown by adding
Al and GaN crystals and
(b) grown without adding Al
[15]

5.6 Summary

GaN crystal fabrication using the ammonothermal method is in the developmental
stage. In terms of increasing the growth rate, great progress has been achieved in
recent years. As a future task, it is necessary to further reduce the concentration of
the transitionmetal contained in the grown crystal and the development of techniques
to solve this problem is under way.
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Chapter 6
A New Perspective on Growth of GaN
from the Basic Ammonothermal Regime

Elke Meissner, Dietmar Jockel, Martina Koch, and Rainer Niewa

Abstract Although the crystal growth of GaN under ammonothermal conditions is
being performed for quite some years now, the physical processes going on in the
autoclave are still debated. Insight in the autoclave by in situ techniques is difficult and
numerical simulations are based on physical models where the experimental prove
is eventually vague. This chapter reports a period of experimental work leading to
a new vision of the basic ammonothermal process. We shortly summarize the 3D
thermal- and transport model and a first chemical model. Subsequently, we propose
an alternative picture for the ammonobasic crystal growth of GaN, which not only
leads to consequences with regard to required pressures and temperatures but also
to a potential new growth process. The proposed hypothesis and empirical model
involves the presence of a liquid phase in the autoclave in form of an amidogallate
complex.

6.1 Introduction

Nowadays the importance of semiconductor crystal growth is still unbroken. The
growth of large crystal bodies enables the production of semiconductor wafers for
the fabrication of electronic devices. However, the semiconductor materials are very
different with regard to the crystal growth techniques which could be applied for the
growth of volume crystals. Amongst the new compound semiconductors with wide
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band gaps and in front of the developing markets, it is not much disproportionate to
say, the GaN is the second most important semiconductor after silicon [1, 2].

In ammonothermal crystal growth, evidently the problem is, that many essential
observations which would be needed to explain the ongoing processes cannot be
made in situ due to the pressurized growth system. So the understanding of transport
processes inside the autoclave is very limited and explanations often vague. In this
chapterwedescribe adifferent viewon the existingunderstandingof an ammonobasic
growth regime, based on our own experimental observations during the last years.
Even though some of the conclusions may have speculative aspects, there is enough
experimental evidence for a new vision.

The ammonothermal crystal growth is usually considered a solution growth
process. The GaN shall be solved in the supercritical ammonia at a given thermo-
dynamic pair of temperature and pressure. However, a solution growth process and
the resulting growth rates depend on the amount of material that can be dissolved in
the solvent. The solubility of GaN in pure supercritical ammonia is not very high,
respectively nearly zero. Therefore, the so calledmineralizers are added to the system,
which should help to solve enough GaN through the formation of an intermediate
species. The intermediate can be transported to the place of crystallization at the
location of the seeds where the GaN crystalizes. So the action of the mineralizers is
at least twofold. Many different mineralizers were used in the past years which all act
differently depending on the chemical environment they create. Also the habit and
even the structure of the GaN crystals can change from hexagonal to cubic in relation
to the mineralizer as described in e.g. [3, 4] and references therein. In this chapter
we concentrate on the basic ammonothermal regime. However, some consideration
will also be valid for acidic ammonothermal processes.

Not much is known about the nature of the intermediates. The newest findings are
described in Chap. 13. The mineralizers in the ammonobasic system shall form
a complex which must be transported from the source (the place of dissolution
of the GaN feedstock) to the seeds (place of crystallization) in the autoclave. In
the ammonobasic regime the complex is likely a tetraamidogallate ion. Solid alkali
metal compounds comprising this complex ion were described by some authors [5–
7]. However, a full description of the growth process of GaN inside the autoclave,
including the chemical reactions, is very difficult due to the limited options for direct
observation.

In a former study by the first author’s group, published by Erlekampf et al. [8] and
Seebeck et al. [9] we reported the study of the temperature fields and related convec-
tion patterns, established in the autoclave, in order to facilitate the transportation of
the complex through the system and suggested a first transportation model based on
the formulation of two basic transport channels. The model is simply assuming the
following two general processes (A) and (B):

(A) GaNfeedstock + mineralizer → complex

(B) complex → GaNseed + mineralizer



6 A New Perspective on Growth of GaN from the Basic … 79

In the process (A) theGaN feedstockwill be dissolved by the aid of themineralizer
and the Ga-containing complex is formed, which transports Ga to the seed crystals.
There the crystal growth can happen by the process (B), which is the formation
of GaN from the complex in the presence of the ammonia. In turn, the mineral-
izer is released from the complex and reformed. Through that “backward channel”
the mineralizer must be transported back to the feedstock region in order to start
the process of dissolution again, which means that, a constant transportation action
is required in order to continuously drive the system forward. From the first, this
description is independent on the type of growth environment and the applied orien-
tation of the temperature field. However, the directions of mass and heat transport
will depend on the choice of the mineralizers. The basic idea is to always have the
hotter zone at the bottom of the autoclave in order to profit from convection, due to
natural buoyancy, no matter what the chemical processes inside the autoclave are.
For the ammonobasic regime this results in a geometry where the seeds are placed
at the bottom of the autoclave and the feedstock at the top, which is also described
in the literature from groups working in the ammonobasic regime e.g. [10–13]. As
this configuration emerges from the fact that a retrograde solubility for GaN was
described for the usage of typical ammonbasic mineralizers, like the alkali metal
amides LiNH2, NaNH2 or KNH2 creating the NH2

− ions in the solution, one of the
biggest benefits could be, that unwanted impurities in the grown crystals may have
an opposite transport direction in case of an own regular solubility. Thus, such impu-
rities would be less incorporated into the crystals, as crystallization under retrograde
solubility will not happen at the place of low temperature like in classically crystal
growth, but instead at the higher temperature zone of the growth setup. So the impuri-
ties should be transported away from the surface of the growing crystal. On the other
hand the transport direction of the “backward channel” (B), where the mineralizer
releases from the complex after formation of the GaN and should be transported back
to the feedstock region at the top of the autoclave for solving new material, would be
opposite gravity. This functions trough the up-flow, induced by the implementation
of the thermal field and relative positions of feedstock and seed as described before.
On the other hand the complex must be transported “downwards” with the gravita-
tion vector but against natural buoyancy. So how the transport of chemical species
is really established may be quite complex in the ammonobasic crystal growth of
GaN as also solubilities of many mineralizers are thought to be retrograde. In turn
this means that a compound with a retrograde solubility can be probably transported
back to the zone of dissolution, but solubility would decrease at the same time.

The first considerations that we made for a chemical model, based on the numer-
ical simulations performed by Erlekampf et al. [8] and Seebeck et al. [9], will be
discussed later in this chapter. The chemical model we propose is however prelimi-
nary and describes fundamental principles based on existing observations, but would
of cause benefit frommore data and further studies of crystal growth rates for different
configurations and places in the autoclave related to the temperature, convection,
concentration fields, type of mineralizers and pressure conditions during the growth
process. Wang et al. [14] published an empirical vision about mass transport and
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the ongoing processes in the autoclave but did not perform numerical simulation or
attempt to further quantify.

The knowledge of the nature of the dissolved complex is very important, not only
for the inclusion of the chemical species in the numerical model, but also for the
considerations with regard to the growth kinetic of the crystals. Additionally, not
only the growth rates of crystals would be interesting, but also the observation of
growth instabilities, growth habits or facet morphology which contains information
about the growth kinetic or rate limiting steps. A small number of papers describe
the growth habit of the crystals e.g. for the different mineralizers used in the growth
process [14–20]. The growth rates and shapes of the crystals, are of cause important
and contain information about the growth process. From classical theory of solution
growth the presence of solvents can change the shape of the grown crystals. The
fundamentals of the related PCB (Periodic Bond Chain) theory can be found at
Hartmann and Perdock [21] or its revisits [22, 23]. Many observations stem from
the solution growth of KH2PO4 (KDP) crystals e.g. [24–26] or other e.g. [27] and
references therein, which could be easily observed in situ during the growth process
in the applied environment. The knowledge about the nature of all transported species
in the basic ammonothermal process and the involved intermediate complex would
be essential for the description of surface energies budgets. On the other hand there
are many impurities underway in an ammonothermal autoclave, due to the corrosive
action of the supercritical ammonia together with the mineralizers at high pressure
and temperature. These impurities may additionally change the expected equilibrium
shape or growth rates of the crystal if they are collected on a growing surface,
modify the boundary layer or local supersaturation, which may also result in growth
instability. This cannot be taken into account easily in theoretical considerations. So,
in this sense the final shape of the crystal grown from an ammonothermal process
is hardly predictable and difficult to judge and it is likely not possible to distinguish
between the individual contributions.

Growth rates documented in literature are manifold resulting from different
ammonobasic and acidic processes using various mineralizers, liner materials and
different impurity contents in the process. Usually, growth rates between 20 and
100 µm per day were achieved for the basic ammonothermal process [28]. The
special growth technique for ammonoacid growth, developed by Ehrentraut et al.,
resulted in about 5–100 times higher growth rates than conventionally observed [29],
which may be obvious from the higher solution temperatures and pressures possible
in their system. Due to the ammonoacid condition the dissolution takes place at
higher temperatures and crystallization happens at lower temperatures. Ehrentraut
et al. reported about 30–40 µm/h growth rate which could be routinely established
and is the highest growth velocity reported so far. Interestingly the authors find this
possible for all crystallographic directions. So basically for ammonoacidic technique
an establishment of a stronger driving force for crystallization is present, obviously
due to higher possible supersaturation. The observation of growth rates in general can
be taken as a measure for the limitations of the growth process and growth kinetics
involved.
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Usually the growing crystal in an ammonothermal reactor cannot be directly
observed. Special analytical setups are necessary for operando observations in the
autoclave, like described and elaborated in other chapters of this book. Beside the
in situ measurements, the only way to better understand and describe the growth
process is the observation of shape and growth rates of crystals in relation to the
position in the autoclave for a given growth process and the correlation of such data
with a model understanding of heat and mass transport. Ideally combined with a
chemical model, involving the transportation of the chemical species in the flow
fields, this could give a full picture about the ongoing processes and how to control
them.

This chapter on the one hand reports the results of a research project spanning from
in situ temperature measurements, development of a 2D and 3D model describing
temperature fields and convection transport as well as the development of a first
chemical model, which can be further advanced and adjusted to different process
conditions of ammonothermal growth processes. On the other hand the focus of this
chapter will be the description of an alternative picture of the basic ammonothermal
growth process. This view results from the observations made during the course of
the project and involves a liquid phase of intermediates in the autoclave, which was
not considered before as present compound during the growth run. This may promote
and advance further discussion and understanding of the results from crystal growth
in supercritical ammonia in general and offers new options for the design of a growth
process for GaN.

6.2 Experimental Details

The experiments described in this chapter were performed in autoclaves suitable for
ammonobasic conditions and made out of Inconel alloy 718. Due to the processing
in the ammonobasic regime the inner wall of the autoclave was not coated with a
liner, since corrosion is minimized in ammonobasic milieu. A detailed study on the
corrosion of autoclave material can be found in Chap. 11 of this book. The autoclave
has a range of safe usage from room pressure up to 300 MPa and a temperature
range up to 600 °C under pressure. The experimental conditions of the experiments
performed during this study made use of the full span of possible conditions. The
inner setup differed slightly as a result of the design of individual experiments e.g.
with regard to the relative positioning of feedstock and seeds. The inner setupwas also
fabricated out of Inconel parts. Two versions of an autoclave with upper and lower
flangeorwith only a topflangewere used.Additionally, a flangewithfive feed troughs
for thermocouples (TCs) was available for the in situ temperature measurements
that were performed in order to validate the numerically calculated 2D temperature
distribution in the autoclave. This “temperature-measurement-flange” could be used
with the double flange autoclave. As the filling and pressurization could be still
realized from the top in that case, the TC-flange would be placed as bottom flange.
For the experiments either of the autoclaves was placed in a three zone or two zone
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furnace, which also offered the possibility of an air gap or local cooling in the
middle of the setup for the eventual creation of a thermal knife or implementation
of local steep temperature gradient. The components were chosen to offer maximum
flexibility for the complete setup. The heater cassettes can be opened as half shells
such that the autoclave can be placed inside together with a fitting insulation for the
best possible stability and most accurate control of the temperature fields around the
autoclave body. Figure 6.1 shows as an example the autoclave with the upper and
lower flange in front of the two zone furnace for illustration of the setup and at the
right hand side the temperature measurement flange with mounted thermocouples,
type K with Inconel mantle.

The filling with ammonia was performed by condensation of the cold ammonia
into the autoclave. The filling degree is calculated for T = −33 °C, the amount of
ammonia condensated into the autoclave was measured by weighting and at a later
point by direct monitoring of the filling height by ultrasound measurements through
the outer wall of the autoclave. This type of determination of degree of filling is
considered precise and is described detailed by Baser and Schwieger in Chap. 7 of
this book. The autoclave was loadedwith the feedstock, seeds andmineralizers under
inert gas condition inside a glove box and afterwards attached to the high pressure
system for pump and purge cycles with N2 and subsequent ammonia filling. As seeds
and feedstock material we used trimmed GaN crystal pieces made by hydride vapor
phase epitaxy (HVPE) and broken pieces of bulk GaN crystals. The mineralizer was

Fig. 6.1 Left picture: image of the opened 2-zone furnace setup. The autoclave with the two flanges
is placed on the support-foot in the center during the experiments. The picture shows the support
foot for the temperature measurement flange which would be the bottom flange. Right picture:
image of the temperature measurement flange with the thermocouples (TCs) reaching to the inside
volume of the autoclave after mounting
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weighted and brought into the autoclave in form of a powder compacted inside a
small net-cup. At a later point in the study, the mineralizer was placed underneath
the seeds, for the purpose that will be described later in the chapter. As mineral-
izer we used KNH2, NaNH2 or KN3 in different concentrations. As this refers to
an ammonobasic regime, a retrograde solubility is expected. More details will be
mentioned at the individual experiments described in the results section since the
setup for some experiments changed after the target of the runs. All materials loaded
into the autoclave were weighted. At the end of the processes the autoclave was
cooled down and depressurized. After opening, the interior was washed with water
and alcohol in order to dissolve the residual mineralizer and capture the grown crys-
tals and residual feedstock for determination of weight, size and mass balance. The
total mass balancewill not be further used later on, as the value is quite inaccurate due
to deposition not only on the seeds but also elsewhere in the autoclave. In case any
liquid phase separated from thewater/alcohol mixture (whichwe used for solving the
residuals in the autoclave after opening), it was collected as well, as will be described
later in the chapter. The source material as well as the crystalline material which was
deposited was investigated by different microscopic means. The layer thickness of
the newly grown GaN was measured by microscopy from the cross section of the
seeds. This values were also used to determine the growth rates. The geometry and
weight change were used to determine the amount of etching and deposited material.
The shaped seeds (regular and kinetic seeds) were investigated by microscopy with
respect to the crystal faces that developed.

For the description of the temperature field and the development of a 3D model
of the thermal and convective fields in the autoclave, as well as the development
of a first chemical model of an ammonothermal process, we used combinations of
numerical 2D simulations and 3D simulations in order to reveal non axisymmetric
effects. The details for the numerical simulations can be read elsewhere [8, 9]. The
numerical description of the thermal field and flow pattern were not only utilized for
the understanding of the mass and heat transport but also for the design of the inner
components like the baffle plate and their action with regard to transportation of the
intermediate species from the feedstock to the seed region. Calculations were done
for an autoclave aspect ratio of 1:20, which is very common.

6.3 Results and Discussion

6.3.1 Calculation and Validation of the Temperature Fields

First we studied the temperature distribution in the autoclave as this is essential for
the crystal growth and the design of the furnace-heater-system and insulation. The
temperature fields were calculated by numerical simulation and directly measured
using a special flange with through feds for 3–5 thermocouples, resistive enough
to the corrosive environment. The results of the direct temperature measurements
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validated the numerical calculations and confirmed first of all the correctness of the
2D temperature distribution model. The details were earlier reported [8, 30]. The
calculated 2D temperature field was taken as a boundary condition for the 3D model
to calculate the convection pattern and mass transport. For the calculation of the
transport of species the respective molar weights of involved species were taken to
calculate solutal buoyancy. As species involved in the process we considered the
GaN, a gallium carrying complex as intermediate and the mineralizer. The results
of the calculations were described in detail in our former publications [8, 9]. The
findings showed e.g. that the geometry of the inner autoclave parts is essential for
the steering of the mass flow which is kind of intuitive. However, it also turned out
that the convection pattern is neither independent on time nor axis symmetric and
cannot be described accurate enough with a 2D axis symmetric calculation only,
which does represent the vast majority of the published data [31–34]. In [9] we
showed the action of the shaping and positioning of the baffle plate, placed e.g. in the
center of the autoclave, which can result in a drastic enhancement of mass transport
along the axis of the autoclave. Such action is particularly important in the case of
the ammonobasic regime where the transport can be expected to be low because it is
contrary to natural convention. It could be also shown by the 3D approach that there
are significant fluctuations of the temperature and flow velocity which are highest
close the baffle plate. The dissolution of the feedstock may be mainly governed by
diffusion, so strong fluctuations at the dissolution zone around the GaN source block
are clearly favorable as the mixing and steering of the solution would be enhanced.
On the other hand, inside the crystallization zone, where the crystals should have a
most controlled environment with stable temperature field and transport rates, such
fluctuations would be unfortunate and could dramatically deteriorate the quality of
the growing crystals. This would be especially critical for bigger scale autoclaves in
an industrial environment, when many seed crystals are placed inside an autoclave
at the same time.

For transport of the species we additionally considered the contribution of solutal
buoyancy. Which is not the case in the existing publications on numerical simulation
of ammonothermal process. The results of our calculations were reported in [8,
9]. With the chemical model we formulated it was possible to calculate local time
averaged concentration profile of the involved chemical species, which showed that
the mineralizer can collect at places in the autoclave under certain circumstances
and by that could not contribute to the growth process any more. We moreover
found that the solutal buoyancy makes a significant contribution to mass transport,
in quantity comparable to thermal induced transport. It could be concluded that the
transport of species cannot be described good enough only based on the convection
patterns. The work demonstrated the importance of a suitable transportation model
for the chemical species involved in the growth process. The first chemical model
we suggested, could—in further developed state of cause—allow to calculate true
concentration patterns for a chosen setup and geometry of inner autoclave parts like
e.g. baffle plates. This would be particularly important for larger industrial scale
autoclaves. However, in any case all the numerical models were calculated for the
case of a full supercritical system. No other phases than the solid and later dissolved
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GaN, the crystallized GaN in solid form and the mineralizer with the intermediates
dissolved in the supercritical ammonia were taken into account so far.

6.3.2 Crystal Growth Experiments

In all processes performed it was generally difficult to run the experiments for a long
time as the tightness of the sealings evolved more and more critical with the total
durationof a run.Thiswas alsodue to the fact the experimentswere oftenperformedat
the technical specification limits of the components and quite a number of runs failed
to run until the end. However, some of the growth runs experienced a spontaneous
pressure drop due to the breakage of the rupture disc. Experiments with unexpected
spontaneous pressure drop were of cause unfortunate as not running to plan, but
turned out to be very informative. In all of such respective processes the growth rates
of the material crystallized on the seeds was found to greatly exceed the growth rates
of the experimentswhich run to the end as planned at constant pressure. Thiswas from
the first glance unexpected and counterintuitive, also with regard to the numerical
calculations and the transport possibilities as well as to the existing literature. The
later experimentswere such designed that the explanation of those observations could
be formulated, which lead to a different understanding of the basic ammonothermal
process for the deposition of GaN, compared to the existing literature. This chapter
reports the interpretation of the results achieved during the study and as a result a
corresponding model of growth of GaN from an ammonobasic process involving a
liquid phase. Toour knowledge there is nopublication describing the ammonothermal
crystal growth ofGaN including the action and the formation of a liquid intermediate.
The formation of liquid compounds with ammonobasic mineralizers KNH2, RbNH2

and CsNH2 was described by some authors Zhang et al. [35], Molinie et al. [36],
Wang and Callahan et al. [37].Whether such compound eventually exists in its liquid
form under the experimental conditions of the ammonthermal growth experiments
was so far unknown.

Figure 6.2 shows on the left side the principle setup of the experiments and
on the right hand side a graph of experiments performed. The resulting materials
crystallization is indicated first of all simply as happened (deposit, red symbols in the
figure) or not happened (no deposit, black symbols in the figure). In the experiments,
qualitatively spoken, a deposition of GaN was measured or not at the place of the
seeds at the bottom of the autoclave. Deposition or not was identified as a positive
or negative weight change or by a visual and microscopic inspection. The plotted
temperature data refers to the temperature at the bottom of the autoclave as measured
by thermocouples at that place. The pressure is given as the maximum pressure that
was achieved or maintained during an experiment. Three experiments are special
marked with a blue rim. The three marked red squares with the blue rim represent
growth runs that had a remarkable deposition, although the experiment experienced
a sudden drastic pressure drop during the run time and then proceeded regular for
the rest of the process time at a lower pressure. We would have expected that those
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Fig. 6.2 Schematic drawing of the experimental setup (left) and experimental results in terms of
positive (red symbols) or no deposition (black symbols) of GaN on the seeds. Three experiments
are marked where deposition took place although the experiment experienced a fast pressure drop
(red symbols with blue rim). Dashed lines represent the boundary conditions were growth on the
seed was possible

experiments would lead to no deposition, which was not the case. On the other hand,
these experiments turned out to be important for the total interpretation of results.

Of cause in this diagram, we ignore for the moment the solubility, the quantitative
amount of mineralizer (KNH2 in this cases) other than simply the fact “enough
mineralizer”, and an existing temperature gradient between the source zone and the
place of crystal growth. However, involving these parameters may result in the same
factum, whereby the influence of the pressure as a parameter in the crystallization
of GaN on a seed is so far unclear. From that diagram, a GaN deposition could be
achieved for the following boundary criteria:

∼ 2250 bar < p ∼ 2730 bar

and

∼ 530 ◦C < T ∼ 575 ◦C

The interesting results appear, if the data is analyzed for any individual experiment
and simple fundamental assumptions. From this point of view, a crystallization can
only happen if a supersaturation exists such that the system is slightly pushed out
of equilibrium and simply more deposition than dissolution happens. So, a most
simple postulate would be that at those experiments where a deposition of GaN
was found, a high enough supersaturation was achieved on the surface of the seeds.
From theoretical consideration one would expect that the dissolution of the GaN
from the feedstock and the transport of the Ga-containing complex to the place of
crystallization should be first of all a function of temperature and transportation in the
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autoclave. For the ammonobasic case one would expect that the dissolution of GaN
and formation of transported intermediate is higher at lower temperatures as a result
from the retrograde solubility with potassium amide mineralizer. Supersaturation
could occur if enough GaN was dissolved at the source zone and mass transport
in the autoclave towards the seed region was high enough. These conditions were
obviously fulfilled for the boundary criteria given above.

After the first chemical model we proposed, a supersaturation can be created if the
complex was formed at the source zone and the transported intermediate species in
the autoclave has a high enough concentration at the growth zone. Then, if the GaN
crystalizes the mineralizer will be released, transported back and dissolves again
the source material. So, as a consequence the area in Fig. 6.2 where the GaN could
be crystallized, can be considered as kind of a stability field of the existing inter-
mediate phase for the respective experimental conditions. Without the intermediate
phase above a critical concentration no crystallization would happen. The only black
point falling into that field represents an experiment that was accidentally stopped,
shortly after the autoclave reached the experimental conditions. As a result there was
either not enough time for the formation or the transportation of the complex and in
consequence the concentration of the intermediate at the surface of the seed was not
high enough, to create a supersaturation and finally no deposition of GaN took place.
Otherwise, for a longer run time (as originally anticipated) the formation of GaN on
the seed would have to be expected. Thus, we consider that particular experiment as
belonging to the set of “red” points.

One can conclude that the intermediate phase would not exist much above a
threshold pressure of roughly 2730 bar and not below 2250 bar, respectively, not
much below a temperature of approximately 530 °C and no more above 575 °C;
or at least not in the form that was effective for the crystallization of the GaN with
KNH2 mineralizer in the given set of experiments. Figure 6.3 shows the collected data
togetherwith a line through the red data points at or belowwhich the crystallization of
GaN should be expected. The line is meant as eye guide and does so far not represent
a fit of a physical model to the data points. However, it indicates a nonlinear relation
between the pressure and temperature condition for the formation of the complex.

There is some scatter of the experimental data laying close around that line. Due
to the complexity of the experimental situation, we did not calculate numerical error
bars, but visualize the uncertainty region by the gray shaded area. As below that line,
GaN crystallization can be expected until the lower threshold values are reached, we
consider it as the boundary curve for the stability field of the intermediate complex.
Of cause, a much larger number of experiments would be necessary, in order to
truly verify an equilibrium curve for the stability field of the particular intermediate
involved in the case of the applied KNH2 mineralizer.

Now, the experiments with the blue-rimmed red symbols will be discussed (#1–#3
in Fig. 6.3). As in that growth runs the deposition of GaN on the seeds was observed,
we count them to lay inside the existence field of the intermediate, at some point in
time during the course of growth run, although, they came to lay outside the grey
shaded area, with respect to the experimental conditions. Obviously, it happened
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Fig. 6.3 Estimated boundary line for the stability region of the intermediate complex involved
in the experiments. Below Tmin and Pmin and above Tmax and Pmax a deposition of GaN is not
expected. The line is an eye guide and does not represent a physical model. The gray area visualizes
the scatter interval

to have enough supersaturation around the seed to create a GaN deposition, espe-
cially for #1 which was initially far above the boundary curve, close to Tmax. These
experiments are marked and have to be discussed differently as they experienced
a sudden pressure drop shortly after the start of the run time. However, a remark-
able deposition of a thick layer of GaN was found on the surface of the seeds. The
growth of that material could not be the same “regular” growth as in the experiments
marked with the red squares in Figs. 6.2 and 6.3. It could as well not have occurred
due to supersaturation based on the temperature and transport gradient established
between the source and the growth zone, nor could it have occurred directly from
the supercritical phase, as this was released from the autoclave due to the pressure
drop after sudden leakage. A fast growth directly from the supercritical phase as a
result of a solubility limit excess would have resulted likely in a kind of mass crys-
tallization of many polycrystals, which was not observed. Instead the GaN deposit
occurred in form of a thick epitaxial layer on the seeds. The growth happening in
this experiment can be understood, if the pressure drop would cause the intermediate
complex to dissociate, fall under the stability limit in terms of pressure and release
the gallium. This means in a consequence, that the complex transporting the Ga may
dissociate with temperature rise, but is stabilized by the pressure. In this case the
temperature was nearly constant and dropped only minor (measured by the bottom
thermocouple) and could not likely cause the dissociation of the complex. Instead,
because the pressure was decreasing rapidly due to the unplanned pressure loss, the
complex could decompose, which caused the growth of a crystalline GaN layer. If
a lower total pressure or a huge pressure gradient would be taken into account the
respective data point may fall into the grey area. The #2 and #3 experiments are below
the boundary curve but inside the temperature window where we usually observe a
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GaN growth on the seeds. Although they experienced an accidental pressure loss,
which would cause additional dissociation of the complex, the GaN deposition was
expected. So the pressure drop brought them out of the planned p, T condition and
the stability field of the complex, but the fast pressure drop decomposed the complex
additionally and growth rate was higher than usual. Both of the points #2 and #3
would rather move to lower temperatures if the pressure release would cause a slight
temperature drop and by that may fall as well into the grey zone or get closer to it.

As a conclusion it can be stated, that the growth of GaN in the ammonobasic
regime with KNH2 mineralizer occurs if the system is hold between pmax and pmin

and Tmax and Tmin. According to the chemical model, suggested before, the trans-
ported complex must be dissociated in order to release the Ga for the formation of
GaN. This can be achieved by either p = const. and T �= const. within the given
p and T boundaries (red points in the diagram) or for p �= const. and T = const.
(the pressure drop experiment). This implies that the intermediate compound in the
potassium containing ammonobasic regime is stable within that p and T bound-
aries. The corresponding intermediate is thought to be a tetraamidogallate ion or
condensation products thereof [38]. As below pmin

∼= 2250 bar and Tmin
∼= 530 °C

no growth occurred, the complex could obviously not be formed, whereas above
pmax

∼= 2730 bar it may no more exist. Alternatively, the complex exists but is stabi-
lized by the pressure and cannot be dissociated enough to release the gallium. The
temperatures beyond Tmax

∼= 575 °C may lead to a thermal decomposition of the
complex irrespective of the pressure, as the curve sketched above implies a “flat-
tening” rather than a continuous rise, which would be in accordance to fundamental
thermodynamics as the Gibbs free energy depends on T and p differently.

The following diagrams showhowmuch of theGaN sourcematerialwas dissolved
as a function of temperature or pressure for the application of KNH2 as a mineral-
izer. From this plots there is no clear correlation with either of the parameters p
or T. However, it looks more like a peak function, which was put to the graph for
illustration; it does not represent the fit of a physical model. If it can be assumed that
the formation of the gallate is a prerequisite for the mass dissolution of GaN at the
source zone, this should more or less correspond to the stability field of the complex
as describe before. The difference to the curves discussed above is that Fig. 6.4
shows the situation at the source zone, whereas Figs. 6.2 and 6.3 are monitoring
the situation at the seed position. In terms of pressure dependence the threshold of
slightly above 2000 bar is also visible which corresponds to the described stability
field of the complex discussed above. With view to temperature the picture is a
little different as the lowest temperature at the crystallization zone where growth on
the seed was observed was approximately 530 °C and with higher temperature the
growth increased, which indicates a retrograde temperature behavior of solubility of
the Ga carrying species in the supercritical NH3 between 530 °C and Tmax. This is
not unexpected as described before in the literature. The mass dissolution of GaN
measured at the source zone is highest around 400 °C.

The combined action of pressure and temperature on the dissolution of the GaN
feedstock is depicted in Fig. 6.5. The role of the pressure value is not completely clear.
A certain pressure above 2000 bar is obviously necessary to enable the formation or
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Fig. 6.4 Mass dissolution GaN at the source zone as a function of temperature at the source and
pressure. The dashed lines are meant as eye guide and do not represent the fit line of a physical
model
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Fig. 6.5 Mass dissolution of the GaN feedstock at the place of the source in the upper part of the
autoclave as a function of P and T. The plot contains all data observed, the initial concentration of
mineralizer in neglected for the moment

stabilization of the complex, which dissolves the feedstockmaterial, but the optimum
condition may be a narrow space in p and T.

Figure 6.6 makes this minimum pressure threshold obvious. The graph shows
the maximum measured thickness of the GaN layer which crystallized on the seed
surface, plotted against the time that the system was held above 2000 bar. There is
clearly a continuous increase of the deposited layer thickness with the run time above
2000 bar, which means that a stable transport and supersaturation was established
and continuous growth could occur.
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Fig. 6.6 Deposited layer thickness in relation to the process time above 2000 bar

The thickest deposited layer usually occurs on the c-face of the seed, which hangs
on a wire in the crystallization zone at the bottom of the autoclave. Of cause there
is also deposition and development of crystal facets at other sides of the seed, but
the amount is small compared to the c-face growth and hard to measure correctly, so
it was neglected for the graph. In turn the question remains if all the GaN material
which was dissolved at the source zone could be transported to the bottom of the
autoclave and crystallized. For this contemplation we use again the data from the
growth runs with a significant run time above 2000 bar and correlate the amount
of grown material with the mass dissolution of GaN at the source. This includes
some error as the deposition is taken as a one dimensional value and the dissolution
involves the whole surface area. However, as the dissolution can be seen as the
inverse growth the same argument is valid as said before. The dissolution on the
side faces will be small compared to that on the c-face. The following graph depicts
the relation between the mass dissolution at the source and the deposited material
on the seed (Fig. 6.7).The relation can be taken linear for the first, which proves
that at least the majority of the material dissolved at the source is transported to
the crystallization zone. The fact that there is not a perfect correlation with a slope
of one may result from the assumptions and inaccuracies involved in this view,
including the possibility that material was deposited elsewhere in the autoclave and
the fact that a solution must saturate before deposition can start. Obviously, there is
anyway quite a larger number of points where a significant dissolution of material
was observed but no deposition of GaN on the seeds was found. This could be even
a negative value of deposition, which means that the seed was rather dissolved. The
kinetic of the formation of the teraamidogallate complex is not much known under
this conditions and the potassium complex is not well described in literature. Niewa
et al. report the formation of complexes with Cs and other anions at much lower
temperatures e. g. 350 °C [38]. Pure K[Ga(NH2)4] as a hypothetical intermediate
should be a solid compound or a liquid which is unknown with this composition so
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Fig. 6.7 Relation between the depositedGaNon the seed surface and the amount ofmass dissolution
of the GaN feedstock

far. However, the [Ga(NH2)4]− ion should be present in dilute form even at lower
temperatures as was derived from solution NMR experiments [38]. This ion can be
transported as an intermediate and dissolve the feedstock. The solution at the bottom
of the autoclave may initially not be saturated and no deposition would take place. A
saturation or supersaturating could be created if a more condensed species would be
formed, whichmay happen through the action of the pressure and could explains why
a minimum overpressure of at least 2000 bar would be required to create deposition
at all. On the other hand the action of the pressure is not completely clear here, as
from an equilibrium point of view, the pressure might not be necessary to condensate
the isolated species if the concentrations are just high enough. Moreover, any solid
intermediate could be eventually molten at the experimental temperatures involved.
This could mean that the respective potassium-complex is formed by prominently
dissolving feedstock and seeds because a supersaturation situation at the seeds cannot
be created. This would be the case if either transport of that complex could not be
established or concentration was even all over the autoclave. If, on the other hand
a melt or liquid phase of the intermediate compound is formed as the temperature
rises, it would likely take up different amounts of ammonia in relation to a given p
and T condition. It can be imagined that a condensation reaction and formation of an
imide compound takes place, involving various amounts of ammonia, gallium and
amide ions, which would explain the involvement of an activation volume for the
condensation reaction and would require a pressure activation of that process (pmin):

2
[
Ga(NH2)4

]− → [(NH2)3Ga(NH)Ga(NH2)3
]2− + NH3

What is really going on in the closed autoclavewill still remain to be debated at the
point in time, as the pressure dependence of the formation and the kinetic of the forma-
tion reaction of the potassium tetraamidogallate complex and related compounds is
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unknown andwas not investigated so far.Moreover, the findings described abovemay
imply at least a two stage process which was not preconceived up to now. Otherwise
this could explain why in some experiments the dissolved amount of GaN feedstock
can be high even though no deposition took place.

The mass dissolution of GaN observed at the source zone could be interpreted
as the dissolution of GaN taking place as a result of the formation reaction of the
complex. Thus, the amount of dissolved feedstock or the dissolution rate would
be mirroring the formation kinetic of the complex respectively a reaction rate of
the KNH2 and NH3 with GaN to form the complex. This depends strongly on the
total concentration of the mineralizer added to the system and probably whether it’s
added in form of the amide or azide. The later would, from the view of a crystal
grower, mainly influence the distribution of mineralizer in the autoclave. The place
and the way it is supplied to the autoclave plays a role. From experiments with
sodium as a mineralizer we suspected that in case of the amide as the form of the
mineralizer it was difficult to obtain a good enough dissolution of the feedstock. So
the experiments with the amide were unsuccessful to a large extend. It can however
not be ruled out that the amount of mineralizer was eventually too small. So far it was
not possible to perform repeatable and reliable enough experiments to clarify such
dependencies as the distribution of the mineralizer inside the autoclave is hard to
be controlled systematically. The important difference is, that the azide compared to
the amide will decompose spontaneously associated with a very short pressure peak
event. This “explosion event” likely distributes the mineralizer everywhere in the
autoclave including the zone of crystal growth where the seeds are located. In turn,
this means that the complex can form readily everywhere in the autoclave where the
Ga is available and thus dissolves the GaN at any place whether feedstock or seeds.
A steady growth condition with a stable established heat and mass transport due to
convection and solutal buoyancy can start only after that.

6.3.3 Presence of a Liquid Phase in Ammonobasic Crystal
Growth of GaN

The out sticking difference of the experiments #2 and #3 in the above diagram 6.3
is the fact that the amount of GaN crystallized on the lowest positioned seed at the
bottom of the autoclave was the highest compared to any other experiment.

In case of the KN3 mineralizer experiments, three seeds were placed in the bottom
zone of the autoclave during the growth runs. Below there is only the mineralizer
as a powder. When the experiment is heated up under pressure, a sudden pressure
peak occurred, which we attribute to the spontaneous decomposition of the KN3,
whereby we suspect that the mineralizer does not remain at its original position but
distributes widely in the autoclave, for a while at least. After the system reaches
above the minimum pressure and temperature threshold values the formation of the
complex starts everywhere in the autoclave and the GaN at the source zone will
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be dissolved and transported to the growth zone, as described by the numerical
models developed during the study. However, we expected that the growth of the
GaN occurs differently on the 3 seeds as they are placed along the vertical axis of
the autoclave which is the direction of the temperature gradient. The temperature
gradient established between the source and the growth zone was about 3 K/cm,
which would mean that the maximal temperature difference between the uppermost
and lowest seed position would be roughly 10 K. From the findings described before
in this chapter we now would conclude that this is very likely too small to see a
difference between the growth on the three seeds. Anyway, the uppermost seed and
the lowest could develop different due to the convection field and the related transport
of the complex. The mixing at the lowest possible seed position could be expected
to be most difficult and the lowest seed will have the lowest deposition rate of GaN.
In fact to the majority we found a more or less comparable amount of GaN which
was grown on all three seeds positioned in the autoclave. However, we found a big
difference in the amount of deposited material in the case of the experiments with
the accidental pressure drop. There the lowest seed had a twice as high deposited
layer of GaN compared to the upper seeds, which was unexpected.

When we opened the autoclave and deglazed the residuals with water and alcohol
we found a second oily liquid phase at the bottom of the glass which we used for
collecting the residuals. Figure 6.8 shows a picture of the liquid captured after the
opening of the autoclave.

The chemical analysis showed that a high concentration of Ga is contained in that
brownish to light yellow liquid phase after reaction with the water/alcohol mixture.
Liquid complexes with K, Rb and Cs were earlier described in absence of water as
amido-imidogallates [37, 38]. To the best of our knowledge in noneof the publications
concerning the basic ammonothermal growth there was ever a description about
the existence of a liquid phase as a possible liquid amidogallate complex and its
involvement or possible role in the crystal growth process. However, this could help
to explain the much higher growth rates for the lower placed seed, if one imagines

Fig. 6.8 Example of the “oily” liquid phase captured after the opening of the autoclave andwashing
with water and alcohol. The brownish liquid contains a high concentration of Ga
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it was emerged in a Ga containing liquid during the process. In the case of a sharp
pressure gradient due to depressurization, either intentionally or unintentionally (as a
result of leakage), this liquid could decompose and release the Ga and forms GaN on
the surface of the seeds with a high growth rate, as supersatuaration can be expected
to be very high in such situation. From the observations described before, it seems
that the pressure is essential to stabilize the complex at higher temperatures. If a seed
is immersed in the liquid phase, which forms after the heat up and pressure rise of the
system to the wanted experimental conditions, a pressure gradient or pressure release
will cause a fast thermal decomposition of the complex. So if a controlled thermal
decomposition would be established the GaN would grow from a liquid/solution
rather than from the supercritical condition, by classically reducing the solvent.

This conclusion in fact opens a wide range of options which could be tried out.
One of which would be the growth from such a gallate-complex liquid without the
necessity of technically harsh ammonothermal conditions. Moreover, this finding
probably is also helpful to explain why the growth rates reported in literature are
widely varying. The liquid phase may have been present or not or as small portion
only, depending e.g. on the absolute amount of mineralizer or the positioning of the
seed, but was anyway never taken into account. The picture of the chemical model
and the species transport will also change accordingly. However the presence of
the liquid during the process is suspected to depend also on parameters like e.g.
the concentration of the mineralizer, the positioning, the pressure and temperature
conditions as described before in this chapter. It would be important to clarify the
existence field of potential liquid complexes experimentally and explicitly generate
them in the crystal growth experiments. Based on our findings and as a hypothesis
we propose exemplarily a new model of the ammonobasic crystal growth process,
which will be described in the next paragraph.

6.3.4 Two Models of Ammonobasic Crystal Growth of GaN
Involving a Liquid Phase

The following considerations made from a theoretical point of view, may show
that the existence of a Ga-containing liquid could modify the process design and
process flow of the crystal growth process fundamentally. We could envision at least
two different scenarios involving the above described findings and the usage of the
mineralizer either in the form of (A) the amide or (B) the azide.

In either case the GaN source material, together with the mineralizer, would form
the amidogallate complex, which is necessary in order to carry the Ga. The basic
difference would be that the azide will decompose spontaneously during the heating
up of the autoclave, whereas the amide will either solve in the ammonia or melt
and form a liquid, which localizes itself at the bottom of the autoclave if no counter
measure is taken.
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If one imagines an amide melt as a molten bath at the bottom of the autoclave
the following processes can be considered: the amide dissolves in the supercritical
ammonia until the solubility limit is reached. The same applies for the ammonia
which can solve in the amide liquid. The formation of the amidogallate complex is
possible where the amide anions will get into contact with the gallium. So, if the
mineralizer is in form of a melt at the bottom of the set-up and the GaN source
is at the top in the colder temperature zone, the amide has to reach to the top and
solve the Ga from the GaN source material. However, the amount of amide created
and transported to the top zone can be limited by the interface reaction between the
melt and the ammonia and if the solubility limit is reached nothing will dissolve
anymore. The transported amide will solve the GaN from the source and form the
amidogallate complex. As the complex (as a species) is heavy compared to the other
species around and in conjunction with the natural convection, the result will be the
transportation and mixing of the system and the amidogallate complex can reach the
GaN seeds placed at the bottom of the set-up. It is hard to imagine that the solution
can be strongly supersaturated with this case and growth rates will be low. At the
same time, if the amount of melt at the bottom of the autoclave is large enough,
the seeds could have been accidentally immersed in the liquid. This would result
first in rather a dissolution of the seeds exposed to the melt, unless the amide melt
is saturated with Ga, or the complex had formed at the interface to the ammonia.
However, not much more GaN will grow as was dissolved before. Further growth by
additional complex transported from the top part will likely be diffusion limited and
limited by the interface kinetic at the melt-ammonia interface. This was visible from
some of our experiments where we would have expected the growth of GaN with
respect to the p and T conditions, but in fact found a negative growth rate. Moreover,
the dissolution of GaN seeds at the bottom was much higher than the amount of GaN
dissolved from the source GaN blocks. This could be explained with the existence
of a melt and the processes described above. If taken into account that the amide is
thought to have retrograde solubility in ammonia this scenario could be even worse.
The same would apply if the amount of mineralizer would be too small, such that a
melt residue cannot be formed. Proper supersaturation can then hardly be expected.

If one discusses the rate limiting steps, the concentration of the complex could be
determined by the kinetic of the formation reaction of the complex at the surface of
the amide melt or the decomposition pressure of the amide under temperature and
pressure, which is unknown to our knowledge. In a case where the mineralizer would
not be applied in excess, such that an amide liquid can be imagined, the picture of low
growth rates remains the same. This would even not change much, if the mineralizer
would be put in the top part around theGaN source at the beginning instead of beneath
the seeds. If the amide melt would be stable under the applied pressure it could drop
down from the source basket to form the melt bath or if put in a closed container
the melt would stay there and the same surface reactions would be rate limiting,
adding the step that the complex would have to diffuse out of the container. In this
way the picture probably does more represent the actual vision of the ammonbasic
process including the reported growth rates, which are typically low. To the above
considerations one could expect that a huge amount of back etching from the seed
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surface should be involved in the case (A). This is in principle to the majority of
aspects positive, but must be compensated before a positive growth rate is achieved,
which is unpleasant in front of low growth rates. Unfortunately, back etching was
not studied fundamentally for the ammonothermal crystal growth and no systematic
publications exist. In fact, this also adds uncertainties to observed growth rates. It
is hard to discuss this detailed to its full extend, as the data in the literature is very
diverse, the governing parameters are many and the materials data like solubility
of different amides in NH3 under pressure and temperature is not known. In the
following Fig. 6.9 we sketched the proposed case (A) with the usage of e.g. K-amide
as mineralizer, placed at the bottom of the autoclave. The amount of amide in powder
form is not pictured in true scale to the amount of liquid expected, this was chosen
for better visualization. It is more likely, that the amount of powder would be more
than the height of the meniscus of the corresponding melt. The Ga entering the amide
liquid is drawn as a halo around the seed crystal pictogram, indicating the existence
of a concentration gradient of Ga. In fact such a gradient around a dissolving GaN
crystal was observed in an in situ x-ray imaging experiment by Schimmel et al. [39]
(and see also Chap. 10 of this book) and would contribute another little confirmation
of the here proposed semi empirical model. In the figure the amidogallate complex
is given as [Ga(NH2)4]−.

In contrast to the case (A) the usage of the azide, case (B), will lead early in the
process to an explosive decomposition of the mineralizer with fast distribution all
over the volume of the reaction vessel. The amide ions will be formed everywhere

Fig. 6.9 Schematic drawing of the case (A) where the mineralizer is put at the bottom of the
autoclave in form of an amide powder. In the second step the amide forms a melt situated at the
bottom of the autoclave which can surround the seeds. The situation of a seed possibly placed above
the melt surface is not drawn here. Other details are given in the text
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in the autoclave and find access to the GaN source immediately. At that point in
the process no liquid phase is involved so far, but the amidogallate complex can
form readily. The formation reaction would be limited by the available interface
area to a Ga containing source compound, which is the surface of the GaN source
blocks. If the process condition with respect to p and T are such that the experiment
falls into the stability field of the complex, which may exist in form of a liquid as
discussed before, that can segregate to the bottom of the autoclave and could or could
not immerse the seeds. The fundamental difference would be, that in the case (A)
the liquid phase would be an amide and in case (B) the liquid phase would be the
amidogallate complex. The amidogallate is now already saturated with Ga such that
the GaN seed crystals see no driving force to dissolve. Consequently, back etching
should not be a big issue here. As the bottom is the hotter zone, the complex can
thermally dissociate and release theGa. As theGaN seed surfaces offers the energetic
sink, a GaN layer will grow with probably no or only few back etching that could
have appeared in case (A) before. The free amide ions can be transported back to
the source and bring about additional Ga and the complex compound forms again.
The latter case can probably exhibit higher growth rates compared to case (A) if
performed under optimized conditions or in a different way as will be discussed
later. The case (B) is sketched in the following Fig. 6.10.

Fig. 6.10 Schematic drawing of the case (B) where the mineralizer is put at the bottom of the
autoclave in formof an azide powder.After explosive azide decomposition the amidogallate complex
will form readily everywhere in the volume. In the second step a melt formed by the amidogallate
may exist at the bottom of the autoclave which could also surround the seeds. This melt is already
saturated with Ga and GaN can grow onto the surface of the seeds easily. The condition of a seed
possibly placed above the melt surface is not drawn here. Other details are given in the text
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Table 6.1 Summary of the major differences and consequences between case (A) and case (B) or
the application of an amide or azide mineralizer respectively

Case A Case B

Mineralizer-type Amide Azide

Limiting step for the
formation of the complex

Solubility of amide
mineralizer in supercritical
ammonia

Surface area of the GaN source
blocks

Solution kinetic via the melt
surface

Kinetic of the formation reaction

Formation reaction at the
surface of the melt

Thermal decomposition of the
complex melt

Expected growth rate Low High

Expected supersaturation Low High

Expected backetching High Low

Dissolution rate at source Low High

Also in the case (B) themineralizer could be aswell placed around theGaN source
blocks, which may change the amount of GaN readily solved. However, it would not
change the principal picture discussed with case (B).

In the following Table 6.1 the major differences between the two cases are
compiled, showing what consequences would be expectable due to the choice of
an alkali amide or azide as a mineralizer.

6.3.5 New Perspective for the Growth of GaN
from Amidogallate Liquids

In fact considering all the findings discussed here, the consequence for the crystal
growth may be various and potentially groundbreaking, including a complete novel
perspective for the design of the ammonothermal growth in a basic regime. Even
though the picture drawn here contains speculative aspects, which need of cause
additional prove, there is enough experimental basis also in conjunction with parallel
findings from the other researchers reporting their studies in this book, to make
this a valid hypotheses. The most jolting finding is unambiguously the existence of
an amidogallate complex in a liquid form during the growth process, which offers
a different perspective and options. It promotes a suggestion for a complete new
growth process based on the thermal decomposition of the liquid amidogallate. The
fundament is, that this liquid is already saturated with nitrogen and gallium ions
with respect to the wanted compound (GaN) that should be crystallized. Hertrampf
et al. [38] discussed the condensation reaction of the dissolved intermediates towards
GaN and the action of access ammonia which obviously stabilizes the complex
intermediate ions. This condensation would function even at temperatures as low as
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room temperature. This implies also, that the assumption made in the model of case
(B) as discussed above, that the GaN had crystallized from the amide complex liquid
is very valid. Principally, the alkali metal amidogallate complexes, at least K-, Rb-,
and Cs-amidogallates, could be synthesized individually as a liquids or amorphous
solids. All show a significant vapour pressure and release ammonia if not kept sealed
or under respective gas atmosphere, which means that the compounds can be stable
in form of a liquid if kept under overpressure. As the vapour pressure likely increases
if the compound is heated, the necessary required overpressure may rise to higher
values. In turn this implies that the amidogallate complex could exist in liquid form
under a high pressure like applied in the ammonothermal crystal growth regime and
suggested by our before described experiments.

In consequence this would offer the opportunity to directly load the complex as
solid or liquid into the autoclave and place the GaN seeds directly inside the liquid.
The reaction vessel should then be filled with liquid ammonia to some excess. The
liquid canbe considered as a presaturated solvent.As for the crystallization the system
has to be heated, the vessel will become pressurized. The fundamental principle of
crystallizing the GaN out of the liquid, due to subsequent decomposition or reduction
of the solvent would be a very classical way of crystal growth. The technique of flux
evaporation has various advantage including the possibility of isothermal growth,
provided the fact that the vapor pressure of the flux is high enough,which is indeed the
case. Usually the evaporation is established by thermal decomposition of the solvent.
Under the given circumstances with the amidogallate complexes, the decomposition
of the flux could also be established by controlled lowering of the system pressure
at constant temperature.

From the experimental observations made in our study we can conclude that
lowering the pressure at constant temperature would effectively decompose the
complex and release the GaN. However, controlling crystal growth by slow depres-
surization is quite difficult. So as an alternative the thermal decomposition at constant
pressure can be taken as another option. Temperature control can be established quite
easily and is uncritical even up to higher temperatures if the total applied pressure is
low or medium high. This means by direct usage of the amide complex-liquid under
excess ammonia and subsequent slow thermal decomposition, a GaN crystal growth
could be established. The striking advantage could be, that such a process may need
an overpressure and some temperature but by no means such harsh conditions, like
the actual used ammonothermal temperature and pressure values. In turn for such a
process one would not have to deal with retrograde solubility and would be undoubt-
edly easier to control and observe. Prerequisite would be to finally study the stability
field of amidogallat complexes and related melts in a p, T diagram in more detail.

Figure 6.11 shows the picture of a crystal grown on a rounded seed at the very
bottom of the autoclave likely surrounded by the K-amidogallate liquid. The seed
was a piece of GaN grinded round as a cylinder and no crystal direction was offered
prominently for further growth. We called this the “kinetic seeds” This is a classical
experiment. The crystal can develop freely the respective equilibrium shape for the
given condition.
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Fig. 6.11 Picture of the growth on the surface of a so called “kinetic seed” which was a piece of
round grinded, cylinder shaped GaN

The hole in the seed was made for hanging the seed in a wire. It is visible that
the pure cylinder shape changed and developed a natural facetted hexagonal crystal
habit. The faces are mirror like flat and show stepped edges. It seems that the super-
saturation was almost evenly distributed around the seed, thus growth could occur in
any direction and the growth rate seems to be equal in any direction of the hexagonal
prism. The basal plane directions (along the c-axis) grew fastest, at both c-directions
evenly. As a conclusion the seeds must have been within a condition of metastable
supersaturation, the so called Ostwald Miers regime. This observation is consequent
if imagined that the seed came to lay inside the amidogallate liquid at the bottom of
the autoclave and grew from the liquid.

6.4 Conclusions

The study of the basic ammonothermal regime reported here resulted in a better
understanding of the ongoing processes in the autoclave. The first chemical model
proposed and the later observation of a liquid phase after the opening of the auto-
clave in conjunction with the findings described by other colleagues here in this
book not only lead to explanations for the experiments performed and discussed
in this chapter, but also to a new hypothesis about the understanding of the basic
ammonothermal crystal growth process in a different way. The dependencies of
parameters are however manifold e.g. the type and amount of mineralizer, the place
where it’s being put in the autoclave, the places of the seeds, p and T, etc., which
could help to explain e.g. the different growth rates or solubilities reported in litera-
ture. More studies concentrating on the intermediate species are necessary in order to
achieve a full picture of the processes going on during basic ammonothermal crystal
growth.
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Even though some of the discussion contains speculative aspects the hypothesis
made is justified.

This in turnmade it possible to suggest a novel solvent evaporation growth process
based on an alkali metal amidogallate liquid where crystal seed could be dipped into
the amidogallate melt and the GaN could grow by thermal decomposition of the
complex. Such a process would be a novelty and was never demonstrated for nitride
crystal growth although different solution growth methods were tried. However, it is
subject to further work to prove that suggestion and try it out experimentally.
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Chapter 7
Ultrasound Measurement as a Tool
for in Situ Determination of Filling
Degree Under Extreme Conditions

Wilhelm Schwieger and Hasan Baser

Abstract Ammonothermal syntheses require high pressures and temperatures to
realize the supercritical conditions. For this a special autoclave technology is
required, which places special demands on both the material and the geometrical
design. Characteristics are thick walls, high weight, opaque, narrow interior. There-
fore the exact determination of initial weights and in particular filling degrees of
liquids, which are liquid only under pressure, becomes difficult. In this section, we
are going to compare three methods (i) pumping time measurement, (ii) determina-
tion by weighing and (iii) ultrasound for adjusting and/or determining the ammonia
filling degree of ammonia in an autoclave are presented and the advantages and
disadvantages of the individual methods are compared. In addition it is important to
have the Ammonia amount very precise to describe the all the concentrations in the
autoclave, even under the ammothermal conditions.

7.1 Introduction

Ammonia is used as a solvent in ammonothermal syntheses and is a colorless gas
with a characteristic pungent odor. Ammonia boils at −33.3 °C under atmospheric
pressure. Ammonia gas condenses to a colorless liquid during cooling and compres-
sion. The density and vapor pressure are 0.60 g/cm3 and 8 bar respectively at ambient
temperature (25 °C).

For an exact adjustment of the concentrations e.g. of used mineralizers in
ammonia, the ammonia filling in the autoclave should be well controlled and repro-
ducible. In addition, the filling level of the ammonia plays a safety-related role. The
pressure of the supercritical ammonia at a given temperature shows a dependence on
the filling degree. The maximum permissible pressure of 3000 bar (for Inconel 718)
at 400 °C is reached with a filling level of 70%. The filling level should not exceed

W. Schwieger · H. Baser (B)
Institute of Chemical Reaction Engineering, University of Erlangen-Nuremberg, Egerlandstraße
3, Erlangen 91058, Germany
e-mail: hasan.baser@fau.de

© Springer Nature Switzerland AG 2021
E. Meissner and R. Niewa (eds.), Ammonothermal Synthesis and Crystal
Growth of Nitrides, Springer Series in Materials Science 304,
https://doi.org/10.1007/978-3-030-56305-9_7

105

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56305-9_7&domain=pdf
mailto:hasan.baser@fau.de
https://doi.org/10.1007/978-3-030-56305-9_7


106 W. Schwieger and H. Baser

58% if a temperature of 600 °C is reached in the autoclave [1]. Exceeding the filling
level could lead to structural breakdown of the autoclave at the above temperatures.

Fill level sensors reliably detect the levels of liquids in containers or tanks. Critical
process conditions, such as emptying a hydraulic tank or unintentional overfilling of
a container, are also monitored with level sensors. A number of proven measuring
methods are available for this purpose, such as ultrasound, non-contact and guided
radar, capacitive electrode and conductivity sensor [2, 3]. In all of these methods, the
probes or electrodes must be inserted into the vessel through an opening in the lid,
which introduces further challenges in terms of leak tightness in the ammonothermal
system. The high-pressure autoclaves are very solidly built so that they can withstand
the extreme test conditions of up to 3000 bar. Thus, none of these in-line methods can
be used to determine or adjust the ammonia level in an ammonothermal autoclave.

7.2 Ammonia Filling Process

For use, ammonia is taken from the bottle in gaseous form. Different approaches
are used to fill the alloy autoclave with ammonia: condensation of ammonia in a
cooled autoclave and filling the autoclave with ammonia by high-pressure pumps.
The condensation of ammonia in the autoclaves is historically carried out by the by
means of a tensieudiometer, a device for the simultaneous measurement of pressure
and volume [4]. The autoclave, which is already filled with the solid reactants, is
connected to the tensieudiometer and cooled to below the boiling point of ammonia
(T ≤ 239.79 K, ambient pressure) and ammonia condenses into the autoclave. By
measuring the volume and pressure, the desired amount of ammonia can be filled
into the autoclave. In order to cool the autoclave, the autoclave body is usually placed
in a cooling bath made of acetone or ethanol and dry ice [1].

In the second method, the gaseous ammonia is liquefied by means of a high-
pressure diaphragm pump. A cryostat has been placed between the gas cylinder and
the pump, in which ammonia is cooled down to −15 °C and thus quickly liquefied
in the pump. The flow rate can be adjusted by varying the pump capacity. In this
constellation, the liquid ammonia flows into the autoclave. The ammonia flow is
controlled by pneumatic valves between individual parts.

In our experiments, the second filling method was used, since only with this
method is it possible to adjust the filling degree of the ammonia even at higher
temperatures. The filling process was carried out in the following way. In the first
step before the filling process, the plant lines and the autoclave are evacuated. This
is done up to 80 mbar < P < 100 mbar by means of a diaphragm pump. A turbo
molecular pump then generates a vacuum of up to 4 × 10−7 mbar. The autoclave is
then flushed with nitrogen. After repeated evacuation and rinsing of the autoclave,
all moisture and oxygen is removed from the autoclave.

After the evacuation process, the ammonia pump is switched on and gaseous
ammonia is liquefied in the pipes up to the autoclave valve. As long as there is still
gaseous ammonia in the pipes, the pressure remains at 8 bar (at 25 °C). The fact that
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the pipes are filled with liquid ammonia can be seen from the fact that the pressure
rises above 10 bar. Ammonia was still compressed up to a pressure of 50 bar. After
reaching 50 bar, the autoclave valve is opened and the liquid ammonia flows into
the autoclave. The approximate duration of the filling process to reach a volume of
54 ml ammonia is approx. 5:30 min.

The filling process is terminated by switching off the ammonia pump. The auto-
clave manual valve is closed. Ammonia in the pipes is drained and the pipes are
flushed with nitrogen. The autoclave can then be disconnected from the filling station
and placed in the ovens to start the experiment.

7.3 Possibilities for Setting and Determining the Filling
Degree

For the adjustment of the ammonia filling quantity, we had three methods at our
service: (i) Control over the switch-on time of the ammonia pump, (ii) determination
of the ammonia quantity gravimetrically by weighing the autoclave before and after
filling and (iii) ultrasonic method. Here these methods are explained in detail with
the advantages and disadvantages. The experimental feasibility and simplicity of the
three filling methods are compared.

7.3.1 Filling the Autoclave over the Switch-On Time
of the Ammonia Pump

The target value of the filling degree for the solubility measurements (see Chap. 9)
of GaN was set at 55 vol.%. This corresponds to a volume of about 53.22 ml and a
weight of about 33 g of liquid ammonia. The ammonia filling quantity was first tried
to be adjusted via the switch-on time of the ammonia pump. In order to achieve a
reproducible filling, the output of the ammonia pump was set so that approx. 10 ml
of liquid ammonia per minute is pumped. In order to check the amount of ammonia
filled by the pump, a series of measurements of the filling processes was carried out.
The switch-on time of the pump was measured for each measurement. The amount
of ammonia filled was determined from the difference between the autoclave weight
before and after filling. Experience has shown that filling with a time measurement
is very inaccurate and leads to large fluctuations of the filling level (Table 7.1).

https://doi.org/10.1007/978-3-030-56305-9_9
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Table 7.1 Results of the control of the constant flow rate of the ammonia pump

Measurement Pumping time (min) NH3 (g) NH3 (g/min) NH3 (ml/min)

1 6 38 6.33 9.31

2 6 41 6.83 10.05

3 6.33 40 6.32 9.29

4 6.5 35 5.38 7.92

5 6.5 40 6.15 9.05

6 6.75 37 5.48 8.06

7 7 40 5.71 8.40

8 7.5 41 5.47 8.04

Mean value (x̄) 5.96 8.77

Absolute deviation (�x) 0.49 0.72

Relative deviation (�x/x̄) 0.08 0.08

Relative deviation (%) 8.25 8.25

7.3.2 Filling by Weighing of the Autoclave Before and After
the Ammonia Filling

Another way of determining the amount of ammonia in an autoclave is to weigh the
autoclave before and after filling. For this, the autoclave is separated from the filling
station after filling and the amount of ammonia filled is determined by weighing it.
If the ammonia filling quantity determined by weighing the autoclave is too high,
the autoclave must be connected to the filling station and excess ammonia must be
release into the scrubber via the pipes. The process of releasing andweighingmust be
repeated several times until the desired amount of ammonia remains in the autoclave.
This also applies to autoclaves with little filling. In this case, the autoclave must be
refilled at the filling station. The whole process turns out very demanding, since the
massively built ammonothermal autoclaves weigh more than 10 kg.

7.3.3 Level Measurement by Means of Ultrasound
Measurement

In the solubility experiments, the ultrasound was used to determine the NH3 level
in the autoclave. Ultrasound is a sound wave whose frequency range lies above the
human hearing range.

The frequency range starts at 20 kHz. The range between 20 kHz and 10 MHz is
technically relevant. With this technology, ultrasonic sensors emit sound waves that
move in matter. The speed of sound in the matter depends on the properties of the
substance.
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An ultrasonic sensor using the pulse-echo method was used to check and monitor
the ammonia filling level. In this method, short acoustic pulses are emitted by an
ultrasonic transducer via the autoclave wall into the autoclave. The time of flight
(TOFL) of ultrasonicwaves for transmission through the autoclavewall and inside the
autoclave are measured. At the interfaces between the different media with different
densities, the transmitted wave is reflected back to the sensor, which functions both
as transmitter and receiver. These reflections are called echoes (Fig. 7.1). In this
way, characteristic echoes with different time of flight are generated with several
contiguous media (sensor, autoclave wall, ammonia). The echoes 1–6 in Fig. 7.1
result from multiple reflections on the autoclave wall.

The additional signals I and II in Fig. 7.1 indicate the presence of ammonia in
the autoclave. For the other liquids, only the position of the additional signal shifts
according to the velocity of sound in the liquid present on the time scale. Thus, when
ethanol or water is added to the autoclave, they appear at 52µs for ethanol (1135m/s)
instead of 46µs for ammonia (1315 m/s) and at 43µs for water (1500 m/s) (Fig. 7.2,
blue: signal of the empty autoclave, red: signal when the autoclave is filled with
liquid).

The ultrasonic sensor is placed on the outside of the autoclave wall at a height
determined from a calibration curve (Fig. 7.4). Figure 7.3 shows a schematic and
photographic illustration of how the ultrasonic sensor is attached to an autoclave
wall. For a good coupling of the sound waves, glycerine is introduced into the air
gap between probe and autoclave. During the filling process, the pulse-echo signal
is observed through the autoclave walls by means of the ultrasonic program.

Fig. 7.1 The echoes resulting from the propagation of ultrasonicwaves through the empty autoclave
(top) and the autoclave filled with ammonia (bottom). The echoes 1 to 6 result from multiple
reflections on the autoclave wall. The additional echoes I and II occur when the autoclave is filled
with ammonia
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Ethanol: TOFL: 52 μs; c = 1135 m/s

Water: TOFL: 43 μs; c = 1500 m/s

Fig. 7.2 Signal from an empty (blue) and liquid-filled autoclave (red)

Fig. 7.3 Placement of the ultrasonic sensor and adjustment of the filling level

As long as the filling level of ammonia is lower than the probe height, the upper
signal from Fig. 7.1 is observed on the computer screen. It merely represents the
repeated reflection of the ultrasonic signal on the autoclave wall.

As soon as the filling level of ammonia correlateswith the ultrasonic sensor height,
an additional signal is generated at a running time of 46 and 51 µs. This additional
signal corresponds to the ammonia signal and is clearly visible in the lower part of
Fig. 7.1.
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In order to find out atwhat height the sensormust be placed on the autoclave so that
the target volume in the autoclave can be measured, the sensor height was calibrated
with the filling volume. For this purpose, different quantities of water (20–90 ml)
were added to the autoclave and the corresponding height was determined bymoving
the sensor, where the signal showed the presence of the filled water (Fig. 7.4).

The advantage of the ultrasound method is that it is not only possible to determine
thefillingquantity of afilled autoclave, but also the ammonia quantity canbeprecisely
adjusted by controlled release and monitoring of the ultrasound signal.

In order to check the accuracy of the ammonia filling level set by ultrasonic, the
pressure/time dependence on pure ammonia was investigated at a filling level of
55%. The filled autoclave was heated in the oven to 400 °C (oven ramp 5 °C/min)
and the pressure curve was recorded for 24 h. After the test, the decomposition
gases (H2 and N2) were discharged at the filling station and the ammonia filling
level was adjusted by means of ultrasound and the experiment was repeated at 50 °C
increased temperature. The experiment was carried out at a temperature interval of
T = 400–550 °C (increased by 50 °C each). The recorded pressure curves for the
different temperatures are shown in Fig. 7.5. The in situ temperature measurements
have shown that the set target temperatures in the autoclave are reached after 4 h. The
pressures when the target temperatures were reached were read from the pressure
curve and compared with those in the NIST database (Fig. 7.6). In the heating phase
up to the hour t = 4 h, the steep pressure rise due to the temperature increase can
be seen. The characteristic break point after approx. 1.5 h, which corresponds to the
phase change of ammonia, is also clearly visible. In the isothermal phase from t =
4 h the final temperature is reached and the pressure increases with a slight gradient.
The reason for this is the decomposition of ammonia to hydrogen and nitrogen.

The decomposition rate of ammonia depends on the temperature. The higher the
temperature, the steeper the curve, i.e. the faster the ammonia decomposition takes
place. Ammonia decomposition also takes place during the heating phase. Therefore,
the pressures read off at 4 h are higher than they should be (additional pressures of

Fig. 7.4 Calibration curve
to determine the dependency
of the sensor height on the
filling volume



112 W. Schwieger and H. Baser

Fig. 7.5 Pressure progress of ammonia at different temperatures (left) and the linearized
decomposition curve p versus ln(t) (right) (ammonia filling degree: 55%)

Fig. 7.6 Comparison of the
pressure values at different
temperatures (blue circle:
row values, red triangle:
corrected values) with those
of calculated with NIST
database

the resulting gases N2 and H2 in the heating phase) and must be corrected under
consideration of the ammonia decomposition. This was done by extrapolating the
linearized decomposition curve. The representation of (p) versus ln(t) allows better
recognition of the linear pressure increase in the isothermal phase due to ammonia
decomposition. The negative deviations from the linear curve at temperatures of 500
and 550 °C are due to the diffusion of the hydrogen from the autoclave.

If the corrected pressures are comparedwith those from theNIST database, a good
agreement can be seen. This means that the ammonia fill levels have been correctly
adjusted using the ultrasonic method.
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7.3.4 Mathematical Error Analysis of the Three Filling
Methods

In addition to the comparison of the experimental feasibility and simplicity, the
absolute and relative deviations from the arithmetic mean value that occurred during
filling were calculated mathematically and compared with each other. The arithmetic
mean (x̄) of a set of observed data is defined as being equal to the sumof the numerical
values of each and every observation divided by the total number of observations:

Mean value = x̄ = 1

N

N∑

i=1

xi (7.1)

The absolute deviation (�x) is defined as a scale of the dispersion of the measured
values around the mean value with the sum of the deviation squares:

Absolute deviation = �x =
√√√√ 1

N − 1

N∑

i=1

(xi − x̄)2 (7.2)

The absolute deviation (�x) is a positive value that becomes zero when all measured
values match. It provides an estimate of the deviation from the true value, which is
generally not known. Therefore, the deviation from the mean value x̄ is used.

Pumping Time
The absolute deviation calculated in Table 7.1 can be used to determine the deviation
for different filling volumes, which results from the irregular pump performance of
the ammonia pump. These can be found in Table 7.2 for the later comparison with
those of the other filling methods.

Weighing
An important problem of the method is the inaccuracy of weighing. With such
weights, many scales have an inaccuracy of ±1 g. Since the autoclave is weighed
twice, the absolute inaccuracy is doubled to ±2 g. In the following Table 7.3, the
resulting error analysis was calculated for fill levels of 30–60% by weight.

Ultrasonic Measurement
When filling bymeans of ultrasonicmeasurement, the sensor height must be adjusted
correctly. Errors can occur when reading the height (±1 mm) from the meter rod
(Table 7.4).

The calculated values of absolute and relative errors by the different filling
methods are compared in Table 7.5. In Fig. 7.7, the absolute errors that occur when
three methods are used for filling are shown graphically. For the absolute error, the
ultrasonic and weighing methods show a constant progression as a function of the
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Table 7.2 Calculation of errors by thefillingwith timemeasurement for the different filling volumes
of the autoclave

Filling degree % 30% 40% 50% 60%

VNH3 (ml) VNH3 (ml) VNH3 (ml) VNH3 (ml)

1 27.22 36.24 45.34 54.44

2 25.23 33.59 42.02 50.46

3 27.28 36.32 45.44 54.57

4 32.02 42.63 53.33 64.04

5 28.02 37.30 46.66 56.03

6 31.45 41.87 52.39 62.90

7 30.17 40.17 50.25 60.34

8 31.54 41.99 52.53 63.07

Mean value (x̄) 29.12 38.76 48.50 58.23

Absolute deviation (�x) 2.35 3.13 3.91 4.70

Relative deviation (�x/x̄) 0.08 0.08 0.08 0.08

Relative deviation (%) 8.07 8.07 8.07 8.07

Table 7.3 Calculation of errors by the filling by weighing

Before filling After filling Amount Volume

Error size ±1 g ±1 g ±2 g ±2.94 ml

Filling degree Amount of NH3 (g) Volume of NH3 (ml) Absolute (ml) Relative %

30 19.79 29.1 ±2.94 0.10 10.10

40 26.38 38.8 ±2.94 0.08 7.58

50 32.98 48.5 ±2.94 0.06 6.06

60 39.58 58.2 ±2.94 0.05 5.05

Table 7.4 Calculation of errors by the filling with ultrasonic measurement

Height adjustment Volume

Error size ±1 mm ±0.76 ml

Filling degree Amount of NH3 Volume of NH3 Absolute (ml) Relative %

30 19.79 29.1 ± 0.76 0.03 2.61

40 26.38 38.8 ± 0.76 0.02 1.96

50 32.98 48.5 ± 0.76 0.02 1.57

60 39.58 58.2 ± 0.76 0.01 1.31

filling degree, whereas the lowest absolute errors are observedwhen fillingwith ultra-
sonic measurement (±0.75 ml). Filling by time measurement shows a dependence
with the filling degree. The more the autoclave is filled, the greater is the absolute



7 Ultrasound Measurement as a Tool for in Situ Determination … 115

Table 7.5 Comparison of errors by the different filling methods

Time measurement Weighing Ultrasonic

Filling
degree
%

VNH3 (ml) Absolute (ml) % Absolute (ml) % Absolute (ml) %

30 29.1 ±2.35 8.07 ±2.94 10.10 ±0.76 2.61

40 38.8 ±3.13 8.07 ±2.94 7.58 ±0.76 1.96

50 48.5 ±3.91 8.07 ±2.94 6.06 ±0.76 1.57

60 58.2 ±4.70 8.07 ±2.94 5.05 ±0.76 1.31

Fig. 7.7 Comparison of the
absolute errors in the
different filling methods

error. Figure 7.8 shows the relative errors calculated from the absolute errors for the
three methods. Here too, it can be seen that the smallest error is made when filling
with ultrasonic measurement.
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Fig. 7.8 Comparison of the
relative errors in the different
filling methods

7.4 Conclusion

Various techniques may give information on the filling degree of nontransparent
autoclaves. For thick-walled heavy ammonothermal reactors determination of filling
degrees via weight changes or pumping time measurements may lead to highly erro-
neous results. However, the filling height can be directly determined via ultrasound
measurements and the filling level calculated via knowledge of autoclave interior
shape and dimensions. Thus, this technique appears superior to other alternatives
and is proposed as future standard method due to its simple experimental set-up after
being once developed and established, and according to its high accuracy.
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Chapter 8
Direct Determination of Viscosity
of Supercritical Solutions

Thomas G. Steigerwald and Eberhard Schlücker

Abstract The following chapter is mainly aimed at simulators and crystal growers,
as viscosity has an influence on the flow behaviour in the reactor and the diffu-
sion coefficient in the crystal’s vicinity. So, the chapter gives an overview of influ-
encing factors to viscosity in ammonothermal media, which are the pressure and
temperature as well as the concentration of used mineralizers. Therefore, different
possible viscometers are described and discussed in detail for its potential use in
ammonothermal media. Hereby two promising options are presented in detail: a
modified rolling ball viscometer as well as an adaptation of the ultrasonic pulse-
echo method for viscosity measurement for ammonothermal systems. While the
last is mostly based on literature research and only some general prove of principle
are carried out, the first one is fully described and analysed during operation. This
means for the adaptation of this principle four critical aspects have to be overcome.
As a result, the viscosity of ammonia in the range above 400 °C up to 600 °C
at maximum pressure of 252 MPa is shown. Additionally, some measurements of
ammonia-ammonium-fluoride-mixtures are compared with pure ammonia, whereas
the viscosity is about 1.4 times lager with ammonium fluoride then without.

8.1 Introduction

The entire understanding of the processes in the autoclaves also includes the flow
currents and requires also for this aspect a full understanding of them. The reason for
this is that free convection generally prevails in the autoclaves for ammonothermal
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synthesis [1–3]. This is the predominant mechanism for the transport from the solu-
tion zone to the crystallization zone. Due to the Lamé viscosity constants from the
Navier-Stokes equation the viscosity therefore has a considerable influence on the
mass transport and because of this it is essential for the flows in the autoclaves.
Additionally, temperatures and their distribution are also necessary, as these have a
lasting influence on viscosity. This is also of particular importance because many
substance combinations that can be used and their influence on the viscosity of the
basicmaterial, such as ammonia, are not yet to be found in any literature up to 650 °C.

A complicating factor is that the ammonothermal parameters lead to supercritical
material states. With such states of substances, the viscosities are generally similar
to those of gases. Consequently, the viscometer must have an integrating property
and be able to collect the data e.g. on a movement path due to its structure. In
addition, it is of elementary importance for the usability of the results, such as for flow
simulation, that all processes in the reactor can be mapped. This means that either
the viscometer represents an autoclave or that the components for the measuring
method can be integrated into an autoclave without disturbing its function. Only
then when it is possible to determine exact viscosity data for each operating state
or aggregate state of the materials and to combine these with the temperature data,
is it possible to optimally design and control the crystallization processes with the
aid of flow simulation methods (CFD). Chen et al. currently work in the field of
simulation of the ammonothermal processes [2]. They described at first the model of
amodified Peng-Robinson-Equation-of-state (EOS) in order to extrapolate the values
of pure ammonia to ammonothermal conditions given in literature up to 426.9 °C
[3]. However, the problem of the influence of the reactants like different mineralizers
to viscosity is still not solved, and some additional special effects, which are also
important for the design of a viscometer should be taken into account.

One additional important effect was monitored by Ehrentraut et al. They showed
that the solubility of the mineralizers changes in the temperature range between 570
and 680 K [4]. This effect was also observed by Alt et al. with the use UV/VIS-
spectroscopy [5]. This means that the ammonothermal is in an unsteady state in this
temperature range, whichmay lead to the remarkable errors. To avoid such influences
it is not enough using the fluid properties of pure ammonia. The arising errors would
be large. As a result, processes can be simulated more realistic when all factors are
known.

Viscosity plays also a decisive role in the successful crystallization of nitrides.
The growth can be limited by the viscosity via the diffusion coefficient from the
Einstein-Stokes equation and the diffusion in the boundary layer of the crystal. Thus,
the viscosity influences the maximum stable growth rate at which the crystals can be
formedwithout impurities.Mathematically, this is described by the Schmidt number,
by what the viscosity is included [6].

As a conclusion criterion, the measurement of viscosity can be an indicator of the
progress or termination of the reaction, since the viscosity changes with successful
crystallization. For all observations of viscosity in ammonothermal systems, pure
substance data of ammonia have been used so far, since the influence of mineralizers
on viscosity is not yet known [2, 3, 7–10].
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8.2 Viscometer for Use in or for Ammonothermal Processes

The viscositymeasurement under real ammonothermal conditions requires construc-
tions that can serve as autoclaves, are similar to reactors, or can be integrated into
autoclaves. If one starts from the substances that are in ammonothermal autoclaves,
these are largely only gaseous or supercritical substances. This means, one needs a
viscometer which is able to measure gas viscosities and those of supercritical states.
Due to this requirement, some classic viscometer types are already excluded from
the group of possible methods.

The types of known viscometers can be divided in four different main groups:
capillary viscometers, oscillatory systems (e.g. vibration and ultrasonic viscometer),
rotational viscometer or concentric cylinder rheometers and falling body/rolling ball
viscometers. A review of some high-pressure applications is given by Kulisiewicz
[11]. With a special focus to the ammonothermal application the implementation of
vibration and especially the ultra sonic types offer a chance to be a part of the design
of autoclaves and the falling ball types is ideal to be built in a high pressure/high
temperature design similar to s special shaped Autoclave. Below the different main
groups are discussed and examples for 600 °C and 300 MPa are shown.

8.2.1 Capillary Viscometer

Capillary viscometers are only applicable on flowing media [12]. It is based on
pressure equalisation between an upper and a lower tank with lower pressure. This is
conceivable, but onewould need exact pressure transducers (there is no such thing for
the target temperature) and a good knowledge about the capillary diameter changed
by thermal expansion. Unfortunately, however, the capillary should be very thin and
therefore have to be calibrated somehow. Due this especially at low viscosities, like
supercritical fluids are, large inaccuracies appear, why very large and long spiral
capillaries are used [13] (see Fig. 8.1) to integrate the influences acting to the capil-
lary over a long distance. For ammonothermal conditions, a flowing apparatus, like
this, is hardly feasible and capillaries will soon be jammed, due to the danger of
crystallization. Additionally the heat extension is a very sensitive parameter because

Fig. 8.1 Capillary
viscometer based on
Kawashima [13]
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based on Hagen-Poiseuille-Law the capillary radius influences the capillary flow
with the power of four. When not an absolute equal temperature exists along the
complete capillary length, the resulting value can be a large error. Consequently,
an application of the capillary viscometers is not suitable for the ammonothermal
process parameters.

8.2.2 Rotational Viscometer

Rotational viscometer or cylinder rheometers do have application flexibility but are
mainly used for ex situ measurement because of difficulties with sealing and also the
functionality needed. Nevertheless pressures up to 900MPa at 120 °Cwhere realized
by Galvin et al. [14] and Semjonow published an apparatus for 300 °C and 220 MPa
[15]. At least R. J. Murphy patented a method which should work up to 371 °C
and 138 MPa [16], but nothing was found about the feasibility. Summarizing, the
maximum temperature needed for the ammonothermal process are not reached by
these types. This has also to do with the heat extension but also with the supercritical
fluid properties. It is a really difficult task to heat up such a device absolutely equal
and without any temperature difference. But if the clearance wideness is not small
enough for a laminar flow (can be jammed also) and also not constant over the
whole shear area, the measurement quality is not sufficient. Due to these properties,
the rotational viscometer will hardly be practicable for ammonothermal processes.
In addition, the typical installation space and the required rotary feed-through in
the high-pressure range are difficult to achieve. Due this the variant of the Money
Viscometer or Process Viscometer is therefore also excluded.

8.2.3 Oscillatory Viscometers

Oscillatory systems—like vibrating strings or sticks—are widely used in high-
pressure applications and high temperature can be handled quite well, too. The
resistances against the movement of the vibrating elements are measured, which
are then easily translated into viscosity values. Nevertheless, the strong depen-
dence of the medium used (supercritical fluids viscosity is very small and gaseous
fluids will show a Joule-Thomson effect), its corrosiveness (only a small corrosion
effect will change the vibration frequency or the measurement properties) and the
high frequency dependence associated are disadvantageous for the determination of
viscosity [17]. It cannot be estimated how solutes affect the viscosity and the vibrating
parts (i.e. string) work like a cooling device where crystallization may occur. For first
measurements of the viscosity this method is less useful, but it is recommended for
future experiments.

The same also applies to the quartz viscometer (oscillating quartz), which can only
withstand an operating temperature of up to approx. 250 °C. In principle it would
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be suitable, because it measures the oscillation change by the fluid. This could work
for gas. For vibration viscometers, a round rod or wire is immersed in a liquid and
vibrated transversally or longitudinally. This measuring principle then allows several
methods to be used to determine the viscosity. First, the required power can be used
to maintain a certain vibration, and second, the change in the vibration frequency can
be measured by the medium. The time for the subside of an applied oscillation can
also be used to determine the viscosity. In this case, the viscosity of the logarithmic
decrease of the oscillation is calculated according to the Stokes principle, whereby
the decay current at free oscillation is not included.

Nevertheless, vibration viscometers represent an extremely efficient system for
viscosity measurement, since viscosity can also bemeasured by highly viscous fluids
and suspensions as well as from strong bases and acids. In addition, the vibration
viscometers require very little maintenance as there are no weak parts. However,
there are also some disadvantages with vibration viscometers. Especially the flow
behaviour must be known in advance in order to be able to carry out viscosity
measurements [18]. Nevertheless, the vibration viscometers can still be adapted for
such processes bymeans of simplemodifications. One possibility has been presented
byFitzgerald et al.: This viscometer consists of an energy converter with a retractable
tip, an electromagneticwinding coil andvoltage source and a control unit. The voltage
sourcemeasures the required current and the control unit ensures constant oscillation.
The sensor tip is placed in a flexible container and is excited to torsion oscillate at a
constant amplitude. The viscosity is measured by the resistance of the liquid to the
oscillating motion of the sensor [19]. According to the patent, these are then suitable
for high pressures and temperatures, but also this vibration viscometer measures
the viscosity outside of operation. A possibility of direct in situ determination of
viscosity was developed by Bradfield. The viscosity is determined by a mechanical
oscillation at 300 °C and 50 MPa. In this case, the Curie temperature of the sensors
must be above that of the iron, which is why the cable is coated with quartz or glass.
A high accuracy of the determination of the natural frequency and the viscosity is
made possible by the possibility of a high coupling of the components [20]. However,
the direct contact of the sensors with the medium to be measured disqualifies this
system for use in ammonothermal systems. On the one hand because the maximum
Curie temperature of known materials is 460 °C and on the other hand because, as
already shown in [21] quartz or other possible sheath materials are not resistant in
ammonobasic environments.

8.2.4 Ultra Sonic Viscometer

Ultrasonic technology is suitable for measurement in autoclaves. The frequency is
introduced into a cylindrical component which transmits the oscillation on the other
side and also receives a reflection and can in turn transmit it to the rear side for
registration of the measurement result. The cylindrical components can be made of
durablematerials such as ceramics or also high-strengthmetallicmaterials and sealed
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and clamped with high-pressure technical elements (see Chap. 3). Such a measuring
principle measures the entire space up to the reflection point and back. This means
that the measurement result is an average value for the entire space. The measured
variable here is the change in the vibration parameters. While the compressibility
of the fluid influences the speed of sound, the viscosity has a damping effect. Such
a system has not yet been implemented. However, the basics for this have been
developed within the framework of this project. The status of the work is presented.

8.2.5 Falling and Rolling Ball Viscometer

The overview of the measuring methods is completed with the falling or rolling body
viscometer which is relatively simple: A sphere falls through a long bore that is not
much larger. The measure is the drop duration, which depends on the spatial condi-
tions and friction conditions in the diameter along the drop distance. The construc-
tion (pipe, can be considered as an autoclave) and the resulting better planning of
the thermal expansion already speak for a use. However, the use for gases and super-
critical fluids is not published anywhere. The reason is that the drop time differences
are very small. For this reason, a variant must be developed from this, the ball roller
viscometer. The advantage of this design is that both the lubricating property, the
bow wave during rolling and the flow resistance contribute to the material specific
slowing down of the rolling ball. However, a detailed calibration is necessary for
this.

Thus only the ultrasonic version remains from the entire group, in exceptional
cases the vibration viscometer and the rolling ball viscometer. These were elaborated
within the framework of the project and are presented below according to the status
achieved.

8.3 Influence of Pressure and Temperature on the Viscosity
of Pure Ammonia

Viscosity is a measure of the internal friction of a fluid and can be observed whenever
a medium flows. There is an impulse exchange between the particles of the fluid
and the fluid particles with the wall and thus forces occur between the individual
molecules and the wall. These forces lead to flow friction and internal friction. It
is a characteristic quantity in fluid mechanics. Viscosity is therefore also described
as the toughness or flow resistance of a fluid. In the ammonothermal process, not
only the pressure and temperature but also the substances dissolved in the ammonia,
such as mineralizers, influence its viscosity. The common occurrence of the various
factors make it difficult to make predictions about the viscosity. In the following,
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Fig. 8.2 Shear test

the physical definition of viscosity η is given and various influencing factors are
discussed.

Figure 8.2 shows the so-called shear test. A fluid is located between a stationary
plate (bottom) and a moving plate (top). The speed with which the upper plate moves
is u, the distance between the plates is y. The force F required to move the upper plate
is proportional to the velocity u, the area A of the plates and vice versa proportional
to the distance y between the plates.

F ∼ u · A
y

(8.1)

If (8.1) is divided by A, the shear stress τ is obtained on the left side and the shear
velocity in (8.2) is obtained on the right side.

u

y
= du

dy
:= Shear Velocity (8.2)

The proportionality constant between shear stress and shear velocity is called
dynamic viscosity η. Thus, according to [22], (8.3) is obtained, which at constant
dynamic viscosity is referred to as the flow law for Newtonian fluids.

τ = F

A
= η · du

dy
; with η = const. (Newtonian Fluid) (8.3)

Figure 8.3 shows for some Newtonian (A) and some non-Newtonian fluids (B, C, D)
the shear stress τ over the shear velocity du/dy. For Newtonian fluids the dynamic
viscosity is constant, i.e. the shear stress increases linearly with the shear rate.
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Fig. 8.3 Basic course of the
Newtonian law of flow and
non-Newtonian fluids: A
Newtonsch, B and C
Non-Newtonsch, D
Thixotropic

Most technically relevant fluids such as water, air and oils have Newtonian prop-
erties. Fluids with longer molecular chains, such as polymer melts, often behave
non-Newtonian [23]. In the ammonothermal process, the ammonia used is supercrit-
ical, which is why linear viscous flow behaviour is assumed a priori in this respect,
but this must be checked in the experiments. Since supercritical fluids are rather
assigned to the gaseous state from the point of view of their flow behaviour, the
model of kinetic gas theory for the description of the fluid properties of gases is
considered from the beginning in order to be able to better classify the expected
measurement results. Various properties of gases can be derived from kinetic gas
theory. For example, the viscosity of gases increases with increasing temperature,
since the mean free path length between the gas molecules becomes smaller [24].
According to kinetic gas theory, the viscosity of ideal gases is independent of their
density [25]. However, this prerequisite will not be fulfilled in the investigated areas
of ammonothermal synthesis, since ammonia no longer behaves ideally at high pres-
sures and is therefore regarded as a real gas. The viscosity can then be described
approximately with the semi-empirical approximation according to Sutherland (8.4)
[26].

η = a(θ)
3
2

b + θ
(8.4)

where a and b are material parameters that can be determined from two viscosi-
ties at two different temperatures and θ is the reduced temperature, i.e. the desired
temperature divided by the critical temperature of the material. However, Suther-
land’s approximation does not take the behaviour under high pressure into account.
Descriptions of substance mixtures are also difficult, so that as a rule only an order
of magnitude of the viscosity of a mixture can be calculated [26].
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8.4 Influence of Salts on Viscosity

Since there have been no investigations on the behaviour of the viscosity of ammonia
under the influence of dissolved substances up to now, the viscosity changeof aqueous
solutions has to be dealt with here for the most part. Based on the already mentioned
physical analogies between water and ammonia, however, conclusions can be drawn
and the general description of the viscosity behaviour of solutions can be explained.

However, it is difficult to predict the viscosity behaviour of solutions and there
are no general laws. Different solutions can have fundamentally different behaviors.
For some aqueous electrolyte solutions, such as solutions of NaCl or LiCl and H2O,
the viscosity increases monotonously with concentration. For solutions of KCl or
KBr in H2O, the viscosity initially increases slightly at low concentrations, then falls
to a minimum and increases again monotonously at higher concentrations, similar
to a solution of NaCl and H2O [27]. In 1929 Jones and Dole [28] investigated the
viscosity behaviour of aqueous solutions and described them by the empirical (8.5):

ϕ = 1 + A · √
c + Bc (8.5)

Thereby ϕ is the fluidity, the reciprocal value of the dynamic viscosity and c the
concentration of the substance in the solution. A can calculate fairly accurately for
each temperature from the dielectric constant, the viscosity of the solvent, the valence
and themolar limiting conductivities of the ions, whereB depends on the interactions
between the ions and the solvent, but remains an empirical constant [29]. There A is
negative, while B can either be positive, meaning the salt increases the fluidity and
decreases the viscosity, or negative, meaning the salt increases the viscosity. In the
first case the authors give the range of validity of the equation up to a concentration
of 1 mol/l, in the second case the equation is only valid up to a concentration of
0.2 mol/l [28]. 1 mol/l means one mole of dissolved substance in one litre of solvent.
This form of the Jones-Dole (8.6) is still used today to describe the viscosity of
aqueous and non-aqueous solutions. Even if it was later extended by other authors
by another constant D too (8.6):

η

η0
− 1 = A · √c + Bc + Dc2 (8.6)

Thereby instead of the fluidity ϕ the relative viscosity η/η0 is in the equation. The
additional term with the constant D should better describe the influences of aqueous
solutions with increased salt concentration. According to [30], the error in increasing
the concentration from 0.1 to 0.4 mol/l can thus be reduced from 10% in (8.5) to 3%
in (8.6).

Deviating behavior can also be shown by solutions of several components.Motin
investigated the behaviour of aqueous solutions of sodium chloride and ammonium
chloride with and without the addition of urea and came to the conclusion that
ammonium chloride in an aqueous solution reduces the viscosity slightly, while
ammonium chloride in solution with 5 mol/kg urea increases the viscosity [31].
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Saeed et al. show that ammonium chloride in aqueous solutions strengthens the
structure, i.e. increases the viscosity while in a 10% ethanol water solution it reduces
the viscosity or weakens the structure of water [32]. This means that ammonium
chloride in an aqueous solution has a positive B coefficient in (8.5) or (8.6), while
ammonium chloride in a 10% ethanol-water mixture has a negative B coefficient.
The viscosity behaviour of solutions is therefore complex and it is difficult to make
general predictions for solutions. Not to mention that these considerations have only
been studied for aqueous solutions. The investigations in ammonothermal synthesis
are therefore dependent on determining the viscosity of the solutions used in situ.

8.5 Ultrasonic Viscometer

The conception of the ultrasonic viscometer presupposes how it is to be built. As
preliminary work, solubility tests of sodium azide in liquid ammonia by in situ
ultrasonic velocity measurement are used. These show the general feasibility of
ultrasonic measurements in ammonothermal systems at elevated temperature and
pressure and thus serve to design the viscometer. These were carried out together
with Baser et al. and published in [33]. Here the general function of the ultrasonic
viscometers is described first and already published adaptations to more extreme
process conditions are examined more closely. Based on this, a possible design will
be developed.

8.5.1 Functionality of an Ultrasonic or Vibration Viscometer
and Possible Adaptations to Extreme Process
Conditions

Ultrasonic viscometers work according to the pulse-echo method or the ultrasonic
through beam method. Both methods are similar in construction, so that it is not
a priori clear which method is better suited for ammonothermal synthesis. A brief
overview of the two is intended to provide clarity on this point.

The through-sound method is realized with two sensors, which are connected to
an ultrasonic device. The ultrasonic waves are emitted by one sensor and received by
the other, the sensors have to be placed exactly opposite each other. This prevents the
formation of a dead zone and allows measurements to be taken close to the surface.
The pulse-echo method requires a sensor that emits the sound waves and captures
reflected waves. The pulse-echo method is more widespread because the viscosity
and density of the medium can be easily determined. For this purpose, a base on
which the ultrasonic sensor (also known as transducer) is mounted is immersed in
the fluid to be measured.
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Autoklav

Verlängerungsstäbe
b)a)

Fig. 8.4 aAutoclave for ultrasonicmeasurements to determine the solubility of different substances
in ammonia at max. 600 °C and max. 300 MPa. b Free cut of the cover and the current extension
base

The advantage here is the large variation possibility of the base, which can also be
adapted to the respectivemedium.Thismeans that the ultrasonic viscometers can also
be adapted for use in processes. The Cohen-Tenoudji high-temperature ultrasonic
viscometer was one of the first adaptations of its kind [34]. This viscometer allows
the viscosity measurement of polymer mixtures and epoxy dressings at temperatures
up to 170 °C. The reflected ultrasonicwave ismeasured via a piezoelectric element. In
addition, the wave is doubly reflected by two buffers to be used. This method can also
beused to adjust theflowproperties andoptimize the process.Nevertheless, the strong
dependence on the medium used and the associated strong frequency dependence
are disadvantageous for determining the viscosity. Although the maximum operating
temperature in [34] is significantly lower than that required for ammonothermal
synthesis, it is clear in this paper how even higher temperatures can be achieved: by
cooling (active or passive) the sensitive sensors of the ultrasonic measurement are
protected. These findings resulted in a base made of autoclave material as shown
in Fig. 8.4b. Thus, the basic prerequisites for an application are given, since the
resistance is given at least for the duration of an experiment and also the limitation
of the Curie temperature can be overcome. The exact theoretical backgrounds of the
ultrasonic pulse echo is described in the following chapter.

8.5.2 Theoretical Model of Ultrasonic Viscosity
Measurement for Ammonothermal Systems

The preliminary work in [33] should lead to a new cell in which the viscosities
of polytropic states with different compositions can be measured quickly. For this
purpose, the previous ultrasonic measurements are briefly summarized, their limita-
tions described and the possible extension described in more detail. The currently
used measurement setup is shown in Fig. 8.4a, where the main points are the auto-
clave and the extension sockets for the ultrasonic transducers. This adaptation of
the measurement setup from [33] is due to the necessary heating up to 625 °C. The
temperature of the ultrasonic transducers is also shown. In addition, themeasurement
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signal can now be filtered out more easily from interference noise by means of planar
surfaces. The structure is designed to determine the solubility of different substances
in supercritical ammonia, since this simplemeasurement is ideal for the experimental
suitability test of adaptation to high temperatures and simultaneously provides impor-
tant measured values for ammonothermal synthesis. The current bases are shown in
Fig. 8.4b. The extension base is guided through a cover flange and pressed into the
autoclave with the thickening. The extension sockets are made of one piece and
contain the sealing punch with 28.4 mm diameter including sealing geometry, as
well as the extension with 13 mm diameter, which protrudes far enough from the
heating sleeves with 120 mm length. For a more detailed description of the structure,
please refer to Fig. 8.7, as further adjustments can be made to the extension base and
the periphery is easier to see in the sectional view.

Up to now, the ultrasonic pulse-echo method has been the preferred measurement
method. Here, the change point in the velocity of sound in ammonia-mineralizer
mixtures is defined as the solubility limit of the mineralizer in ammonia, since at
a constant temperature the ultrasonic velocity has a direct proportionality to the
concentration [35]. The velocity of sound c in fluids is described by (8.7).

c =
√
K

ρ
=

√
1

κ · ρ
(8.7)

In most fluids, sound waves can only propagate as longitudinal waves (Longitudinal-
wellen), i.e. as pressure waves in which the displacement of the medium occurs in
the same direction as the running direction of the wave. The speed of sound c is then
a function of the density ρ and the adiabatic compression moduleK or the compress-
ibility κ = 1/K. This Boyle-Mariotte law is described in (8.8) by the infinitesimal
pressure change (∂p), which is necessary to cause an infinitesimal volume change
(∂V ) at a certain volume V.

κ = −∂V/V

∂p
(8.8)

The adiabatic compression modulus for real gases is an intensive and intrinsic state
variable. The fact that this model also applies to supercritical fluids was shown by
the measurements of Natarajan [36] who examined different kerosene mixtures up
to 400 °C and 30 MPa at the critical point [32] and whose results could be confirmed
with the measurements shown here.

Preliminary investigations have shown that thismethod has a general applicability.
However, in order to calculate the viscosity from the sound signals, it requires a suit-
able measurement setup that ensures accessibility for the input of the measurement
signal. Sheen et al. have already shown an example of this in their work [37]. In the
present case, this is the reflection coefficient R at the phase boundary between fluid
and autoclave material, which is defined in (8.9) at perpendicular sound incidence.
The ratio of the sound pressure of the reflected wave pr to the sound pressure of the
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incident wave pe is measured.

R = ZF − ZA

ZF + ZA
= pr

pe
(8.9)

As can also be seen in (8.10), the degree of reflectance is equal to the ratio of the
difference and the sum of the sound impedance of the fluid ZF and the autoclave
material ZA, respectively. These are generally determined by the product of the
density and the sound velocity c of the respective medium i (8.15).

Zi = ρi · ci (8.10)

With a known flow velocity and the velocity of sound in the fluid cF , only the density
can be determined from this measurement according to (8.11) at first.

ρF = ZA(1 − |R|)
cF (1 + |R|) (8.11)

The degree of reflection is used as an amount, since this is in principle an imagi-
nary number. If the damping properties of the autoclave material and the fluid are
neglected, however, they are considered to be real. In order to measure both the
velocity of sound in the fluid and the degree of reflection simultaneously, the ultra-
sonic transducer requires a base with several paragraphs (see Fig. 8.7). Then three
large reflections are expected when emitting longitudinal waves, corresponding to
the reflections on the surface of the shoulder, on the pedestal in contact with the fluid
and on the wall on the opposite side. The typical measurement signal to be expected
is shown in Fig. 8.5 in simplified form.

The amplitude ratio of the first two reflections gives the degree of reflection
according to (8.14), while for non-dispersive media the velocity of sound in the fluid

Fig. 8.5 Typical, highly
simplified sketch of an
expected measurement
signal of a longitudinal wave
from the ultrasonic
pulse-echo method
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can be determined from the transit time between the second and third reflections.
Since the density of the autoclave material used and the speed of sound in the auto-
clavematerial are known, the fluid density is directly determined frommeasurements
with longitudinal waves.

To measure viscosity, a shear force must be applied to the fluid, as in the thought
experiment in Fig. 8.5. As mentioned at the beginning, shear waves (also called
transverse waves) cannot propagate in most fluids. However, when voltage waves are
transmitted, the viscous resistance triggers a movement in the fluid. So the pressure
wave has to overcome the combined inertia of the solid and the additional inertia
of the liquid. The net effect is a reduction in the wave velocity. Roth and Rich have
shown that this speed reduction correlates in a first approximation with

√
(ρ · η)

[38]. For the measurement, the shear wave reflectance is determined by analogy with
(8.14), where the shear impedances replace the sound impedances. For a propagation
direction of the wave normal to the base area, the shear impedance of fluids deviating
from (8.12) is calculated as follows, where again the Newtonian fluid is assumed and
ω is the radial frequency of the shear wave.

ZF,s =
√

ω

4
· ρ · η (8.12)

The shear impedance of the autoclave material is further determined according to
(8.13), whereby the compressionmodulusK in (8.7) is replaced by the shearmodulus
GA,23 of the base material, to calculate the speed of sound. This results in:

ZA,s = √
ρA · GA,23 (8.13)

These two terms for the shear impedance can then be used in (8.14) instead of
the sound impedance. This results in an expression for the product of density and
viscosity that can be calculated from the measurements of the reflectivities of the
shear waves.

√
ρ · η =

√
4 · ρA · GA,23

ω
· (1 − |R|)
(1 + |R|) (8.14)

An exact consideration of the shear impedances, where the wave is not normal to the
base surface and the reflectance has to be calculated with imaginary part, because
the fluid behaves non-Newtonian, can be found in the work of Shah et al. [39] or the
early works of Sheen and Raptis [40]. Figure 8.6 again shows a typical measurement
signal to be expected from the experiments with a shear wave. In comparison with
Fig. 8.5, the absence of a third peak is noticeable, since no waves are transmitted by
the fluid. The reflection factor from which the density-viscosity product is derived
is calculated from the amplitude ratio of the two existing reflections.
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Fig. 8.6 Typical, highly
simplified sketch of an
expected measurement signal
of a shear wave from the
ultrasonic pulse-echo method

Equation 8.14 shows that the material used for the base has a large influence
on the accuracy of the measuring apparatus. A good overview for current, also non-
commercially established high-temperature transducers can be found in [41]. But also
the different geometries of the sockets and the structure are the subject of research
again and again.Kim andBauhaveused two torsionwave sensorswith different cross-
sections respectively one consisting of a waveguide with two different sections with
different cross-sections. In both cases, theremust be a circular cavity and a rectangular
cross-section. You estimate an accuracy of 0.5% for the density of fluids greater than
1000 kg/m3 and an accuracy of one percent for the density shear viscosity product
greater than 100 kg2/(m4 s). This gives the assumption, that precision can be further
improved [42].

Sheen et al. for example, use two opposite polished sockets that dip into the fluid
and stand at a certain angle to each other to increase the accuracy of the measure-
ment system [43]. Since the sound impedance of liquids with viscosities of up to
0.5 mPas could already be measured, this measurement method has a great potential
for use in ammonothermal synthesis. The accuracy depends mainly on the exciter
frequency [44] and can be used without additional cooling of piezoelectric mate-
rials up to 460 °C [45], respectively temperatures up to 1500 °C can be measured
by cooling measures [46]. The concluding statement refers to the great advantage
of this measuring method, that also non-Newtonian fluids can be investigated [47],
which has so far only been determined as an assumption.
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8.5.3 Adaptation of the Ultrasonic Pulse-Echo Method
for Viscosity Measurement for Ammonothermal
Systems

At the end of this chapter, the finished concept for the adaptation of the ultra-
sonic pulse-echo method for viscosity measurement for ammonothermal systems
is presented. The basic structure of the ultrasonic viscometer and the corresponding
signal processing scheme is based on the work of Sheen and Raptis [37]. In the
preparatory work [33] only transducers for the measurement of the longitudinal
waves were used so far, whereby according to (8.16) only the density is accessible.
Figure 8.4b also shows that the existing edge results from the seal geometry and
is therefore not explicitly considered for the measurement. These two points are
adapted in the basic design. Figure 8.7 shows this construction, which consists of
two extension bases that are attached to the sight cell.

The bases are directly opposite to each other in the simplest construction, so that
they can be used directly. Although it is possible to manufacture angled autoclaves,
initial measurements should show whether the accuracy obtained here justifies the
enormously increased manufacturing effort. The exact geometries of the bases have
not yet been determined and should be part of future research. A possible design uses
a staggered surface to provide the required reference reflection. In order to determine
the viscosity at the same time, a sensor for the shear waves must also be attached. For
an effective use of space, the transducers operated in pulse-echo mode are installed
opposite each other.

The scheme for determining viscosity is shown in Fig. 8.8 for the analysis of ultra-
sonic waves, an inspection system with various components is required, on the one
hand a waveform generator for excitation of the transducer, a low-noise, adjustable
amplifier part and digital signal processing. The ultrasonic signal is generated by the

Schear wave
transducer 

Sight cell 

Thermal element 

Rupture disc 

Valve

Inlet

socket

Longitudinal
transducer

Pressure sensor 

Fig. 8.7 High-pressure cell with schematically drawn elements for the ultrasonic pulse-echo
measurement method (brown)



8 Direct Determination of Viscosity of Supercritical Solutions 133

Fig. 8.8 Signal processing scheme ultrasonic pulse echo

waveform generator, introduced into the autoclave via the extension base, reflected
at the respective opposite base and detected again by the waveform generator. The
signal processing and signal conversion into defined peaks as well as the further steps
up to the determination of the viscosity can be carried out automatically at the PC.
On the one hand, the density of the fluid is determined from the longitudinal wave
measurement according to Fig. 8.7 and the product of density and viscosity is deter-
mined from the shear wave measurement according to Fig. 8.8. The exact sequence
is described in detail in the previous chapter. Finally, the viscosity is calculated from
these two measurements.

The concept of the ultrasonic pulse-echo method for viscosity measurement has
thus been largely elaborated. At this point, no statements on accuracy are made,
since the base geometries will have a major influence on it and this will be part of
subsequent research.

After it has been proven that a measurement is possible despite high temperatures,
the authors are of the opinion that the ultrasonic pulse echo method for viscosity
measurement is a very promising measurement method. This is mainly based on the
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possibility to investigate two phase mixtures or even three phase mixtures if undis-
solved solids are present. The presence of a second liquid phase was not known at the
beginning of the design phase. Annular discolorations on the autoclave bottom also
indicate two phases within the ammonothermal system in experiments with other
basic mineralizers, so that it can be concluded that this applies to all basic mineral-
izers. This is an exclusion criterion for most other viscosity measurement methods,
including the ball roll viscometer. Also, the apparatus effort is reduced compared
to the ball roll viscometer, since the complex tilting device and the accompanying
uncoupling of the periphery from the filling station can be dispensed with.

8.6 Structure of a Rolling ball Viscometer
for Ammonothermal Synthesis

In this chapter a system of a rolling ball viscometer shall be designed on the basis of
a first theoretical consideration and in the following the gained knowledge shall be
considered in the design and manufacturing. For detailed information the feasibility
studies on this topic are recommended [48].

8.6.1 Theoretical Reflections

The physical basis of the falling body viscometers is the law of Stokes to determine
the viscosity of the measuring media. This law is described by an equilibrium of
forces that can be set up for each falling body in a medium as follows.

Fg = Fa · Fr (8.15)

Fg stands for the force of gravity, Fa for the buoyancy force and Fr for the resistance
force. The three forces can be calculated for a sphere (the most common falling
body), when the constant falling velocity urel is reached, according to the following
formulas. Where g is the acceleration due to gravity, r is the radius of the falling
body and ρK and ρf the density of the falling body K or the fluid f .

Fg = 4

3
π · r3 · ρK · g (8.16)

Fa = 4

3
π · r3 · ρ f · g (8.17)

Fr = ρ f

2
π · r2 · u2rel · cD(Re) (8.18)
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The resistance coefficient cD(Re) depends on the Reynolds number Re and can be
simplified for laminar flows with 24/Re. Viewed from the sphere, the radius of the
sphere is thus included in the Reynolds number as the characteristic length and the
velocity of fall as the flow velocity. The resistance force then includes the viscosity
and is calculated as in the laminar range:

Fr = 6π · r · urel · η (8.19)

The laminar process conditions are therefore essential for the measurements, since
at a higher Reynolds number in Stokes’ resistance law the viscosity is neglected,
and the rolling time depends only on the density. Therefore, (8.20) introduces the
criterion for laminar flow where the sensitivity is still sufficiently accurate.

f

fcr
= Recr

Re
≥ 0.25 (8.20)

With the resistance factor f , the Reynolds number Re, as well as f cr and Recr the resis-
tance factor respectively the Reynolds number at critical speed. This criterion is then
always checked in the test. By using the explicit expressions of the forces in (8.21)
and the resolution of the equilibrium of forces according to the dynamic viscosity,
the working equation for the viscosity determination of falling-body viscometers is
obtained.

η = 2r2 · g
9 · urel · (

ρK − ρ f
)

(8.21)

As alreadymentioned, the above equations for the falling body ball were established,
but other falling bodies such as cones can also be used. However, only the sphere is
suitable for viscosity measurements in ammonothermal synthesis. It is the simplest
design of the falling body viscometer, since an even pressure distribution on the
ball as well as an even expansion of the falling body is achieved by the thermal
conditions. The best known variant of the falling sphere viscometer is the Höppler
version. Since fundamental problems have already been solved here, the viscometer
for ammonothermal media is based on this. The Höppler viscometer is shown in
Fig. 8.9. The first thing to notice is that the downpipe is mounted at an angle on
a tripod. On the one hand, this prevents an undesired rolling movement of the ball
in free fall and on the other hand, it prolongs the rolling time of the ball, which
makes it easier to achieve laminar flow. The measuring device is also equipped with
a tempering jacket which allows viscosity measurements at different temperatures.
In addition, three measuring marks 0, 1 and 2 for determining the drop time and an
immersion heater are attached.

For the determination of viscosity, the instrument constant K is determined using
various fluids of known density and viscosity. All geometric factors of the test setup,
such as the measuring section, angle of inclination and radius of the sphere as well
as the influence of the wall, flow into this instrument constant. Equation (8.26) is
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Fig. 8.9 Höppler-
viskometer,
simplified

thus greatly simplified and in (8.27) only the drop time t remains as the measured
variable. This time is optically determined in the Höppler viscometer for fluids with
a known density between measuring marks 1 and 2. The viscosity of the measuring
medium can then be calculated from the density differences of the sphere and the
measuring liquid, the required drop time t and the constant k.

The viscosity of the measuring medium can then be calculated from the density
differences of the sphere and the measuring liquid, the required drop time t and the
constant K. The viscosity of the measuring medium can then be calculated from the
density differences of the sphere and the measuring liquid.

η = k · t · (ρK − ρ f
)

(8.22)

According to (8.22) the viscosity, with known device constant, depends only on
the density of the liquid, the density of the ball and the rolling time. By repeated
measurements with different ball densities the viscosity is accessible for unknown
liquid densities. This is suitable for everyday use in many applications, but when
used with ammonothermal media there are some significant limitations. The simple
construction of the viscometer is the greatest advantage for a successful adaptation
to the measurement of ammonothermal media, but the following four points listed
in Table 8.1 have to be overcome in contrast to commercially available equipment.

For this purpose, the previous adaptations of rolling ball viscometers at the suitable
locations will be examined more closely.
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Table 8.1 Critical aspects for the design of a rolling ball viscometer for the ammonothermal process

1. The measuring principle must be adapted to the high pressures and temperatures up to 650 °C

2. The ball in the system must be brought back to the starting point so that the measurement
can take place continuously

3. The filling with the normally gaseous ammonia and the other educts must be realized as well
as the temperature and the pressure must be monitored

4. Finally, timekeeping must be optimally implemented. Optical methods should be avoided as
far as possible, since a radial access would be required here, which would increase
production costs and material requirements enormously

8.6.2 Preliminary Tests for the Design of the Rolling Ball
Viscometer

In preliminary tests, the first point to be considered is point four in Table 8.1, in
order to allow a rough design of the plant, since timing has a significant influence
on the overall apparatus. It should be noted that it has already been shown here
that a rolling ball viscometer with magnets for ammonothermal synthesis cannot be
designed. Since these results can nevertheless be helpful elsewhere, they are briefly
summarized here. Subsequently, the preliminary tests with structure-borne sound
sensors are described in more detail and the general conclusions for the design of
the rolling ball viscometer made of Inconel 718® are drawn.

As mentioned at the beginning, magnets cannot be used to detect the rolling time
nor to return the falling body to its initial position after the test, although it is possible
to influence a magnetic material in a high-pressure container made of Inconel 718®

by means of magnets. The difficulty lies in finding suitable permanent magnets or
electromagnets, as the maximum operating temperature determined was 450 °C in
combination with commercially available permanent magnets and an electromagnet.
The possible detection of rolling balls by means of a Hall sensor was also checked
and classified as unsuitable, since a distance of at least 15 cmmust be bridged for the
detection. At a smaller distance, the existing temperature is too high for the sensors
or the wall thickness of the reactor is too thick. Finally, it was found that magnetic
lifting of objects causes considerable problems even when the reactor is at an angle.
Thus, a movable bearing of the reactor is indispensable for the continuous use of a
falling-ball viscometer, as otherwise the ball cannot be returned to its initial position.
In addition, another method of rolling time detection needs to be investigated. One
possibility is to use structure-borne sound sensors and an adapted reactor geometry
to detect the rolling times of balls. For the ball, materials must be selected which
have the lowest possible density so that a maximum rolling time of the balls can be
achieved in the process. Furthermore, the materials used must be able to withstand
the aggressive process conditions. Highly resistant steel or titanium compounds as
well as ceramics such as silicon nitride are therefore the first choice.
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In the test for the suitability of structure-borne sound sensors for timemeasurement
with rolling ball viscometers in ammonothermal synthesis, the following prelimi-
nary test 4 examined whether there is a position dependency for the detection of a
rolling ball in structure-borne sound sensors. Subsequently, two single-axis structure-
borne sound sensors and a three-axis structure-borne sound sensor were examined to
measure the sound pressure when the ball hit the pipe end. Furthermore, it is checked
whether the starting point of the measurement can be detected by structure-borne
sound sensors. The sensors should record an increase in sound pressurewhen a rolling
ball passes through. In order to determine the position dependence of structure-borne
sound sensors, spheres with 8, 10 and 12 mm were allowed to roll in a tube inclined
by 45° and closed at the lower end, while the position of a single-axis sensor and
a three-axis sensor was varied. The structure-borne sound sensors were connected
to amplifiers and to a computer. To determine the position dependence, the sensors
were then placed in three different positions, at the top, bottom and middle of the
pipe, and the sound pressures were recorded for each position. The tests were carried
out under normal conditions with air as the medium. The test setup for this is shown
in Fig. 8.10. Two single-axis sensors (2) were connected to the downpipe (1). The
three-axis sensor (7) was then fitted centrally between the two other sensors at a
distance (6) of 20 mm. The downpipe was turned at an angle of 45° to the table top
and attached to it. To amplify the measuring signals, the sensors are connected to
amplifiers (11) via cables (8). The balls (3–5) are inserted manually into the tube and
the sound pressure is recorded over the length of the tube.

Fig. 8.10 Test rig for time keeping the rolling ball signal by structure born noise sensors: 1 Down-
pipe; 2: single-axis sensor, 3: ball 12 mm, 4: ball 10 mm, 5: ball 8 mm, 6: distance between the
sensors, 7: 3 axis sensor, 8: amplifier cable, 9: tilt angle, 10: measurement computer, 11: amplifier
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It turned out that generally no position dependence of the structure-borne sound
sensors could be shown. As a result, a centrally positioned sensor can pick up the
measuring signals (if available) over the entire downpipe. In addition, the general
starting points of the measurements could also be clearly measured in these exper-
iments by a percentage increase of the signal, as could the impact of the sphere on
the closed end.

Through these preliminary tests, a promising concept is now being developed in
which the further points from Table 8.1 must be fulfilled, as well as point four, which
was mentioned in this chapter, are still being thought through in detail.

The test series for the detection of a rolling ball showed that the insertion of
the ball into the downpipe via a rise in x-axis and y-axis direction could be clearly
measured by the single-axis sensors with amplifiers. In addition, all three sensors
were able to measure the impact of the ball on the tube end. However, the rolling of
the ball was only recorded with a constant intensity. The total measuring time for a
ball with 12 mm for these experiments was about 4 s, whereas the actual rolling time
of the ball was only about 0.7 s.

For this reason, a notch is sawn into the centre of the downpipe to produce a
perceptible acoustic signal when a ball passes through. This is to be recorded by the
attached structure-borne sound sensors. The notch in the downpipe is at a distance
of 400 mm from the pipe end. The total length of the downpipe is 800 mm. The test
series on the suitability of a notch in the reactor for determining the drop time of a
ball rolling past resulted in the graphs shown in Fig. 8.11. This clearly shows that
the system works.

Based on these results, the runtime of the 8 mm Si3N4 ball in ammoniafluide,
soluted in ammonia are:

Fig. 8.11 Structure born
noise signal from the rolling
ball in the viscometer
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T [°C] = 150 °C → rolling time t [s] = 1.3137 s
T [°C] = 200 °C → rolling time t [s] = 1.3466 s.

8.6.3 Adaptation of the Apparatus to High Pressures
and Temperatures

From point one in Table 8.1 it follows inevitably that themeasurement will take place
in a thick-walled pipe made of Inconel 718®. The k-value must then be determined
for each angle of inclination, each ratio of ball diameter to pipe diameter, different
rolling distances in the pipe and different Reynolds numbers and since these values
change with temperature and pressure, a very high calibration effort is required. A
detailed discussion of the influencing factors can be found in the work of Hubbard
and Brown [49]. If the criterion in (8.25) applies, the working equation for viscosity
can be expressed with a variable C by:

η = C

u
· (

ρK − ρ f
)

(8.23)

where this variable C is written as:

C = 5π

42
· K · g · sin α · (d(D + d) + �[d(D + d)]) (8.24)

With a new calibration constant K, the angle of inclination α, the sphere diameter d
and the diameter of the autoclave D. Here, too, the constant K must be determined
by experiments with fluids of known viscosity and density. However, this allows the
influence of temperature and pressure on the diameter and the length changes to be
taken into account, and the inclination angles adapted to the rolling time to be inte-
grated, which ultimately significantly reduces the calibration measurements. If the
mass of a closed system is constant, the density of the fluid at ambient temperature
and pressure is calculated using the previously determined volumes of the auto-
clave. However, as the diameter and length of the autoclave increase with increasing
temperature and pressure, the density decreases simultaneously due to the increase
in volume. The change of the radius �rp at the internal pressure pi is calculated
according to (8.30) with the inner and outer radius ri and ra of the autoclave, as well
as the temperature-dependent modulus of elasticity E(ϑ) and the Poisson number μ

of the autoclave material used [50].

�d

2
= �rp = piri

E(ϑ)
·
(
r2a + r2i
r2a − r2i

+ μ

)
(8.25)

While the linear expansion of the autoclave or the shrinkage of the ball can be
neglected due to the internal pressure, this is not the case with temperature changes
and the internal pressure-related pipe expansion. The inner radius ri(ϑ) and the
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length l(ϑ) of the autoclave or the radius of the sphere rϑ at a given temperature are
determined by (8.31) and (8.32).

r(ϑ) = r0 · (1 + α · �ϑ) (8.26)

l(ϑ) = l0 · (1 + α · �ϑ) (8.27)

where r0 is the inner radius and l0 the length at ambient temperature,Δϑ the temper-
ature change and α the coefficient of thermal expansion of the autoclave material or
the ball material. It should be noted that the inner radius of the autoclave is increased
by an increase in temperature and there is no expansion of the material towards the
centre. The Inconel 718® alloy used is a superalloy with complex composition and
heat treatment. Due to themany influencing factors, the thermal expansion coefficient
of the autoclave material in the literature varies between 1.14 × 10−5 K−1 at 20 °C
to 2.22 × 10−5 K−1 at 700 °C [51] and 1.75 × 10−5 K−1 at 400 °C [52] and 1.41 ×
10−5 K−1 at 20 °C to 1.64 × 10−5 K−1 at 700 °C [53]. It is therefore unavoidable to
know the exact coefficient of expansion for the material used. In the linear expan-
sion �L/L0 is plotted over the temperature ϑ and the slope of the line represents the
thermal expansion coefficient. For comparison, the coefficient of thermal expansion
of silicon nitride (Si3N4 or SiN) is also plotted. SiN because it is one of the materials
used for the sphere in the viscometer. A linearity over the entire temperature range
is given for the materials used, so the coefficient of thermal expansion is regarded as
constant for autoclaves and spheres (Fig. 8.12).

The absolute values are then read directly from the slope of the straight line. Thus,
the coefficients of thermal expansion are dependent on the reciprocal temperature,
in the unit (1/K), for: (a) Inconel 718® (αInconel) = 1.45 × 10−5 and (b) for silicon
nitride (αSi3N4 ) = 3.49 × 10−6.

These considerations show that the first point of Table 8.1 is achievable.

Fig. 8.12 Coefficient of thermal expansion of the alloy Inconel 718®, which is used for the
manufacture of the autoclave and Si3N4 one of the materials used for the sphere
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Fig. 8.13 Calibration values of the viscometer for the angles of 18.7° or 18.3° for a Si3N4 sphere
with a diameter of 12 mm at temperatures between 129 and 505 °C and pressures between 11.3 and
27.8 MPa

8.6.4 Calibration of the Viscosiometer

Figure 8.13 shows the values for the calibration constants C at two different angles
against the temperature. It can be observed that the values for the calibration constants
increase linearly with pressure and temperature respectively and that the different
values are close together. From this it can be concluded that the calibration constant
deviates only slightly with a small change in angle (18.7–18.3°). Moreover, it can be
confirmed that the results of the viscometer are reproducible.

The calibration constant can be described with (8.28).

C(T, 18, 6◦) = 3.898 × 10−7 · T + 1.1049 × 10−4 (8.28)

8.6.5 Influence of the Mineraliser on Viscosity

First, the running times of the 7.938 mm Si3N4 ball were determined with pure
ammonia. In Fig. 8.14 these are plotted against the temperature. It can be seen that
the running times of the ball are between 1.8 and 2 s. They are therefore relatively
short and show a relatively strong fluctuation (error bandwidthmaximum about 3%).
Nevertheless, the trend of an increase at higher temperatures and pressures is again
clearly visible. Thus, the results of the previous experiments are also confirmed here.

Calibration constants were determined from the ball running times of the Si3N4

ball in pure ammonia using (8.23) and literature values for viscosity and density [54],
and the values of the viscosity of ammonia and ammonium fluoride were determined
using the same equation. The values obtained are shown in Fig. 8.15.

This result shows, that the rolling ball viscometer deliver good viscosity data!
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Fig. 8.14 Runtimes of the 7.938 mm Si3N4 ball without mineralizer

Fig. 8.15 Viscosities for pure ammonia and for ammonia with ammonium fluoride; comparison
with literature values [54]

8.6.6 Continual Measurement by Tilting Apparatus

The second point in Table 8.1 sounds trivial at first, but is extremely difficult in
high-pressure applications, as a glance at the literature shows. The apparatus [55]
developed by Okamoto has an integrated return facility in the measuring tube so
that the ball can be transported back to the starting point after the measurement.
This possibility is electronically operated and is fixed at the lower end. The fall time
is measured there within the apparatus via a relay circuit, which reacts to electrical
changeswhen the free fall of the ball is completed. In addition, thismode of operation
enables the ball to be developed from a wide variety of materials, which means that
theweight can be extremely reduced and it was possible for the first time to accurately
determine non-Newtonian media with a rolling ball viscometer. Through an opening
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at the bottom of the apparatus, it is filled with the medium and emptied again through
an opening at the upper end. The ball itself is released late bymeans of a plate ring and
disc to ensure free fall through the medium. The fall time is measured by electronic
changes, which can be registered by electromagnets. Continuous measurements
are made possible by the built-in lift as well as the possibility of exchanging the
measuring substance via a liquid inlet and outlet. This elaborate design demonstrates
the general feasibility of ball roller viscometers even at higher pressures, but cannot
be used due to elevated temperatures. At temperatures above 400 °C, which are
usual in ammonothermal synthesis, both the plastic insulation materials for the
sensors and the ferromagnetic properties of the magnets would fail due to exceeding
the maximum operating temperature [56] (depending on the Curie temperature).
Nishibata and Izuchi succeeded in continuous measurement at high pressures by
means of a rotatably mounted apparatus [57]. A ball is used as a drop body, whereby
the problem arises that the ball already begins to roll while the system is tilting.
Nishibata and Izuchi solved this problem by using a magnetic holding coil, which
brieflydelays the rolling of the ball. Since amagnetic solution for the ammonothermal
process is not possible, the premature rolling away of the ball is solved by a pocket
at the autoclave ends with defined angles. However, this does not completely prevent
premature loose rolling, which is why an additional section must be installed in the
autoclave to achieve the constant rolling time. The considerations from Chap. 3 lead
to the following autoclave design in Fig. 8.16. All parts from Inconel 718® were
developed in the course of this work. A special problem was the deep hole drilling
which requires a company specialized in precision.

A Peripheric cover E C-Ring

B Ball (φ = 12 mm) F Ball pocket

C High temperature structure born noise sensor G Thermal-Cover

D Clearance (1.9 mm) H Thermal element

The autoclave consists of two halves connected by flanges and is closed by two
different lids. A type K thermocouple welded into a sealing cone (H) is screwed

Fig. 8.16 Cross section drawing of the autoclave
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into one lid (G) to enable in situ temperature determination. In the second cover (A)
a tube section made of Inconel 718® is screwed in, which connects the autoclave
with the periphery. The flange connections are sealed by silver-coated C-rings (E).
The two autoclave halves are also connected by flanges and sealed with a C-ring
(E), resulting in a 1.9 mm wide gap (D). The separation of the autoclave defines
two measuring sections. Each measuring section begins at the connection of the two
autoclave halves and ends at the respective autoclave cover. The long measuring
section (a) has a length of 400 mm, the short measuring section (b) 364 mm.

The inner diameters at both ends of the autoclave are conically shaped so that the
ball (B) only rolls off at a certain angle of inclination. This angle of inclination is
critical and requires special attention. It must be ensured that the ball pockets (F)
allow the ball to move at stationary speed when it reaches the measuring distance.

It must be ensured that the ball pockets (F) allow the ball to move at stationary
speed when the measuring distance is reached. The speed of the ball is reduced when
approaching the cover by the bow wave which pushes the ball in front of it. From
this point of view, a free piece of pipe is the desired measuring section. The cross-
sectional expansion of the ball pockets minimizes this damping of the ball speed.
The entire rolling process is recordedwith a special high-temperature structure-borne
noise sensor (L) (Fig. 8.17).

The assembled autoclave from Fig. 8.16 is mounted on a frame (J) of a tiltable
frame. With the help of adjustable wire ropes (I), the maximum angle of inclination
of the frame, and thus of the autoclave, can be adjusted and limited. The inclination
is detected by an inclination sensor (L). The frame is moved by the motor (P). The
rotational movement of the motor is converted into an alternating tilting movement
by a two-part drive linkage (N). The autoclave is heated by a three-part heating sleeve

Fig. 8.17 Construction of the viscometer
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set from Horst (not shown). Each of the heating sleeves has an output of 600 W. The
data recording and control of the motor is done on the hardware side via a USB-6210
(multifunction I/O device) and on the software side via the graphical programming
system.

8.6.7 Media-Supply

As described in Table 8.1 in the third point, ammonia is gaseous and toxic under
normal conditions. For the filling of ammonothermal autoclaves it is therefore not
trivial and a complex test setup with the combination of intensive cooling and the use
of compressors is necessary. For this reason, all tests must be carried out in a closed
system. Figure 8.18 shows the flow diagram of the plant used in this experiment, as
it was already used by Alt [5] and adapted for this test setup.

Nitrogen and ammonia are extracted from a gas cylinder. The nitrogen is used
to clean the system before and after tests and is connected to the system via several
valves (V12, V13, V14). The NH3 bottle is connected via the V1 valve to a cooling
section which cools the ammonia to −15 °C so that it can be condensed out and
conveyed in the liquid state. The cooling section is connected to the compressed
air driven piston pump P1. The valves and pressure sensors V4 and V6 as well as

Fig. 8.18 Flow chart of the system
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PI02 and PI03 can be used to adjust the inlet pressure of the pump and the delivery
pressure of the pump. The V8 valve connects the pump and ammonia to the rest of
the system. For calibration tests with carbon dioxide (Linde Ag, 5.3), the ammonia
bottle is replaced and carbon dioxide is pumped in the same way. When changing
these two media, care must be taken to ensure accurate rinsing, as otherwise urea
can form which clog the apparatus and can only be removed by means of a complex
water rinsing process. With the valve V9 the plant can be emptied of ammonia or
other media and the plant can be vented. An absorber B9 is connected upstream of
the exhaust air duct. Ammonia is washed out with this absorber and thus does not
enter the exhaust air. The system is connected to a Venturi nozzle via valve V10. This
is used to empty the system or the viscometer. The vacuum generated by the Venturi
nozzle can be read off via the PI05 manometer. This depends on the vapour pressure
of the water and is therefore at best 23 hPa at 20 °C, but in the test only 50 hPa is
reached as standard. For the required purity, the autoclave is rinsed at least five times
with N2. The system is connected to the periphery of the rolling ball viscometer
via the valve V15, see Fig. 8.19. The pipes and connecting pieces of the system are
connected to each other by line seals.

A Peripheric-Cover

Q Valve Type-4 R Inconel 718®

S Rupture Disc T Pressure Sensor

U Flexible HP-hose V Filling Station

The central components of the peripherals, shown schematically in Fig. 8.19, are
a typical high pressure valve. It has an always open connection (solid blue line) from
the pressure sensor (T), the bursting disc (S) and to the peripheral cover (A) of the
autoclave. Since the temperature in the periphery is considerably lower than in the
autoclave, only the supply pipe (R) is made of Inconel 718®. A flexible pressure
hose (U) is connected to the shut-off side of the valve (dotted blue line). This is then
connected to the filling station (V).

In order to close the autoclavewithout themineralizer andball coming into contact,
it is recommended to proceed as follows. The autoclave is inserted vertically in the

Fig. 8.19 Technical drawing of the system
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specially developed opening station. The lower side of the autoclave is already closed
with the thermocouple lid so that the mineralizer is filled from above and falls onto
the lower side. Three thin wires are passed through the tube of the other cap, forming
a kind of claw which encloses the ball, as shown in Fig. 8.18. Now the autoclave can
be closed and carried to the viscometer frame. If the autoclave is stored horizontally,
first carefully pull a wire out of the cover, so that the ball falls out of the claw.
The other two wires are also removed. The autoclave can now be connected to the
peripherals.

In order to close the autoclavewithout themineralizer andball coming into contact,
it is recommended to proceed as follows. The autoclave is inserted vertically in the
specially developed opening station. The lower side of the autoclave is already closed
with the thermocouple lid so that the mineralizer is filled from above and falls onto
the lower side. Three thin wires are passed through the tube of the other cap and form
a kind of claw which encloses the ball, as shown in Fig. 8.20. Now the autoclave
can be closed as usual and carried to the viscometer frame. If the autoclave is stored
horizontally, first carefully pull a wire out of the cover, so that the ball falls out of the
claw. The other two wires are also removed. The autoclave can now be connected to
the peripherals as usual.

These solutions ensure a perfect supply of the media and the pressure and temper-
ature can be recorded with sufficient accuracy. The exact sensors for pressure and
temperature are explained in more detail in Sect. 8.6.8.

Fig. 8.20 Wire claw for
closing the autoclave
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8.6.8 Sensoric

8.6.8.1 Thermocouples

Two thermocouples are used for the temperature measurement as described above.
These are based on the so-called Seebeck effect: If a conductor is in a tempera-
ture gradient, an electron flow is generated inside the conductor, which is caused
by an electromotive force proportional to the temperature gradient. If one measures
the voltage between the two free ends of the conductor, a voltage difference results
which depends on the size of the temperature gradient aswell as on the thermoelectric
properties of the conductor. For different temperature profiles above the conductor,
the same voltage is obtained if the temperatures at both ends match. In practice,
this effect is used for temperature measurement by connecting two conductors with
different thermoelectric properties at one end. This end is the measuring point. At the
other end of the twowires, a voltage can be tapped which depends on the thermoelec-
tric properties of the two conductors and on the temperature difference between the
measuring point and the reference junction. With thermocouples only one temper-
ature difference is measured, therefore a reference junction is needed to determine
the absolute temperature of the measuring point. Type K thermocouples are used in
this test. It consists of a nickel-chromium and a nickel-aluminium conductor and can
be used at temperatures between −250 and 1100 °C, whereby the temperature may
deviate a maximum of 0.75% from the nominal temperature [58, 59].

8.6.8.2 Pressure Sensor

The pressure sensor is based on the principle of strain gauge technology. When a
strain gauge is deformed, its electrical resistance changes. By changing the resistance
or the electrical signal, the force or pressure acting on the body can be determined.
With the pressure transducer, pressures from 0 to 500 MPa can be measured with an
accuracy of 0.3% [60, 61].

8.6.8.3 Data Acquisition

A USB multifunction I/O device (USB-6210) is used for data acquisition. It has 16
analog inputs (with 16 bit resolution and a sampling rate of 250 kS/s) and allmeasured
values (pressure, temperature, structure-borne sound sensor and inclination sensor)
can be read out froma central card, so that the time stamp is the same for all. Themotor
can also be controlled via the four digital inputs and outputs. Another advantage is
the complete compatibility of the hardware component with a graphical development
environment. This allows the measurements to be displayed visually during the tests.
For the algorithms developed for data analysis, the extensive program blocks in the
associated library are used.
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8.6.8.4 Structure Born Noise Sensor

With a structure-borne sound sensor, the vibrations of the body can be converted into
an electrical signal. The structure-borne sound sensor used here is an acceleration
sensor. This consists of a measuring body with Inconel housing and is suitable for
temperatures of up to 538 °C. The sensor is designed for use in the field of vibration
measurement. A silver foil on the upper side of the housing, which becomes more
permeable to air as the temperature rises, enables oxygen to be supplied to the
crystal of the sensor element while maintaining the hermetic seal. The sensor is also
mounted on an insulation base to reduce electromagnetic interference and ground
loop disturbances.

8.6.8.5 Decline Sensor

The angle of inclination is an important influencing parameter on the viscosity values
determined with a rolling ball viscometer. The dynamic viscosity is directly propor-
tional to the rolling angle, as shown in (8.23). Due to the structure of the frame, the
movement of the autoclave is quite dynamic. This, together with the large weight of
the autoclave, causes inaccuracies in the angle adjustment. Therefore, it makes sense
to determine the angle of inclination individually for each measurement. Since the
inclination angle should be determined with the greatest possible accuracy and data
acquisition with a computer is desirable, rotary encoders and inclination sensors as
angle encoders are a closer selection. Most rotary encoders are designed for hollow
shaft journals. Although there are also encoders that can be mounted in the middle of
the shaft, these require a large shaft diameter. Since the shaft ends in a ball bearing
on both sides, an encoder for hollow shaft journals is only possible by additional
conversions of the frame. The shaft diameter of the measuring apparatus is too small
for conventional rotary encoders which do not require a shaft journal. Inclination
sensors are acceleration sensors which determine the inclination with respect to the
earth’s gravitational field. The measuring principle can, for example, be inductive or
capacitive [62]. The inclination angle is determined in relation to the earth’s axis,
which is why an inclination sensor was selected due to the design of the frame. The
sensor has a measuring accuracy of ±0.06° in the measuring range of ±90° [63]. A
0–10 V interface was selected, whereby the measured values can be read out directly
via a graphics card.
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8.7 Summary

The flow in the ammonothermal autoclaves is of essential importance for the crys-
tallization process. Since the flow in the autoclaves can only be measured unsatis-
factorily (e.g. laser Doppler anemometry does not reach the entire interior and is
only accurate when flow is noticeable). Therefore, numerical simulation remains
the most powerful tool. However, this requires precise knowledge of the viscosity.
Therefore, it is necessary to have well-suited measuring methods for viscosity. From
the variety of viscosity measuring techniques, only the ball roller viscometer as an
external method and the ultrasonic method for direct measurement in an autoclave
have emerged. The rolling ball viscometer requires its own design, which must also
meet all the requirements of an autoclave. However, this still means a relatively
long downpipe, which can then be used to provide good measured values. The ultra-
sonic method can be used directly at the autoclave, during the process and therefore
provides data that can map the entire process sequence. In addition, a phase inter-
face can also be detected. If liquid and gas are present in the autoclave, this can be
detected. The measurement quality that can be achieved with this method is also
good but requires more experience in carrying out the measurements.
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Chapter 9
Determination of Solubility of GaN
in Ammonobasic Systems

Wilhelm Schwieger and Hasan Baser

Abstract In this study, the solubility ofGaN in the ammonobasicMNH2–GaN–NH3

(M =Na, K) systems in the temperature range of 350–550 °Cwas studied. The target
value for the ammonia filling degree was 45% and 55% for mineralizers NaNH2 and
KNH2, respectively. The mineralizer concentration was varied at all temperatures
from 1 M to 3 M, in respect to the liquid ammonia. It has been found that the
solubility of GaN with NaNH2 as a mineralizer increases slightly with increasing
temperature in the range 400–600 °C, but is generally very low. A dependence of
solubility onmineralizer concentrationwas not observed.An increase in the ammonia
filling degree from 45% to 55% only slightly increased the solubility of GaN. The
use of KNH2 as a mineralizer brought an enormous increase in the solubility of GaN.
Here, 7 times higher solubilities than those for NaNH2 were observed. A retrograde
solubility behavior of GaN in the temperature range 400–550 °C was determined
for KNH2 as a mineralizer. In the range of 350–400 °C the solubility showed a
positive temperature dependence. The maximum solubility was reached at 400 °C.
The solubility of GaN at 400 °C was found three times higher than at 550 °C.

9.1 Introduction

The ammonothermal method is characterized as a system in which supercritical
ammonia acts as solvent. Basically, a distinction can be made between three different
types of systems: Ammonobasic, ammononeutral and ammonoacidic. Which envi-
ronment is present depends on the starting products and the mineralizers used
[1].

The ammonothermal crystal growth ofGaN takes place in themetastableOstwald-
Miers area. In order to significantly increase the concentration ofmetastable products
in the reaction with GaN, mineralizers are of enormous importance. Because GaN is
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poorly soluble in ammonia, the transition fromNH3 to the supercritical state does not
change the solubility behavior of GaN. Only by adding a mineralizer the solubility
of GaN in ammonia is made possible, in which the mineralizer forms compounds
with GaN that are easily soluble in ammonia [1].

The advantages of the ammonothermal method are the lower defect densities
of the crystals produced, the possibility of growing crystals with large diame-
ters and outstanding structural properties, the controlled crystallization process,
the simple scale-up of the method and the possibility of growing several crystals
during a synthesis process. In the past, low growth rates were the biggest problem
of the ammonothermal method [2–14]. Currently, research has already succeeded in
increasing growth rates from 24–106 µm/d up to 300 µm/d and more.

The addition of mineralizers allows the solubility of GaN in ammonia. Theminer-
alizers supply the system with different ions depending on the choice of mineralizer.
In the ammonobasic environment, the mineralizers supply amide ions to the system;
in the ammonoacidic system, however, NH4

+ ions. When neutral mineralizers are
selected, none of these ions aremade available to the system in excess concentrations.

The added mineralizers form intermediates with GaN in the solution zone, which
are highly soluble in ammonia. It is still necessary to determine which intermediates
are actually formed [5]. In the ammonobasic environment, for example, the following
process is conceivable when using the alkali amide KNH2 as a mineralizer.

The basic mineralizer is getting in contact with the GaN in the solution zone. A
metal amide compound such as KGa(NH2)4 [14], which is soluble in ammonia, is
formed. The following reaction could take place (9.1):

KNH2 + GaN + 2NH3 � KGa(NH2)4 (9.1)

After convective transport of the intermediate to the crystallization zone, it is
deposited on the GaN seed crystal and crystallizes GaN. Typical process condi-
tions are specified for the ammonothermal process with T = 400–600 °C and P =
0.1–0.3 GPa [4]. Furthermore, the choice of the mineralizer influences the position
of the crystallization and solution zones. Under ammonobasic conditions, GaN has
a retro grade solubility in ammonia, so that the solution zone is placed in the colder,
upper zone. The seed crystals are therefore located in the lower, warmer area [13].

In ammonoacidic systems, both the positive and negative temperature depen-
dence of the solubility of GaN in supercritical ammonia was observed. For NH4X
(X = Cl, Br, I) as mineralizer, GaN is more soluble in the warmer area, so that the
crystallization zone is placed in the colder, upper part of the autoclave [8].

The basic mineralizers of the form MNH2 are mainly mineralizers with M = K
or Na. KN3 and NaN3 are also used as mineralizers. When azides are used in the
system, additional pressure is created by the decomposition of azides to form amide
at a certain temperature [4, 5, 8, 13]. The reactions in (9.2) and (9.3) take place:

2MN3 → 2M + 3N2 (9.2)
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2M + 2NH3 → 2MNH2 + H2 (9.3)

withM = K or Na.
Equations (9.2) and (9.3) show that the additional pressure in the system is caused

by formation of N2 and H2. The resulting KNH2 or NaNH2 influences the system in
the same way as the direct addition of the metal amides.

9.2 State of the Art

Basic mineralizers mainly include alkali metal amides such as lithium, sodium or
potassium amide. Few data on the solubility experiments with the basic mineralizer
NaNH2 can be found in the literature. In contrast, KNH2 has been studied more
frequently because of the higher solibility in ammonia compared to NaNH2 (66 g
KNH2/100 g NH3, T = −33 °C [1]; 0.004 g NaNH2/100 g NH3; T = 25 °C [16,
17]). In Fig. 9.1 previously measured solubilities of GaN in ammonobasic system in
the literature as a function of temperature are summarized.

Dwilinski et al. [12] have investigated the temperature dependence of GaN solu-
bility in the KNH2–NH3 system at two different temperatures. The molar ratio of
mineralizer to ammonia KNH2/NH3 was 0.07, which equals a concentration of 2.6M
KNH2. Their results show a retrograde solubility ofGaN in the ammonobasic system.
Solubility at 400 °C is greater for any pressure thanGaN solubility at 500 °C. Further-
more, the solubility of GaN for this system shows a clear pressure dependence.
Solubility increases with pressure and strives for both temperatures above a pres-
sure of approx. 300 MPa against solubility limits of approx. 3 mol% for 400 °C and
2 mol% for 500 °C. Whether the solubility decreases with increasing pressure is not
mentioned in their publication.

Wang et al. [13] have studied the solubility of GaN in the KNH2–NH3 system.
The dissolved amount of GaNwas determined by weighing GaN before and after the

Fig. 9.1 Summarized previously measured solubilities of GaN in ammonobasic system in the
literature as a function of temperature [12–15]
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experiment. The experiments normally lasted one week. The pressure was changed
in the interval of 1.2–2.4 kbar. The concentration of the mineralizer was 3.5 ±
0.5M. Information about the ammonia filling level is not given. In Fig. 9.1 shows the
already mentioned retrograde solubility of GaN in the ammonobasic system. Thus,
the highest value for the GaN solubility is achieved at approx. 410 °C with 8% by
weight (ammonia specific) and the lowest solubility at approx. 550 °C with approx.
1.5% by weight. Furthermore, it can be seen from the results that the ammonia-
specific solubility of GaN at the samemineralizer concentration runs with increasing
temperature against a limit value of 1.5% by weight.

Callahan et al. [14] have also conducted solubility studies on GaN in the
ammonobasic system. Their investigations cover the temperature interval from 360
to 600 °C. They used 15 ml autoclaves with an inner diameter of 1 cm for their
solubility experiments. The solubility experiments took 3–7 days. The pressure was
not kept constant. The amide concentrations were chosen between 2 and 4 M. The
amount of NH3 in the system was between 0.65 and 0.85 mol. The quantities of GaN
used varied between 5 and 10 g. Retrograde solubilities between ~13 wt% and 1.5
wt% GaN for approx. 360 °C and 590 °C could be achieved. In their publication,
however, it is not mentioned which basic mineralizer has been specifically used. It
is probable that KNH2 has been used as a mineralizer here, judging by the results
of Wang et al. [13], Dwilinski et al. [12] and Hashimoto et al. [15]. The results of
Callahan et al. [14] seem to belong to the experiment series of Wang et al. [13],
because many values lie graphically on the identical spot.

Another behavior shows the solubility ofGaNwhenusingNaNH2 as amineralizer.
The solubility behavior of GaN in the NaNH2–NH3 system has been investigated by
Hashimoto et al. [15]. The NH3 filling degrees are given as 40, 34, 30, 24 and 19%
at oven temperatures of 450, 500, 550, 600 and 650 °C. The pressure is indicated as
constant at 830MPa. The reaction timewas 120 h. The concentration ofNaNH2 in the
system was selected to 1.5 mol%. The maximum solubility of GaN for the system
shown is 1.2% by weight at 600 °C. Up to ~560 °C the GaN solubility increases
exponentially and reaches a value of approx. 1.19% by weight. Subsequently, a slow
increase up to 600 °C takes place. After reaching the solubility maximum at 600 °C,
the solubility of GaN is retrograde and steeply decreasing. Whether a limit value for
solubility is reached after 650 °C remains unclear.

In summary, an exponentially retrograde solubility of GaN in the temperature
range of 360– 590 °C is observed when KNH2 using basic mineralizers. For NaNH2

the solubility of GaN decreases in temperature range from 450 to 600 °C. At higher
temperatures then 600 °C the solubility becomes retrograde. Furthermore, the condi-
tions of the solubility experiments described in the literature are not sufficiently spec-
ified. Thus, often no information is given on the ammonia filling level. In addition,
little data is available on NaNH2 as a mineralizer (Table 9.1).
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Table 9.1 Comparison of the solubility values in the literature as a function of temperature, pressure
and concentration of the basic mineralizer

Lit. Mineralizer Pressure
(Mpa)

Filling (%) Temp.
°C

Solubility [%]
(gGaN/gNH3)*

Solubility [%]
(molGaN/molNH3)*

[12] 2.60 M
KNH2

112
196
297
345
113
214
278
347

– 400
400
400
400
500
500
500
500

2.12
9.51
13.74
14.68
1.03
3.59
7.44
9.65

0.43
1.93
2.79
2.98
0.21
0.73
1.51
1.96

[13] 3.50 M
KNH2

120
–
240

– 410
430
450
500
525
575
590

7.84
6.13
4.61
2.64
1.96
1.54
1.50

1.59
1.24
0.94
0.54
0.40
0.31
0.30

[14] 2–4 M
Amide

– ~0.65 mol
NH3 in 15
ml
autoclave

360
410
450
500
520
575
590

12.87
7.93
4.66
2.63
1.93
1.56
1.54

2.61
1.61
0.95
0.53
0.39
0.32
0.31

[15] 0.55 M
NaNH2

380 MPa 40
34
30
24
19

450
500
550
600
650

0.14
0.32
1.15
1.23
0.26

0.03
0.06
0.23
0.25
0.05

*The bold printed values are original values for the solubility of GaN from the literature. The values
with standard letter are the recalculated values for comparability with each other

9.3 Results

9.3.1 Description of the Experiment Setup

In this study the influence of temperature on the solubility of GaN in the system
MNH2–GaN–NH3 (M = Na or K) was investigated. The mineralizer concentration
calculated on base of the liquid ammonia volume at the filling temperature was varied
from 1 to 3 M. The amount of NH3 was kept constant for the different temperatures
with a target filling degree of 50% for NaNH2 and 55% for KNH2. The temperature
was increased between 350 and 550 °C in 50 °C steps. Polycrystalline GaN single
crystals produced by theHVPEmethodwere used. The dissolved amount ofGaNwas
determined gravimetrically. Furthermore, the pressure curve was recorded in situ.
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This made it possible to check the tightness of the autoclave and thus to obtain
meaningful results. In addition to checking the tightness, the analysis of the pressure
curves is used to gain insights into the processes in the ammonobasic system.

The autoclave used in the solution experiments is shown in Fig. 9.2. This autoclave
was made of a nickel-based alloy (Inconel-718) and was specially developed for
ammonothermal experiments. It is designed for a maximum temperature of 600 °C
and a maximum internal pressure of 300 MPa. The temperature and pressure curves
are with welded or soldered thermocouples type K and pressure transmitters of type
P2VA1 (HBM). Thermocouple and pressure transmitters are attached to the lid of
the autoclave via a connecting tube.

During the tests, the corresponding quantity of mineralizer and GaN crystal
weighedwas placed in the autoclave and the autoclave is sealed. The sealed autoclave
is first weighed to determine its weight in the absence of ammonia. A leak test is
then carried out on the autoclave. For this purpose, nitrogen is introduced into the
autoclave at the final pressure expected in the respective solubility test (approx. 150
to 200MPa) and the pressure development in the autoclave is observed over a period
of time. If the autoclave is tight, nitrogen is released and a vacuum of up to 4 × 10−7

mbar is generated in the autoclave using a turbomolecular pump. Liquid ammonia
is now introduced into the degassed autoclave until the target volume is reached.
The target volumes are adjusted by means of ultrasonic measurement. Now the filled
autoclave is weighed again and the value comparedwith the referenceweight without

Fig. 9.2 Schematic representation of the autoclave and the tree zone oven used in the solubility
experiments
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ammonia. If the difference is 33 g (≙55% filling degree), the autoclave can be placed
in the furnace. The furnaces used here have three separate heating zones (Fig. 9.2).
In the first heating zone (zone 1) the lid and the flange are heated. In addition to
insulation, the autoclave lid is covered with glass wool. The other lower zones serve
to heat the autoclave body (zones 2 and 3). In the solubility tests, the temperature in
all zones was set to the same value.

The duration of the solubility experiments was 120 h. After this time, the oven
was switched off and the autoclave was left in the oven for another 20 h to cool
down. The overpressure created by amide formation and ammonia decomposition is
released from the autoclave. After opening the degassed autoclave, the basic miner-
alizer was removed from the autoclave by dissolution in a water-alcohol (isopropanol
for KNH2 and ethanol for NaNH2) mixture with a mixing ratio of 1:5 (V (H2O) =
10 ml; V (alcohol) = 50 ml;). The water is diluted with alcohol because the reac-
tion of the amide with pure water would be too vigorous. The GaN crystals are
then removed from the autoclave and their mass is determined gravimetrically. The
dissolved amount of GaN is determined by calculating the difference between mGaN

before and after the solubility experiment.

9.3.2 Time and Temperature Dependency of the Pressure
Buildup Under the Conditions of Ammonobasic
Solubility Measurements

Figure 9.3 shows that the system pressure develops similarly for all temperatures.
The heating-up period extends from the start t = 0 h to t = 4 h. A linear increase in
pressure can be seen in this period. After a heating-up period in which the pressure
rises steadily, an isothermal state is reached (t=0–120h). The pressure increaseswith
a very small gradient after reaching the target temperature. The maximum pressure

Fig. 9.3 In situ recorded
pressure curves in the
autoclave at different
temperatures during the
solubility studies of GaN
with a concentration of 1 M
of NaNH2 as mineralizer and
with an ammonia filling
degree of 50%
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reached causes a temperature dependence. The higher the temperature, the higher
the system pressure. The maximum pressure value is reached for the temperatures
of 400–550 °C at the end of the isothermal phase at t = 120 h. An exception can be
observed at 600 °C. For this temperature, themaximumpressure is reached at approx.
36 h. After reaching the maximum value the pressure decreases slightly. This slight
decrease in pressure is an indication of the beginning of hydrogen diffusion from the
autoclave. In the subsequent cooling phase, the pressure continuously decreases.

Figure 9.4 shows the pressure jump resulting by the thermal decomposition of
NaN3 for the different amount of NaN3. The pressure jump occurs abruptly within
a few milliseconds. The resulting N2 according (9.2) leads to a sudden increase in
pressure.

The decomposition of NaN3 also produces stoichiometric amounts of sodium,
which reacts with ammonia to form sodium amide. The mathematically calculated
pressure of the nitrogen formed in this equation is equal to the experimentally deter-
mined pressure difference during the pressure jump. As an example, the value of the
pressure jump by thermal decomposition of 2 M NaN3 is calculated as follows:

dp = n × R × T

V
= 0.142mol × 0.083

(
bar × 1

mol × K
) × 573.15 K

0.048l
= 141 bar

dp: pressure jump
n: molar amount of formed nitrogen gas
R: ideal gas constant; T: decomposition temperature of sodium azide (573, 15 K)
V: free volume of the autoclave (=V autoclave − V ammonia(liq.)).

For all temperatures, the pressure continues to rise slowly with time after reaching
the target temperature (t: 4 h). At the end of the stationary phase at t = 120 h the

Fig. 9.4 Left: Representation of the pressure jump due to thermal decomposition of NaN3 for
different concentrations of NaN3. The pressure jump takes place between 1.3 and 1.6 h, where
the autoclave has an internal temperature of approx. 300 °C. For better recognition, the curves in
the diagram were plotted with a time shift (2 M NaN3: 30 min and 3 M NaN3: 60 min), Right:
Comparison of the calculated and experimental value of the pressure jump (plotted are all values
for the solubility experiments described in Sect. 9.3.3)
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maximum process pressure is reached. The reason for the increase of pressure at
constant temperature is the decomposition of ammonia to hydrogen and nitrogen.
For the process, temperature of 600 °C a different behavior can be seen after reaching
the target temperature.

In Fig. 9.3, a maximum pressure of 600 °C is reached after approx. 40 h. The
process temperature of 600 °C is reached after approx. 40 h. The maximum pressure
of 600 °C is reached after approx. 40 h. The pressure then drops slowly to the end
of the stationary phase. This indicates that a significant amount of hydrogen diffuses
through the autoclave walls at a temperature of 600 °C for the present system.

9.3.3 Solubility of GaN with NaNH2 as Mineralizer

The volumetric ammonia filling degree for each process temperature was 50%. The
total volume of the autoclave used was 97 ml. Thus, the volume of ammonia for
the intended filling degree V ammonia = V autoclave × 50% = 48.5 ml. Based on this
volume of ammonia, the molar amounts of NaN3 was 0.047, 0.095 and 0.142 mol for
the concentration of NaNH2 1 M, 2 M and 3 M, respectively. NaNH2 was produced
in situ according to the equation by decomposition of NaN3.

The experimentally determined solubility data (Fig. 9.5 and Table 9.2) can be
concluded as follows. With an absolute dissolved amount of GaN of 0.008 g (lowest
solubility, 1 M NaNH2, 400 °C) to 0.134 g (highest solubility, 1 M NaNH2, 600
°C), the dissolved amounts are very low in all experiments performed. These are
too small to allow a meaningful crystal growth. Overall, the solubility increases
with increasing temperature. However, the increase in solubility with temperature
is small. A significant increase can only be observed at 600 °C. In the temperature
range between 400 and 600 °C no retrograde solubility was observed, as reported
by Hashimoto et al. [15]. An increase of the mineralizer quantity leads slightly to an

Fig. 9.5 The absolute
dissolved amounts of GaN
over the temperature at
different mineralizer
concentrations
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Table 9.2 Results of the solubility experiments as a function of temperature for different NaNH2
concentrations (ammonia filling degree 50%)

NaNH2: 1 M; 50% NH3

Temperature [°C] 400 450 500 550 600

Absolutely solved GaN [g] 0.008 0.014 0.038 0.047 0.134

Solubility related to ammonia %
[mGaN/mNH3]

0.030 0.052 0.140 0.174 0.495

Solubility related to ammonia %
[molGaN/molNH3]

0.006 0.011 0.029 0.035 0.101

NaNH2: 2 M; 50% NH3

Temperature [°C] 400 450 500 550 600

Absolutely solved GaN [g] 0.045 0.050 0.060 0.057 0.069

Solubility related to ammonia %
[mGaN/mNH3]

0.034 0.038 0.045 0.043 0.052

Solubility related to ammonia %
[molGaN/molNH3]

0.166 0.185 0.222 0.211 0.255

NaNH2: 3 M; 50% NH3

Temperature [°C] 400 450 500 550 600

Absolutely solved GaN [g] 0.021 0.045 0.053 0.057 0.127

Solubility related to ammonia %
[mGaN/mNH3]

0.016 0.034 0.040 0.043 0.095

Solubility related to ammonia %
[molGaN/molNH3]

0.078 0.166 0.196 0.211 0.469

NaNH2: 2 M; 55% NH3

Temperature [°C] 400 450 500 550 -

Absolutely solved GaN [g] 0.079 0.080 0.090 0.092 -

Solubility related to ammonia %
[mGaN/mNH3]

0.048 0.049 0.055 0.056 -

Solubility related to ammonia %
[molGaN/molNH3]

0.239 0.242 0.272 0.278 -

increase of the solubility of GaN. This means that NaNH2 itself has a low solubility
in supercritical ammonia and only a small part of the NaNH2 used contributes to
the dissolution of GaN. Only an increase of the ammonia amount (from 50 to 55%)
seems to be more efficient to increase the solubility of GaN.

9.3.4 Solubility of GaN with KNH2 as Mineralizer

The total volume of the autoclave used was 97 ml. The volumetric ammonia filling
degree for each process temperature was 55%. Thus, the volume of ammonia for the
intended filling degreeV ammonia =V autoclave × 55%= 53.35ml. Based on this volume
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of ammonia, the molar amount of KN3 was 0.0534 mol, 0.1067 and 0.1600 mol for
the concentration of KNH2 1 M, 2 M and 3 M, respectively. KNH2 was produced by
in situ decomposition of KN3.

In the literature, different units of solubility are given. Therefore, the absolute
solubilities determined in this work are also normalized in relation to the ammonia
quantity in order to allow a comparison with the literature values. The results are
summarized in Table 9.3.

A bell-shaped curve for the absolutely solubility of GaN with a maximum of
approximately over 0.850 g for the KNH2 concentration of 3 M at just over 400 °C
can be seen (Fig. 9.6). After reaching the maximum, a retrograde solubility towards
the higher temperatures is observed.

Table 9.3 Results of the solubility experiments as a function of temperature for different KNH2
concentrations (ammonia filling degree 55%)

KNH2: 1 M

Temperature [°C] 350 400 450 500 550

Absolutely solved GaN [g] 0.374 0.438 0.366 0.226 0.149

Solubility related to ammonia %
[mGaN/mNH3]

1.13 1.32 1.11 0.68 0.45

Solubility related to ammonia %
[molGaN/molNH3]

0.23 0.27 0.23 0.14 0.09

Solubility related to mineralizer %
[molGaN/molMineralizer]

8.37 9.81 8.19 5.06 3.34

KNH2: 2 M

Temperature [°C] 350 400 450 500 550

Absolutely solved GaN [g] 0.519 0.705 0.601 0.512 0.415

Solubility related to ammonia %
[mGaN/mNH3]

1.57 2.14 1.82 1.55 1.26

Solubility related to ammonia %
[molGaN/molNH3]

0.32 0.43 0.37 0.32 0.26

Solubility related to mineralizer %
[molGaN/molMineralizer]

5.81 7.89 6.73 5.73 4.65

KNH2: 3 M

Temperature [°C] 350 400 450 500 550

Absolutely solved GaN [g] 0.706 0.850 0.830 0.675 0.521

Solubility related to ammonia %
[mGaN/mNH3]

2.14 2.58 2.52 2.05 1.58

Solubility related to ammonia %
[molGaN/molNH3]

0.44 0.52 0.51 0.42 0.32

Solubility related to mineralizer %
[molGaN/molMineralizer]

5.27 6.34 6.20 5.04 3.89
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Fig. 9.6 The absolute
dissolved amounts of GaN
over the temperature at
different mineralizer
concentrations

Fig. 9.7 Comparison of the
solubilities of GaN in
dependence of the
temperature by the use of
NaNH2 and KNH2 as
mineralizer

This means that the solubility decreases with increasing temperature with a linear
dependence between 450 and 550 °C. The experiment at 550 °C provides the lowest
dissolved quantity of GaN in the temperature range examined.

In order to compare these results better with other experiments from the literature,
it is common to normalize the solubility. The figures show the calculated relative
solubilities in relation to the amount of ammonia (Fig. 9.8).
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Fig. 9.8 Comparison of the results of this work with those from literature

9.4 Kinetic Investigation of the Solubility of GaN

The solubility experiments considered so far were all set at duration of 120 h, since
it was assumed that the solution equilibrium had in any case adjusted after this time.
However, in order to verify this fact once again and to investigate the temporal course
of the solubility more closely, a further series of experiments was carried out.

Under otherwise constant conditions (T = 400 °C, filling degree = 55%, 3 M
KNH2) the duration was varied. The aim of the series is to check when the solution
equilibrium is reached in the autoclave. For this purpose, the isothermal phase in the
autoclave was extended until the dissolved amount of GaN no longer changed.

In Fig. 9.9 an exponentially increase in solubility over the time can be seen,
whereby the dissolved amount seems to be almost constant from 144 h. Compared to
the dissolved GaN quantity at 120 h (0.85 g), increase the solubility by a good 15%
to 0.98 g after a time of 192 h. A state of equilibrium cannot therefore be assumed
for a duration of 5 days. Wang et al. report test durations of one week or more. The

Fig. 9.9 The solubility of
GaN over time at 400 °C by
the use of 3 M KNH2 as
mineralizer with an ammonia
filling degree of 55%
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dissolved 0.98 g GaN correspond to a relative quantity of 0.0296 gGaN/gNH3, which
is still not nearly as high as the 0.08 achieved by Wang et al. [13].

If extremely long durations are inserted into the equation of the fit curve (equation
in Fig. 9.9) in order to simulate a true equilibrium state, the values shown in Table
in Fig. 9.9 are obtained. An equilibrium state of solubility with 0.94 g dissolved
GaN is only reached after 450 h. In comparison to the 0.85 g dissolved after 120 h,
the dissolved quantity can be increased again by approx. 10.5% with enough time.
It must therefore be taken into consideration for the later application whether the
additional GaN the additional expenditure on heating power and equipment wear is
worth this.

9.5 Summary

In this work the solubility of GaN in the ammonobasic MNH2–GaN–NH3 system
(M = Na or K) in the temperature range of 350–600 °C was investigated. Starting
from 350 °C, the temperature was increased in 50 °C steps for each experiment. The
degree of ammonia filling was 50 and 55% for NaNH2 and KNH2, respectively.

The development of solubility with temperature increase seems to be different for
both mineralizers. In the case of NaNH2 as a mineralizer, a normal solubility of GaN
was considered. The solubility of GaN increases with increasing temperature. Here
the solubility maximum of 0.134 g GaN was reached for 600 °C using 1 M NaNH2

as mineralizer and a 50% NH3 filling degree.
With the solubilities where KNH2 was used as mineralizer, a retrograde solubility

behavior of GaN in the temperature range of 400–550 °C was determined. In the
range of 350–400 °C the solubility showed a positive temperature dependence. The
maximum solubility was reached at 400 °C. The solubility of GaN at 400 °C was
three times higher compared to 550 °C.

In contrast to literature, the retrograde dependence is not exponential, rather linear
in the temperature range from 400 to 550 °C. In addition, the high solubility values
documented in the literature could not be achieved in the course of the work (see
Fig. 9.8).

Furthermore, the dependence of the dissolved amount of GaN on the mineral-
izer concentration was observed. The dissolved amount of GaN increases with the
mineralizer concentration. The negative slope of the retrograde solubility is the same
at different KNH2 concentrations. Unlike NaNH2, the solubility of GaN shows a
dependence on the KNH2 concentration used. The solubility of GaN at 2 MKNH2 is
slightly more than twice that of 1 MKNH2 concentration. Increasing the mineralizer
concentration to 3 M leads to a lower increase of GaN solubility. This non-linear
relationship could be because the saturation concentration of KNH2 in supercritical
ammonia has been achieved here.

In comparison to the mineralizer NaNH2, a significant increase of the dissolved
amount of GaN could be achieved in the temperature range considered. For KNH2,
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the maximum solubility of GaN at 400 °C with 0.438 g dissolved GaN was reached
in the present study.

For the growth experiments, KNH2 is better suited as mineralizer compared to
NaNH2. It combines the milder process temperatures and thus lower pressures with
higher solubilities of GaN in sc-NH3. This allows more solid crystals to be produced
and milder process conditions result in additional energy, cost and material savings.

9.6 Conclusion

The aim of this study was to generate the temperature-dependent solubility data of
GaN in supercritical ammonia by using the basic mineralizers NaNH2 and KNH2

in order to determine the optimal process conditions for the growth of GaN single
crystals.

The solubility values obtained in thiswork can only be compared to those obtained
from literature to a limited extent, since not all process parameters are clearly stated
in the literature. Above all, the literature does not specify the amount of ammonia for
each of the solubility data. With the developed ultrasonic method, we were able to
adjust the filling level exactly. The use of the three-zone oven enabled an isothermal
temperature distribution in the autoclave. The pressure values were recorded in the
course of the experiment and so the tightness of the autoclave could be checked.
Nevertheless, a comparison of our results with those from the literature should be
done here.

The temperature dependence of the solubility shows similar results in both miner-
alizers as in the literature. As expected, a retrograde solubility of the mineralizer
KNH2 was observed here as well. The solubilities are only compatible with those
of the literature at temperatures around 550 °C. At the lower temperatures, there are
large differences.

We found a maximum solubility at 400 °C for all KNH2 concentrations in this
work, which was not reported in the literature.

In the case of NaNH2 as mineralizer, a normal course of solubility was observed.
The solubility of the GaN was not dependent on the concentration of the mineralizer.
Thus, it was indirectly confirmed that NaNH2 dissolves very poorly in supercritical
ammonia and contributes to the dissolution of GaN. Here, as in the literature, very
small solubilities were obtained.
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Chapter 10
In Situ Visualization
of the Ammonothermal Crystallization
Process by X-ray Technology

Saskia Schimmel and Peter Wellmann

Abstract X-ray based in situ monitoring techniques for ammonothermal processes
are reviewed. Technological aspects are discussed, including general aspects of in situ
X-ray visualization technology as well as the corrosion resistance of prospective
materials for X-ray transparent windows under ammonothermal conditions (formore
comprehensive information on corrosion resistance see Chap. 11). In situ X-ray visu-
alization methods have proven to be extremely useful for gaining insights that are
inaccessible through othermethods to date. Results obtained by in situX-ray imaging
comprise information on solubility and dissolution kinetics as well as insights into
the transport of solutes and local concentration changes of solutes. Moreover, phase
changes of the fluid can be monitored and the technique has been adapted for solu-
bility studies of novelmaterials that are unavailable as bulkmaterials to date. Findings
of particular interest include a revision of solubility data for GaN, insights into face-
selective and mineralizer-selective dissolution kinetics of GaN, and the visualization
of Ga transport within the fluid upon dissolution of GaN. The observed extremely
slow motion of Ga-containing species suggests a pronounced influence of solutes on
the viscosity of the fluid, which has largely been treated as negligible due to the lack
of data for the respective mixtures so far.
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10.1 General Aspects of X-ray Based In Situ Monitoring
Technologies

Two types of X-ray based methods for in situ investigation of the chemical and
physical processes occurring during ammonothermal syntheses are addressed in this
book. These comprise in situ monitoring techniques that utilize projection images
and techniques that are based on recording diffraction signals. The former will be
discussed in detail in this chapter, including a broad range of results obtained so far.
With respect to the latter, only some fundamental aspects will briefly be mentioned
within this chapter. Being a recent technical development, the technology for in situ
X-ray diffraction measurements will be discussed primarily in Chap. 17.

A general aspect that needs to be considered for virtually all X-ray based in situ
monitoring methods is the transmittance of the autoclave material for both the inci-
dent beam and the measurement signal exiting the autoclave. According to the well-
known Lambert-Beer law, the initial intensity I0 is attenuated upon radiographing
an absorbing object, resulting in a remaining intensity I behind this object [1, 2]:

I = I0 · exp
(
−μ

ρ

(
element, Ephoton

) · ρ · d
)

According to Lambert-Beer law, the remaining intensity I depends on the
following properties of the radiographed object: its mass attenuation coefficientμ/ρ,
its density ρ and its thickness d. The mass attenuation coefficient itself varies with
the elemental composition of the radiographed material and with the energy of the
X-ray photons Ephoton [2, 3]. The product of the mass attenuation coefficient μ/ρ and
the density ρ is often referred to as attenuation coefficient μ [1, 2], consequently,
it can also be related to the concentration c and the molar mass M if the absorbing
object is a solution:

μ = μ

ρ

(
element, Ephoton

) · ρ = μ

ρ

(
element, Ephoton

) · c · M
Besides its importance to the transmittance of autoclave materials, the absorption

coefficient and its dependence on energy and atomic number is also relevant to the
contrast of X-ray projection images. The Michelson contrast Cm is determined by
the initial intensity I0 and the transmitted intensity I as follows [4, 5]:

Cm = I0 − I

I0 + I

Depending on the X-ray energy range, different mechanisms of attenuation domi-
nate the mass attenuation coefficient [2]. Its dependence on the atomic number orig-
inates from the contribution of the photoeffect to the overall attenuation coefficient
μ ~ ρ · Z3 · E−1 [6]. The photoeffect dominates the overall absorption at lower
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energies [6]. Accordingly, lower X-ray energies (up to about 60 keV [2]) are advan-
tageous for distinguishing different materials in the X-ray images. A direct conse-
quence is that the contrast between a nitride material sample and the surrounding
supercritical fluid benefits from the use of low to intermediate X-ray energies.
However, there is a trade-off between the contrast and the transmitted intensity,
which is relevant to the signal-to-noise ratio as well as to exposure times. The reason
is that if lower energy X-rays are used, a larger fraction of the initial intensity I0 is
absorbed, resulting in a loss of overall intensity. Due to these aspects, the autoclave
material which needs to be radiographed plays a decisive role for selecting an appro-
priate energy range for a particular application. At intermediate to high energies
(from ~60 keV up to several hundred keV), the attenuation coefficient μ is increas-
ingly dominated by the Compton effect whereas the photoeffect plays a diminishing
role [2, 6]. The contribution of both the photoeffect and the Compton effect to the
attenuation coefficient μ are proportional to the density ρ [6], consequently, higher
X-ray energies are favorable for distinguishing density or concentration changes if
they are not associated with a change in elemental composition.

An overview of relevant mass attenuation coefficients as well as exemplary X-
ray spectra is given in Fig. 10.1. To represent metallic autoclave walls, nickel (Ni),
chromium (Cr) and iron (Fe) are included, since they are the main components

Fig. 10.1 Mass attenuation coefficients relevant to in situ X-ray monitoring of ammonothermal
experiments and exemplaryX-ray spectra representing typical, application-relevant cases. Themate-
rials comprise the main alloy components of Inconel 718 (Ni, Cr, Fe), Ga as a solute of interest and
as the main absorbing constituent of GaN, and compounds with existing or potential application as
autoclave window materials (Al2O3, B4C and C). The X-ray spectra represent the simulated initial
intensity using a tungsten anode X-ray source with 2.5 mm Al-equivalent filter and accounting for
500 mm radiographed path in air (*), and the resulting spectrum after additionally passing through
20 mm of Al2O3 (**). Note that the absorption of the sapphire windows is most pronounced in
the low energy range, resulting in a modification in the shape of the spectrum (known as beam
hardening). The data of the graph are based on [11] for mass attenuation coefficients and [12, 13]
for the initial intensity distribution of the X-ray spectrum
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of the nickel base alloy Inconel 718 which is frequently used as a material for
ammonothermal autoclaves. It is evident from Fig. 10.1 that the mass attenuation
coefficient of these elements is large compared to sapphire (Al2O3), boron carbide
(B4C) and carbon (C), which are given because of their existing or potential appli-
cation for X-ray transparent autoclave windows. The mass attenuation coefficient of
gallium nitride (GaN) is also shown. The fact that it even exceeds the absorption
of the main alloy components indicates that Ga-containing materials are very well
suited for studying ammonothermal reactions by means of in situ X-ray imaging. It
is evident from comparing the mass attenuation coefficients of the metals to that of
sapphire that sapphire windows already represent a huge improvement in comparison
to the metal autoclave walls. However, it is also evident from Fig. 10.1 that mate-
rials composed of even lighter elements, such as B4C and C, are very promising for
further improvements of X-ray transparency, in particular in the lower energy range.
To illustrate the transmittance of a pair of sapphire windows for a typical applica-
tion case, Fig. 10.1 shows also a simulated X-ray spectrum of an X-ray source with
tungsten (W) anode, which corresponds to the actual X-ray source that is used for
ammonothermal in situ X-ray imaging [1, 7, 8]. Note that due to the dependence
of the mass attenuation on photon energy, the attenuation caused by the sapphire
windows is more pronounced for lower energies, resulting in a modification of the
X-ray spectrum known as beam hardening.

Due to the high attenuation coefficient of the construction materials that pressure
vessels are typically made of (e.g. the nickel base alloy Inconel 718, and generally
most metals), in situ monitoring even by X-ray methods is only feasible if very
high energies far above 100 keV are used. This has been demonstrated using a
computed tomography (CT) setup operated at an acceleration voltage of 320 kV
(note that this experiment greatly benefited from the large number of about 1000
single images for one reconstruction dataset, alongside with data acquisition in three
dimensions) [4]. Amajor advantage of the use of such high energies is that it permits
in situ monitoring of the entire inner volume of the autoclave. A drawback lies in the
higher initial costs and efforts associated with setting up radiation protection for such
high X-ray energies [4]. In addition, the above-mentioned advantage associated with
low energies with respect to image contrast cannot be exploited. While the use of
a high-energy CT setup is believed to make very interesting complementary results
accessible, the development of ammonothermal autoclaves equipped with windows
[9] made of much lighter elements compared to the autoclave alloys was of great
importance for establishing in situ X-ray monitoring techniques. This has led to
a variety of results obtained by 2D X-ray imaging using an optical cell equipped
with sapphire or boron carbide windows [1, 7, 8, 10], which will be described and
discussed in the subsequent sections of this chapter.

For in situ X-ray diffraction measurements, an additional constraint lies in the
angular resolution, which generally decreases with increasing energy because the
diffraction angles depend on thewavelength used. For this reason, autoclavewindows
with improvedX-ray transmittance are of particular relevance for some in situ diffrac-
tion applications. Another aspect to consider is which and howmany reflections need
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to be accessible for the desired application. This is due to geometrical and mechan-
ical limitations in the number, size and proximity of optical cell windows that can
be integrated into one autoclave body [14].

The requirements for practical usage of autoclave windows are very challenging.
Thewindowmaterialmust resist the process conditions of ammonothermal syntheses
such as high pressure and high temperature. In addition, supercritical ammonia
combined with acidic or basic mineralizers represents a very corrosive environ-
ment for most construction materials (see Chap. 11). In this context, corrosion is
not only an issue with respect to a potential influence on the measurement result
through changes in the chemical composition of the fluid but also with respect to
mechanical failure. The latter is particularly relevant if the corrosive attack leads
to the formation of cracks, as pressurized components are naturally prone to stress-
corrosion-cracking. While chemical stability and mechanical properties are essential
for all construction materials for pressurized components, prospective materials for
X-ray windows must have as low X-ray absorption as possible or at least tolerable
for the specific application.

10.2 X-ray Transparent Materials for Autoclave Windows

Sapphire was the first material to be established as an autoclave window, initially for
optical spectroscopy applications [9]. While sapphire provides good X-ray trans-
parency for X-rays provided that the X-ray energy is sufficiently high, it is not
necessarily the optimum material for all ammonothermal in situ X-ray monitoring
techniques. X-ray applications do not require optical transparency, which broadens
the range of potentially applicable materials. Therefore, it is reasonable to search for
alternative materials if the use of low to intermediate X-ray energies is desired or
if the application of choice requires a particularly good signal to noise ratio. As an
early step when considering alternative materials, it is reasonable to estimate their
transmittance for the actual application based on their mass attenuation coefficient,
their density and the required thickness, which in turn depends on the mechanical
properties of the material and on the desired maximum operating pressure. The result
of such a calculation is shown in Fig. 10.2 for a number of materials that are poten-
tially applicable as the bulk material of ammonothermal autoclave windows. As it
can be seen from the graph in Fig. 10.2, the use of the carbon-based materials allows
to maintain the transmittance of the established combination of sapphire windows
with a tungsten anode while moving to much lower photon energies. Alternatively,
the transmittance can be greatly improved if the photon energy is kept constant.

Based on the above considerations, a number of carbon modifications and carbon
compounds have been investigated [15]. Boron carbide and vitreous carbon are
particularly promising carbon-based materials for low photon energy applications,
at least in terms of X-ray absorption. The same holds for diamond in terms of the
material properties, however, the extremely limited availability of thick bulk diamond
renders the application as bulk window material virtually impossible to date [15].
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Fig. 10.2 Calculated
transmission of window
materials in an optical cell
designed for
ammonothermal experiments
up to 300 MPa. The energies
of the characteristic radiation
of selected anode materials
(molybdenum, silver and
tungsten), which are
particularly relevant to
diffraction applications with
monochromatic radiation,
are also indicated.
(Reproduced from [15])

However, its application as bulk window material may be feasible for specific appli-
cations if the maximum operating pressure is sufficiently low or if a reduced area
of view is tolerable for the specific application. Furthermore, it may be possible to
use diamond as a liner material in the window area by integrating it into the setup
in the same way as it is described for other ceramic materials in [16]. While the
lack of thick bulk material certainly narrows the application space for diamond as
an ammonothermal X-ray window, its unrivalled chemical stability is unmeasur-
ably advantageous given the fact that many other materials suffer from noticeable to
catastrophic corrosive attack if exposed to ammonothermal reaction media.

10.3 Chemical and Mechanical Stability of Potential
Window Materials for X-ray Applications

The chemical stability of potential bulkwindowmaterials for in situX-raymonitoring
applications was investigated, including the use of ammonobasic and ammonoacidic
mineralizers [15]. Screening experiments were performed using a windowless
Inconel 718 autoclave in which the samples were exposed to the respective reaction
medium [15]. About 4.5 mmol mineralizer were used for both ammonobasic and
ammonoacidic experiments [15]. An overview of the chemical stability of diamond,
the two investigated variants of vitreous carbon (Sigradur G and Sigradur K), boron
carbide and silicon carbide is found in Table 10.1.

Under ammonobasic conditions established by using NaN3 mineralizer, boron
carbide is an ideal material for X-ray window applications [15] which has been
successfully applied in practice [14], however, it should be noted that this does not
hold for KN3 mineralizer [14]. This example clearly demonstrates that the chemical
stability of materials under ammonothermal conditions is enormously mineralizer-
specific [14]. Under ammonoacidic conditions, samples of B4C tend to develop signs



10 In Situ Visualization of the Ammonothermal Crystallization … 177

Table 10.1 Overview of the chemical stability of potential X-ray window materials in presence of
different mineralizers under ammonothermal process conditions. (Reproduced from [15])

Diamond Vitreous carbon
(Sigradur G)

Vitreous carbon
(Sigradur K)

Boron carbide Silicon carbide

NH4F ✓ o o x o

NH4Cl ✓ o o x o

NaN3 ✓ o x ✓ o

The symbols denote good to excellent chemical stability (✓), intermediate chemical stability (o)
and insufficient chemical stability for most applications (x), respectively

of corrosive attack, especially at lower pressures [15]. In presence of ammonium
fluoride, the chemical stability of boron carbide is better than in presence of ammo-
nium chloride. In the standard screening experiments conducted without mechanical
load on the sample, the corrosion damage often only became obvious through the
analysis of cross-section samples [15]. However, the damage was found to be much
more pronounced if the sample was simultaneously exposed to application-typical
mechanical stress [15]. This was observed in test experiments with NH4F that were
conducted using an optical cell in which the sample material was applied as the
window material [15]. In this case, a corrosion layer was found, consisting of B, C,
O, F and traces of Si, Ca, Fe [15].

The two tested vitreous carbon variants show similar properties in terms of chem-
ical stability [15]. However, the corrosion resistance of Sigradur G is generally better
than that of Sigradur K [15]. In presence of sodium azide, both vitreous carbon vari-
ants were severely damaged by cracks penetrating the bulk of the material [15]. In
addition, mass changes of the samples were observed, which are ascribed to dissolu-
tion and corrosion processes and the diffusion of foreign (heavier) elements (e.g. N,
O) into the material [15]. Ammonoacidic conditions created by adding ammonium
fluoride led to similar observations as the ammonobasic experiments with NaN3

mineralizer, however, the corrosive attack was not as pronounced, and the cracks
were only present at the surface and did not reach into the bulk of the material [15].
Sigradur G seems to be considerably more stable than Sigradur K and might be
applicable in combination with ammonium fluoride [15], however, this has not yet
been verified through test experiments with the material employed as an optical cell
window under operating conditions.

Silicon carbide generally showed a rather good chemical stability [15], which is in
accordancewith an extensive study on the chemical stability of constructionmaterials
by Pimputkar et al. [17]. Under ammonobasic conditions, silicon carbide presented
an excellent stability [15]. Using ammonium chloride as mineralizer, no loss of mass
was detectable but signs of minor corrosive attack were observed [15]. In presence
of ammonium fluoride, p-type silicon carbide was stable [15]. Deviating from that,
the surface of n-type silicon carbide changed slightly during the experiment, also the
mass of the sample decreased slightly [15].
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Diamond did not show any detectable corrosive attack regardless of the mineral-
izer used, making it an ideal material for autoclave window applications in terms of
chemical stability [15].

10.4 X-ray Imaging Technology for Ammonothermal
Reactors

For in situ X-ray imaging, optical cells as originally developed for optical measure-
ment techniques are used. For details of the optical cell construction, the reader is
referred to Chap. 4. In the present chapter, however, specific details related to in situ
X-ray imaging technology will be given.

Besides the optical cell, an X-ray tube with tungsten anode (Poskom PXP-20HF
PLUS) and a CCD detector equipped with a scintillator (Dürr DR6.2) are main
components of the setup [7]. A photograph of this setup is depicted in Fig. 10.3.

The optical cell itself is shown in greater detail in Fig. 10.4a.As it becomes obvious
from the cross-section image, the area of view is smaller than the inner diameter of the
autoclave. Therefore, an additional piece of equipment is needed to mount the nitride
sample in the area of view, since it is usually very desirable to monitor the entire
sample. This piece of equipment will be referred to as sample mount. Photographs of
different variants of sample mounts are shown in Fig. 10.4b–d, whereas its location
within the optical cell can be seen from Fig. 10.4a. The first two variants differ by
coating, i.e. the variant in Fig. 10.4b is made of uncoated Inconel 718 and the variant
in Fig. 10.4c is made of Inconel 718 coated with gold. By using uncoated Inconel
718 for ammonobasic experiments and gold-coated Inconel 718 for ammonoacidic
experiments, the chemical stability in the respective environment is optimized [14].
The last variant of the sample mount, which is depicted in Fig. 10.4d, was tested
aiming at improving the X-ray contrast between nitride crystal and sample mount

Fig. 10.3 Experimental setup for 2D in situ X-ray monitoring using an optical cell. (Reproduced
from [14])
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Fig. 10.4 Compact optical cell equipped with X-ray transparent windows. a Fully equipped auto-
clave body (in case of ammonobasic experiments, a liner-free optical cell is used) and variants of the
sample mount, b Inconel 718 without coating (ammonobasic experiments), c Inconel 718 with gold
coating (ammonoacidic experiments) and d polycrystalline SiC grown by physical vapor transport.
In c and d, the area of view is indicated by a dotted circle in red color. (Adapted from [14])

(see Fig. 10.5 for an illustration of this aspect). Based on earlier investigations that
suggest that ceramic silicon carbide is preferentially attacked at the grain boundaries
of the sintered material [16], this sample mount was manufactured without the use
of sintering additives. For this purpose, polycrystalline silicon carbide was grown
directly into a negative form made of graphite by physical vapor transport (PVT) in
analogy to [18]. As it is evident from Fig. 10.5 (compare a, b), the contrast between
GaN samples and the sample mount could be tremendously improved compared to
Inconel 718 sample mounts [14]. However, experiments with NH4F mineralizer
indicated that slight etching and a transport of silicon occurred, posing the question
as to what extent corrosion products from the mount would affect the measure-
ment results. For this reason, the experiments on GaN dissolution and crystallization

Fig. 10.5 ProjectionX-ray images obtained in situ during ammonothermal dissolution experiments
using an optical cell and NH4F mineralizer. a Dissolution of GaN with the GaN sample held in
place by a gold-coated metal sample mount, b dissolution of a Zn3N2 pellet with a sample mount
made from polycrystalline silicon carbide. Note the excellent contrast between sample and sample
mount in the latter case. (Reproduced in modified form based on [14])
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were continued using Inconel 718 based sample mounts. For investigations on Si-
containing nitride compounds, however, contamination from the slight corrosion of
the SiC sample mount should not have a noticeable effect on the chemical reac-
tions investigated. Consequently, the novel type of sample mount is promising for
experiments with Si-containing compounds.

Examples of in situ X-ray images obtained with optical cells as shown in Fig. 10.4
are shown in Fig. 10.5. The depicted examples comprise an experiment with GaN as
sample material and metal sample mount (Fig. 10.5a) as well as an experiment with
a Zn3N2 pellet sample and a sample mount made from PVT-SiC.

Regarding the lateral resolution, it is important to distinguish between the deter-
mination of absolute positions and the determination of changes such as the move-
ment of phase boundaries. This is illustrated by data obtained from an experiment
with minimal but measurable dissolution of GaN, which are shown in Fig. 10.6.
Although the solid-fluid phase boundary occupies a relatively broad strip of about
500 µm due to the limited sharpness of the X-ray image (which is related to the
divergence of the beam), displacements of the phase boundary as small as 15 µm
can be detected [14]. This example also illustrates the use of profile lines for image
evaluation (i.e. extracting a line of grayscale values from the image matrix). Besides

Fig. 10.6 Evaluation of phase boundarymovement upon dissolution ofGaNwithNH4Fmineralizer
utilizing averaging of the profile lines running through the section indicated in the color map figure
in a. A set of original images is depicted in b. Note also that there are areas of increased X-ray
absorption emerging from the crystal surface and drifting away from it, an observation that will be
discussed in 10.5 information accessible through in situ X-ray imaging in subsection insights into
the transport of Ga-containing species. (Reproduced from [1])
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making changesmore easily visible, the use of profile lines also allows to improve the
signal to noise ratio if the respective case of application does not prevent averaging
of a number of neighboring profile lines.

Besides analyzing the movement of objects and their edges, it is also feasible
to extract additional information from quantitative analysis of the grayscale values
and their change during the experiment. It is important to keep in mind that the
change in grayscale values reflects all changes in X-ray absorption occurring along
the path of rays (i.e. both the sample and the fluid behind and in front of it). Never-
theless, quantitative analysis of grayscale value changes is a viable tool to extract
valuable additional information that is otherwise not quantitatively accessible. Due
to the pronounced energy dependence of the mass attenuation coefficient, knowing
the mean effective photon energy (or the wavelength distribution, i.e. the precise
X-ray spectrum) is very important for quantitative evaluation of absorption changes.
For this reason, the mean effective photon energy as well as the repeatability of
the initial intensity were verified based on a model experiment that was conducted
with pure nitrogen as a absorbing material of variable density [1]. While the exper-
imental details can be found in greater detail in [1, 14], the most relevant results
will be summarized here. Using two sapphire windows with a thickness of 10 mm
each, the mean effective photon energy was experimentally determined to be 51.1±
2.1 keV [1]. The detection limit for Ga is estimated to be 0.13 mmol/ml [1]. This
concentration corresponds to an attenuation coefficientμ of 0.116± 0.040 cm−1 [1].
Based on the known mean effective photon energy, the determined detection limit
expressed as an attenuation coefficient and mass attenuation coefficients from NIST
database [11], the detection limit for other materials of interest can be estimated [1].

10.5 Information Accessible Through In Situ X-ray
Imaging

Based on monitoring the contours of the nitride sample crystal, a variety of related
chemical-physical processes can be investigated by in situ X-ray imaging. One of the
parameters of great interest for crystal growth is the solubility of the nitride as well
as dissolution kinetics. In addition, the technique has also proven to yield intriguing
insights into chemo-physical processes occurring in the fluid phase.

10.5.1 Solubility and Dissolution Kinetics

For determining the solubility through experimental observation of the saturation
of the solution, it is necessary to first derive the changes of the crystal volume
from the X-ray images. As the in situ X-ray images are 2D projection images, the
third dimension needs to be accessed either through evaluating the changes in the
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X-ray absorption or through feeding in additional information obtained in separate
experiments as it will be described in the following. The latter is based on conducting
separate experiments in which the crystal is mounted in different crystallographic
orientations with respect to the path of rays to investigate face-specific dissolution
kinetics.Knowledge on face-specific dissolution rates is essential for awell-grounded
estimation of the third dimension of the crystal, which in turn is relevant to the
determination of the remaining crystal volume. Exemplary data on face-specific
dissolution kinetics for the dissolution of GaN using NaN3 are shown in Figs. 10.7
and 10.8.

Fig. 10.7 Dissolution kinetics of the polar c-direction and the nonpolar a-direction of a GaN crystal
upon ammonothermal dissolution using NaN3 mineralizer. (Reproduced from [8])

Fig. 10.8 Dissolution kinetics of the nonpolar m- and a-directions of a GaN crystal upon
ammonothermal dissolution using NaN3 mineralizer. (Reproduced from [8])
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As it can be seen from the graphs in Figs. 10.7 and 10.8, the dissolution kinetics
differ considerably between nonpolar and polar directions but are virtually identical
for the two nonpolar directions [8]. Similar results have been obtained for the dissolu-
tion of GaN using NH4F mineralizer [7]. Based on the virtually identical dissolution
kinetics of the two nonpolar faces, the volume of the crystal can be estimated based
on evaluating the two directly accessible dimensions in the projection image if the
image contains contours in c-direction and one of the nonpolar directions [7, 8].

Examples for resulting plots of the remaining crystal volume over time are
depicted in Fig. 10.9 for NaN3 mineralizer and in Fig. 10.10 for NH4F mineralizer,
respectively. The graphs generally exhibit three subsequent phases of the experi-
ment: temperature ramp-up (I) resulting in a proportionate increase in pressure as
determined primarily by the fill level, a phase of constant temperature (II) and cool-
down (III). The dissolution of the GaN crystal typically sets in during phase I, at
pressure and temperature conditions depending on the mineralizer used [8]. Under
ammonoacidic conditions, crystal dissolution was found to set in much more rapidly
than under the investigated ammonobasic conditions [8]. It is not yet clear to what
extent the observed sluggish reaction kinetics in case of the ammonobasicmineralizer
NaN3 originate from the kinetics of the conversion of NaN3 to NaNH2 [8].

Through experimental observation of the remaining crystal volume upon satura-
tion of the solution, the solubility of GaN in ammonoacidic and ammonobasic reac-
tion media has been investigated [7, 8]. The results substantiate that the existing,
fragmentary and scattered literature data on GaN solubility in ammonothermal reac-
tion media need to be revisited [7, 8]. Even though there is a lack of data obtained at
well-comparable process parameters, the findings suggest the solubility is about an
order of magnitude lower than reported in the older literature [7, 8]. This is in accor-
dance with a recent study on GaN solubility in supercritical ammonia with sodium
as mineralizer, which was conducted by Griffiths et al. using refined gravimetric

Fig. 10.9 Remaining crystal volume over time as determined from in situ X-ray images recorded
during dissolution of GaN using 3mol%NaN3 mineralizer (corresponding to a molar concentration
of 0.72 mmol/ml). The temperature measured in the fluid in proximity to the inner wall of the
autoclave is also shown, as well as the resulting pressure. (Reproduced from [8])
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Fig. 10.10 Remaining crystal volume over time as determined from in situ X-ray images recorded
duringdissolutionofGaNusing11mol%NH4Fmineralizer (corresponding to amolar concentration
of 0.76 mmol/ml). The temperature measured in the fluid in proximity to the inner wall of the
autoclave is also shown, as well as the resulting pressure. (Reproduced from [8])

methods [19]. There are a couple of reasons that are believed to contribute to the
discrepancy within literature data. One aspect is that small unintentionally present
temperature gradients may have led to continuous transport and redisposition of GaN
in conventional gravimetric experiments (i.e. it might be that not all GaN that was
recorded as dissolved was actually in solution simultaneously) [7]. Another aspect is
that the autoclave walls act as a Ga sink and source in subsequent experiments, which
was first pointed out byGriffiths et al. [19].Meanwhile, this has been confirmed based
on investigations of sample mounts used for ammonobasic optical cell experiments
with in situ X-ray imaging [8]. A second source of errors first reported by Griffith
et al. is the existence of a Na-rich phase (likely consisting primarily of NaNH2) at
the bottom of the autoclave which also can absorb and release Ga [19]. This Na-rich
phase may have an even more pronounced impact on the apparent solubility of GaN
if the GaN samples are placed at the bottom of the autoclave. If the GaN samples
are located at the bottom of the autoclave, this may result in a measurement of the
solubility of GaN in a NaNH2 melt, instead of a measurement of GaN solubility
in supercritical ammonia with a NaNH2 fraction no larger than its solubility limit
in supercritical ammonia. On the contrary, both the study by Griffiths et al. [19]
and the optical cell experiments with in situ X-ray monitoring employ standoffs to
place the sample crystals away from the bottom of the autoclave. In the case of the
in situ X-ray monitoring experiments, it is ascertained that the sample crystal was
not immersed in a NaNH2 melt. Firstly, the amount of mineralizer used could not
fill up the entire volume below the bottom edge of the area of view. Secondly, the
additional absorption of the melt would have been evident from the X-ray images
and no respective observations have been made up to now.
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10.5.2 Insights into the Transport of Ga-Containing Species

As already suspected based on the relatively high atomic number of gallium in [4],
even the contribution of dissolved Ga-containing intermediates to the overall absorp-
tionof thefluid ismeasurable provided that their concentration is sufficiently high [1].
This is most easily demonstrated by dissolution experiments using NH4F mineral-
izer since this mineralizer leads to a particularly rapid dissolution of GaN and the
temporary buildup of local concentration inhomogeneities [1]. An example of such
local inhomogeneities in fluid absorption is shown in Fig. 10.11. One characteristic
of these fluid absorption inhomogeneities is their spherical shape with the dissolving
crystal in their center (see 3rd subfigure within Fig. 10.11) [1]. Over time, the rings
of high X-ray absorption move away from the crystal [1]. Together with the fact that
the initial appearance of the inhomogeneities in X-ray absorption coincides with the
onset of the dissolution of the GaN crystal, these two characteristics strongly suggest
that the locally increased X-ray absorption originates from Ga-containing interme-
diates [1]. This is further underpinned by the observation that the fluid absorption
homogenizes as the dissolution of the crystal slows down, and saturates as the crystal
dissolution terminates [1].

In situ X-ray imaging is the first reported technique that is capable of accessing the
transport ofGa-containing intermediateswithin an ammonothermal reactionmedium
experimentally [1]. Obtaining such experimental insights into mass transport under
ammonothermal process conditions is expected to be particularly rewarding. An
important aspect is that the properties of the actual fluidmixtures are largely unknown
to date. Numerical simulations are usually based on the physical properties of pure
ammonia [20–22], however, the addition of mineralizers is suspected to signifi-
cantly alter fluid properties such as the viscosity [22] (see also Chap. 8). Based on
the movement of the schlieren of intermediates observed by in situ X-ray imaging
under ammonoacidic conditions employing NH4F mineralizer, a diffusion coeffi-
cient for the Ga-containing species has been determined under the presumption of
purely diffusion-based transport [1]. The obtained value of 1.76 · 10−6 cm2/s [1] is
exceptionally low in comparison to other supercritical fluids as well as in comparison
to liquids [23]. Molecular dynamics simulations qualitatively support the observa-
tion of a very low mobility of Ga-containing dissolved species and suggest that the

Fig. 10.11 Local changes of
the X-ray absorption of the
ammonothermal reaction
medium surrounding the
GaN crystal, as observed
using the ammonoacidic
mineralizer NH4F.
(Reproduced from [1])
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exceptionally low diffusivity is caused, at least in part, by the formation of larger
[GaxFy]3x–y aggregates [1]. The simulation indicates that the formation of aggregates
in turn originates from the relatively low polarity and density of ammonia under the
investigated process conditions (720 K, 26.5 MPa) [1]. In addition, a second contri-
bution to the low diffusivity by an increased viscosity of the fluid mixture containing
solutes (as compared to the viscosity of pure ammonia) is likely [1]. This exemplary
result demonstrates clearly that in situ X-ray transmissionmeasurements can provide
highly relevant insights into the properties of ammonothermal reactionmedia. Firstly,
it indicates the feasibility of experimental insights into the properties of the fluid by
in situ X-ray imaging. Secondly, it confirms the necessity to account for the impact
of solutes and to determine these properties experimentally. Such properties have
been largely inaccessible through experimental methods so far and are of crucial
importance for obtaining meaningful results through numerical simulations (e.g. of
mass transport within ammonothermal growth reactors).

The above-described observation of Ga-containing intermediates drifting away
from the crystal without a distinguishable relation to the field of gravity suggests
that the mass transport in the investigated optical cell experiments occurs primarily
by diffusion. Convective mass transport being negligible in these experiments is
expectable because the setup has been designed to provide a reaction chamber with
nominally isothermal temperature conditions [1]. The absence of relevant temper-
ature gradients is fostered by the short inner length of the autoclave in relation to
the wall thickness as well as by its horizontal positioning in the setup [1]. Never-
theless, one might suspect thermal convection to occur during non-stationary phases
of the experiment such as heat-up and cool-down. As the optical cell is routinely
equipped with an internal thermocouple, this question can be clarified based on
fluid temperature measurements [14]. As elaborated in more detail in [14], internal
thermocouples reaching into the fluid have proven to be a viable tool for gaining
insights into convective heat transfer in ammonothermal autoclaves, as well as into
chemical reactions associated with enthalpy changes [14]. Convective heat transfer
is typically associated with fluctuations in local fluid temperature. This is derived
based on consistent experimental results which were obtained using a variety of
autoclave geometries and heating systems, as described in detail in [14]. In addi-
tion, the observation of convection-related temperature fluctuations (and fluctuations
in flow velocity) is in accordance with numerical simulations [20, 21, 24] on the
fluid flow in ammonothermal growth setups designed to exhibit thermal gradients
and thermal convection. In the compact, isothermally heated optical cell used for
the 2D X-ray imaging experiments, however, such fluctuations of fluid tempera-
ture have been observed neither during the stationary period of the experiment nor
during heat-up (which are the two phases of the experiment relevant to the in situ
X-ray imaging results) [14]. Note that it has been confirmed that such fluctuations
would be detectable in the particular case, as indicated by an observation obtained
during cool-down [14]. Measureable fluctuations in temperature can be initiated by
a sudden change of cooling rate, as demonstrated by removing the heating sleeve that
otherwise insulates the autoclave during cool-down [14]. The respective temperature
and pressure data are shown in Fig. 10.12. The absence of oscillatory features in the
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Fig. 10.12 Local fluid temperature and overall pressure measured during an optical cell experiment
upon cool-down (dissolution experimentwithMg2PN3 pellet as nitride sample [25] and supercritical
ammonia with NaN3 mineralizer as solvent). a Overview with an inset depicting the location of
the internal thermocouple (shown in green and reaching about 2 mm into the reaction chamber),
b close-up of the time period starting with the sudden change in cooling rate initiated by removing
the heating sleeve. (Adapted from [14])

pressure over time plot confirms that the measured temperature fluctuations are of
local nature, i.e. a redistribution of heat within the reaction chamber occurs while
the average temperature decreases in a steady way that reflects only the increase in
cooling rate [14]. The results of in situ X-ray imaging and internal fluid temperature
measurements thus are consistent with each other and in accordance with expecta-
tions based on general considerations as well as with numerical simulations of heat
transfer and the aggregation of dissolved species, respectively.

10.5.3 Monitoring of Fluid Absorption for Solubility Studies
on Microcrystalline Samples

Owing to the large variety of promising novel materials becoming accessible through
the ammonothermal synthesis method [26], it is of particular interest to investigate
the solubility of novel materials early in their development in order to facilitate
the advance of their synthesis. For many materials the feasibility of addressing the
question of their solubility by means of in situ X-ray imaging is beyond doubt in
terms of their absorption coefficient. However, a challenge is associated with the
unavailability of compact bulk material of sufficient size to mount it within the area
of view and investigate its solubility in full analogy to the investigations on bulkGaN.
While pressing microcrystalline powder samples into pellet shape allows to mount
them the same way as their monocrystalline GaN counterparts, such samples tend to
disintegratemechanically during the experiment (see Fig. 10.13). Therefore, based on
the remaining pellet size alone, it cannot be clarified whether all apparently vanished
solid has been dissolved in a chemical sense or whether parts of the disintegrating
solid just dropped out of viewwithout being dissolved. To resolve this technical issue,
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Fig. 10.13 X-ray images of a disintegrating and dissolving pellet of ZnGeN2 prepared as a pellet
to allow for mounting in the window area of the optical cell. Note also the visibility of the phase
boundary between liquid and gaseous ammonia in the first image. (Reproduced from [10])

Fig. 10.14 Profile lines obtained from the images shown in Fig. 10.13 along the path indicated in
the inset. Besides the absorption increase due to the presence of dissolved species, the phase change
of the fluid upon heat-up is also visible. (Reproduced from [10])

the increase in fluid absorption associated with solutes can be utilized to confirm the
presence of solutes within the fluid (see also the section Insights into the transport of
Ga-containing species in this chapter). This method of evaluation has initially been
established in the course of investigating the solubility of ZnGeN2 [10].

For evaluating local changes of fluid absorption, it is often useful to extract profile
lines from the X-ray images as shown in Fig. 10.14. Note that besides the absorption
increase in the areas occupied by the fluid, the profile lines also reflect phase changes
of the fluid upon heat-up.

10.6 Summary

The integration of optical cell technology and in situ X-ray visualization has proven
to provide a variety of insights into physical and chemical processes occurring under
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ammonothermal process conditions. Using this technique, the kinetics of the disso-
lution of GaN could be accessed experimentally for the first time. Besides revealing
striking differences in the dissolution kinetics observable using different mineral-
izers, this also revealed that the solubility of GaN is about one order of magnitude
lower than reported in most of the literature. In situ X-ray imaging also allows to
investigate the face-selectivity of dissolution rates which are of interest with respect
to the chemistry of intermediates as well as with respect to etch back during early
stages of crystal growth experiments.

Beyond results derived from monitoring the size of the GaN sample crystal,
processes in the solution can also be monitored. This comprises phase boundaries
and phase transitions associated with density changes such as the transition to the
supercritical state and the fill level if within the area of view.A particularly interesting
feature of in situ X-ray imaging is its capability to detect local inhomogeneities of
solute concentrations, provided that the solute contains sufficiently heavy elements
such as gallium and its concentration is sufficiently high. In conjunction with the
rapid dissolution of GaN observed with the ammonoacidic mineralizer NH4F, the
technique’s capability ofmonitoring local concentration changes has led to intriguing
results which imply that the impact of solutes on the fluid properties is extraordinarily
large, at least under the investigated conditions. This has important implications for
numerical simulations of fluid flow because such simulations typically are based on
the properties of pure ammonia, which is due to the lack of data for the respective
mixtures containing mineralizer and intermediates.

While the technique has originally been based on the use of sapphire windows
as a previously established window material, investigations on the chemical stability
of alternative window materials have been conducted. In particular, boron carbide
has shown excellent compatibility with Na-based mineralizers, making it a material
of choice to further improve the X-ray transmittance of the autoclave windows for
selective applications. The most promising candidate material for X-ray transparent
liner windows is diamond, given its uniquely universal chemical stability under all
investigated ammonothermal conditions.
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Chapter 11
Corrosive Degeneration of Process
Equipment and Technical Solutions
for Corrosion Protection Under
Ammonothermal Conditions

Anna-Carina Luise Kimmel and Eberhard Schlücker

Abstract In addition to the high pressure and temperature, process equipment for
ammonothermal syntheses has to withstand ammonothermal reaction media: an
aggressive mixture of supercritical ammonia with basic or acidic additives. Severe
corrosive attack of process equipment can occur under ammonothermal conditions
but needs to be minimized for two reasons. Firstly, corrosive attack can lead to safety
issues that must not be neglected. Secondly, corrosion products represent a major
source of impurities, which represents a critical issue especially for the synthesis
of semiconductors. Consequently, measures for minimizing corrosion are of utmost
importance for the adequate design of ammonothermal equipment. In this chapter,
materials suitable for ammonothermal applications, for pressure bearing parts as
well as for internal setups and corrosion protection, and recent investigations on
their corrosion behavior will be reviewed with suggestions for suitable applications
and protection systems.

11.1 Stability of Autoclave Alloys Under Ammonothermal
Conditions

Corrosion is one of the big challenges ammonothermal research has to overcome.
Corrosive attack of the process equipment, e.g. autoclaves or internal setups, and the
resulting corrosion products reduce crystal quality as well as safety. It was known
from the beginning of ammonothermal research that especially ammonoacidic envi-
ronments tend to attack autoclaves severely [1–4]. Also in ammonobasic environ-
ment, elements originating from dissolved autoclave materials have been found in
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Fig. 11.1 Internal autoclave wall of an autoclave made of Alloy 718 a new autoclave after honing,
b after about 50 ammonobasic experiments, c after about 50 ammonoacidic experiments [8]

grown crystals [3, 5]. However, detailed investigations on the corrosion behavior of
autoclaves under ammonothermal conditions did not begin before the last five to ten
years.

Hertweck et al. studied the differences of the corrosive attack on autoclaves made
ofAlloy 718 (Inconel®Alloy 718; 2.4668) in ammonoacidic (mainly sc-NH3/NH4Cl)
and ammonobasic (mainly sc-NH3/Na) environment [6, 7]. The intergranular attack
during acidic ammonothermal syntheses combined with the high internal pressures
lead to stress corrosion cracking besides general dissolution of the autoclave alloy,
see Fig. 11.1c. During basic ammonothermal syntheses, the degradation is much less
severe but still noticeable. A nitride layer is formed at the surface of Ni-base alloy
autoclaves. However, this does not lead to passivation. The formation of a stable
passivation layer is prevented by the difference in coefficients of thermal expansion
between the nitride layer and the underlying alloy,which causes spalling of the nitride
layer during the heating and cooling cycles, compare Fig. 11.1b.

Pimputkar et al. [9] as well observed severe corrosive attack of pure Ni and
Ni-base alloys (Hastelloy C-276 and thermocouple junctions Chromel C/Alumel,
Nicrosil/Nisil) in acidic environment and relatively good stability in pure sc-NH3

and sc-NH3/Na-solutions. A mass loss of about 50–60 wt% was observed in sc-
NH3/NH4Cl (6 d/575 °C/100 MPa) compared to a mass gain below 0.5 wt% in pure
sc-NH3 (6 d/575 °C/103 MPa) and sc-NH3/Na-solutions (6 d/575 °C/218 MPa). The
authors used autoclaves made of René 41 in pure sc-NH3 and sc-NH3/Na-solutions,
with relatively good stability. For use in sc-NH3/NH4Cl, autoclaves made of Alloy
625 (Inconel®Alloy 625; 2.4856) provided higher resistance than autoclaves made
of René 41 (2.4973) but are still severely attacked and are therefore not recommended
for long-term use. Details on the corrosion of Rene 41 and Alloy 625 are missing.
Similar to Ni, pure Co showed a high mass loss of about 40 wt% in sc-NH3/NH4Cl (6
d/575 °C/100MPa) [9]. However, the ternary Co-base alloy Co80W10.6Al9.4 appeared
stable in pure sc-NH3 (6 d/575 °C/104 MPa), sc-NH3/NH4Cl (6 d/575 °C/100 MPa),
and sc-NH3/Na (6 d/575 °C/207 MPa), with a mass loss below 0.1 wt%.

Another study compares the different corrosion behavior of two Ni-base alloys
(Alloy 718 andAlloy 282) and twoCo-base alloys (CoWAlloy1 andCoWAlloy2 [10])
in acidic environment (sc-NH3/NH4Cl/24 h/550 °C/105MPa) [11]. The investigated
alloys are already in use or possess good potential for applications in ammonothermal
autoclave design (compare Sect. 3.1). Similar to the above-mentioned publications,
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a) Alloy 718: ΔmAlloy 718= 8,38 wt%

100 µm

b) Alloy 282: ΔmAlloy 282= 8,20 wt%

100 µm

c) CoWAlloy1: ΔmCoWAlloy1= 7,91 wt%

100 µm

d) CoWAlloy2: ΔmCoWAlloy2= 4,83 wt%

100 µm

10 µm

Fig. 11.2 BSE SEM images of corrosion layer of Alloy 718 (a), Alloy 282 (b), CoWAlloy1 (c) and
CoWAlloy2 (d) after ammonothermal experiment in sc-NH3/NH4Cl (tat Tmax = 24 h, Tmax =
550 °C, pmax ≈ 105MPa, ρNH3 ≈ 14.6 mol/l, cmol,NH4Cl ≈ 0.7 mol/l).�mAlloy indicates the weight
loss of the respecting alloy after the experiment. Arrows mark the maximum thickness of the area
that is affected from corrosive attack. Reprinted and modified with permission from [11]

a strong corrosive degeneration of the Ni-base alloys was observed. In contrast to
the findings on the ternary Co-base alloy (Co80W10.6Al9.4) in [9] the higher alloyed
Co-base superalloys CoWAlloy1 and CoWAlloy2 show as well high corrosive degra-
dation after exposure to sc-NH3/NH4Cl, compare Fig. 11.2. The study verified the
intergranular attack in the case of Alloy 718. For CoWAlloy1 and CoWAlloy2 as
well, a propagation along the grain boundaries was visible. If present, Ni, Co, and
Fe leach significantly from of the corrosion layers, matching the instability of the
pure metals in [9]. One exception is CoWAlloy2 where a slight enrichment of Ni
was observable in the corrosion layer. It is suggested that the higher W content of
CoWAlloy2might stabilize the alloy, resulting in the lowest mass loss (below 5wt%)
and therefore the biggest potential in acidic ammonothermal reactions of the investi-
gated four alloys. Nonetheless, the corrosion resistance has to be further improved in
acidic environment. Figure 11.2 shows scanning electron microscope (SEM) images
ofAlloy 718, Alloy 282, CoWAlloy1 andCoWAlloy2 after the described experiment.
Weight loss and the maximum thickness of the area that is affected from corrosive
attack are indicated. Mismatches between the two values are due to spalling or
dissolution of the corrosion layer. A short-term experiment (1 d/550 °C/93 MPa) for
reference showed good stability in sc-NH3/Na: the weight change lays within the
uncertainty of the measurement. Consequently, a first application could be to expand
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the pressure/temperature-range to higher p and T compared to Alloy 718 or Alloy
282, in basic ammonothermal syntheses, see Sect. 3.1.

The Mo-base Ti-Zr-Mo alloy TZM shows good potential for ammonothermal
reactor design: TZM possesses high strength and creep resistance at elevated temper-
ature and good stability in NH3-gas at up to 1000 °C [12], compare Sect. 3.1. Under
ammonothermal conditions pure Mo and TZM have proven excellent resistance in
sc-NH3 (6 d/575 °C/100MPa), sc-NH3/Na (6 d/575 °C/213MPa) and sc-NH3/NH4Cl
(4 d/575 °C/86MPa) [9]. Only a slight surface coloration was observable. Additional
growth experiments of GaN in sc-NH3/Na showed good long term (>2000 h) stability
of a Mo-capsule below 500 °C. Above that temperature a black powder formed on
the surfaces. Acidic growth with NH4Cl mineralizer in an autoclave made of TZM
could be performed without any sign of degradation [13]. Pure Mo is also suggested
to be stable in sc-NH3/NH4F [14].

W and its alloysW74.7Ni15.6Cu9.6, W95Re5 andW74Re26 show high stability in sc-
NH3, sc-NH3/Na andmedium to high stability in sc-NH3/NH4Cl [9]. AdditionallyW
possesses excellent thermal stability and creep resistance [15]. Yet, their applicability
as autoclave material under ammonothermal conditions has to be further evaluated.

Besides the mineralizers, also the used precursor materials have an influence on
the autoclave alloys. The autoclave alloy is either exposed to the diluted precursors
in the ammonothermal sc-NH3/mineralizer/precursor-solution or directly in contact
to the solid precursor prior to its dissolution. Precursors used vary from lower quality
nitrides supposed to recrystallize (e.g. polycrystalline GaN), to bulk metals (e.g. pure
Ga, In, Zn) or even alloys.

Ga, originating from dissolved GaN in sc-NH3 and GaN in direct contact with
the autoclave and internal setups was found up to 8 μm into the used Ni-alloys
[16]. The authors supposed that this fact potentially falsifies the conducted solubility
measurements, due to re-dissolution from migrated Ga inside the autoclave alloy
and internal setups during subsequent experiments. The influence on the mechanical
stability of the alloys has not been addressed so far. It is suggested that other precursor
like In or Zn interact with the autoclave alloys as well [17, 18]. Further in-depth
studies on that topic are in progress but have not been published yet.

Table 11.1 in Sect. 11.4 sums up the most promising alloy-solution-combinations
already investigated for application in ammonothermal syntheses. Please refer to
the individual studies for further details and additional alloy-solution combinations:
[6, 7, 9, 11, 13, 16–18].

11.2 Stability of Materials for Internal Setups and Other
Process Equipment Under Ammonothermal
Conditions

A variety of different materials have been tested in different ammonothermal solu-
tions, e.g. for use as internal setup, for additional pressure bearing parts like window
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material enabling in situmeasurements, or for corrosion protection. A brief summary
of themost suitable candidates, not mentioned in Sect. 11.1, is given in the following.

The noble metals Au, Pt and Pd are stable in sc-NH3 (6 d/575 °C/100 MPa)
and sc-NH3/NH4Cl (4–6 d/>545 °C/>93 MPa or 14 d/600 °C/200 MPa) [9, 14]. All
three have already been used as liner or coating material, compare Sect. 11.3. In
sc-NH3/Na (6 d/575 °C/>182 MPa) Au, Pd, and Pt suffer significant weight loss
and/or embrittlement [9]. The Pt-alloy Pt78Rh22 was found stable in sc-NH3 and sc-
NH3/NH4Cl. Pt91Ru9 alloy additionally in sc-NH3/Na, suggesting its use as universal
but expensive liner material for both acidic and basic ammonothermal growth [9].
In sc-NH3/NH4F, the results on the stability of Pt are contradictory. A Pt-protective-
coating system investigated in [14] was significantly dissolved in sc-NH3/NH4F
(14 d/600 °C/200 MPa), suggesting that stability in acidic sc-NH3 solutions is not a
general feature but depending on the specific mineralizer. In contrast, a Pt-liner used
in [19, 20] showed at least sufficient stability in sc-NH3/NH4F. However, no detailed
information on the stability or degradation of the Pt-liner was given. Similar behavior
could be observed for Ag. Ag was tested stable in sc-NH3, sc-NH3/Na, and sc-
NH3/NH4F, whereas sc-NH3/NH4Cl leads to significant dissolution [9, 14]. Several
corrosion protection systems made of Ag are already in use, compare Sect. 11.3.

All oxide ceramics tested in [9] where not stable in sc-NH3/Na (6
d/>540 °C/>208 MPa) except for zirconia, which was also stable in sc-NH3 (6
d/575 °C/101 MPa). Others were stable in both sc-NH3 (6 d/575 °C/>98 MPa)
and sc-NH3/NH4Cl (6 d/575 °C/>91 MPa): fused silica, quartz, sapphire, sintered
alumina and yttria-stabilized zirconia. Quartz tubes have been used as sealed reac-
tion chambers in the early ammonothermal research, e.g. in [21]. Sapphire is used in
ammonothermal in situ monitoring technology as pressure loaded window material
for optical access, due to its beneficial optical and mechanical properties [22].

The nitride ceramic Si3N4 shows good stability in both sc-NH3 (6
d/575 °C/224 MPa) and sc-NH3/NH4Cl (>6 d/>450 °C/>100 MPa) [9, 23]. Applica-
tion examples are a semi-hermetic capsule to reduce corrosive degeneration of Ni-
base superalloys in ammonoacidic synthesis (see Sect. 11.3) or the use as ballmaterial
in a rolling ball viscometer, determining viscosity and density of ammonothermal
solutions [24].

SiC and (WC)90–94Co6–10Fe0–4 show good and universal potential for use in
ammonothermal environment, as they are relatively stable in sc-NH3/Na (6 d/>545
°C/>200 MPa), sc-NH3 (6 d/575 °C/>104 MPa) as well as sc-NH3/NH4Cl (>3
d/>575 °C/>14 MPa) [9, 23, 25]. Only minor changes in surface quality or diam-
eter are observable. SiC also appears relatively stable in sc-NH3/NH4F (>7d/>350
°C/>40 MPa) [25]. Polycrystalline SiC grown from physical vapor transport is used
for crystal mounts inside the autoclave ([23], also see Sect. 10.4). Diamond, SiC
und vitreous carbon (Sigradur G) have been identified as promising materials in
ammonothermal in situ X-ray technology as they possess low X-ray absorption and
good to excellent stability in sc-NH3/NH4Cl, sc-NH3/NH4F, and sc-NH3/NaN3 [25].
The application of diamond, with the best chemical stability in the mentioned super-
critical solution, is however limited due to the extremely high investment costs and
availability in the needed dimensions.



196 A.-C. L. Kimmel and E. Schlücker

Table 11.1 in Sect. 11.4 sums up the most promising material-solution-
combinations already investigated for application in ammonothermal syntheses.
Please refer to the individual studies for further details and additionally material-
solution combinations: [9, 14, 23, 25].

11.3 Protection Systems for Autoclaves and Internal
Equipment During Ammonothermal Crystal Growth

To minimize corrosive degeneration and contamination of grown crystals, protec-
tion systems have been developed, especially in the ammonothermal syntheses
using acidic mineralizers. Pt–liner onNi-base alloy autoclaves during ammonoacidic
crystal growth with NH4Cl and NH4F mineralizer improved crystal quality or purity
during explorative ammonothermal syntheses [2, 4, 5, 19, 20, 26, 27]. However, the
high cost of the noble metal limit its applications. To reduce the needed material
amount and to overcome the mismatch in coefficient of thermal expansion of Pt
and the Ni-base alloy, a three layer Au/Pd/Pt-coating system has been developed,
showing good potential in sc-NH3/NH4Cl but not in sc-NH3/NH4F [14], compare
Sect. 11.2. An Au-coating and an Au/Pd-coating-system showed good potential as
well in sc-NH3/NH4Cl, additionally reducing the manufacturing and material costs.
In sc-NH3/NH4F an Ag coating showed good stability [14]. The described coating
systems have all been tested for 14 days at 600 °C and 200 MPa and enable to
protect the autoclave body and periphery head parts (connection pipes, valves, etc.)
at relatively low technological and financial effort.

In contrast to the satisfactorily stable noblemetal coatings, ceramic coatings tested
in [23] show no potential for use in acidic ammonothermal syntheses. Nitrided or
borided Alloy 718 is not stable in sc-NH3/NH4Cl: complete dissolution or spalling
of the coating prevents corrosion protection of the underlying alloy. The add-on
coatings TiN and ZrO showed no sufficient adhesion or thermoshock resistance.

Some semi-hermetic capsule systems have been presented in the last decade,
offering a good option to reduce corrosion at lower investment costs. In that case,
adhesion and spalling problems of ceramics can be overcome, as the crucible is
not fixed directly to the autoclave, tensile stresses on the crucible can be avoided.
Another advantage is the easy removal for cleaning purposes or for replacement
without the need of an entire new autoclave. Hertweck et al. developed a ceramic
liner system (see Fig. 11.3)with a cruciblemade of BNor Si3N4 [23].With its use, the
corrosive degeneration of the autoclave decreased significantly in sc-NH3/NH4Cl.
The described crucibles have been used during ammonothermal crystal growth of
InN [28].

As already mentioned in Sect. 11.1, Mo, W and their tested alloys (TZM,
W74.7Ni15.6Cu9.6, W95Re5 and W74Re26) possess high stability in sc-NH3/Na, sc-
NH3 and sc-NH3/NH4Cl and therefore show excellent potential as autoclave or liner
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Fig. 11.3 Schematic view of
the ceramic crucible
presented in [23]. Pressure
loaded autoclave (1) with
spring (2) to fit tightly the
capsule (3) to the lid (4) and
autoclave (1). The lid and the
area of the crucible in
contact with the lid possess
high surface quality (Ra ≈
0.5 μm) to minimize leakage
of the sc-NH3/mineralizer
solution. Reprinted and
modified with permission
from [17]

material. A Mo capsule used in [9] showed no degradation below 500 °C in sc-
NH3/Na, above that temperature a slight blackening was observable. A Mo-capsule
(non-hermetically sealed) showedgoodpotential aswell, especially due tominimized
oxygen concentrations found in the grown GaN crystals [29]. Mo or molybdenum
nitrides allegedly act to getter oxygen under certain conditions. The use of an auto-
clavemade of TZM completely eliminates the need of any corrosion protection when
using the mineralizer NH4Cl [13].

A non-hermetically sealed Ag capsule used in [30] resulted in a ultrahigh purity
growth environment in basic (sc-NH3/Na) ammonothermal growth, reducing the
transition metal impurities in grown GaN crystals to less than 1× 1017 cm−3. Ag has
been used as well to protect a Ni-base alloy in sc-NH3 containing NH4F mineralizer
during the investigation of dissolved species during ammonothermal crystal growth
of GaN [31].

11.4 Summary

Corrosion of process equipment, pressure bearing parts as well as internal setups, is
still a big issue during ammonothermal crystal growth. Alloys suitable for reactor
design have been discussed in Sect. 11.1. Most Ni-base and Co-base alloys inves-
tigated in ammonothermal environment are only stable in pure sc-NH3 and sc-NH3

containing basic mineralizers. If autoclaves made of those alloys are still to be used
in acidic solutions, protection systems like liner, crucible and coatings have to be
applied to minimize corrosive degeneration and contamination of grown crystals
(Sect. 11.3). The high strength Ti-Zr-Mo alloy TZM, and pure Mo are also suitable
for use in acidic ammonothermal growth using NH4Cl mineralizer. Internal setups,
capsules or corrosion protection are additional applications fields, due to their excel-
lent chemical stability. A variety of materials for use as internal setups and corrosion
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Table 11.1 Applicability of a variety of different materials for different sc-NH3/mineralizer
combinations at ammonothermal pressure/temperature-ranges

Material sc-NH3/Na sc-NH3 sc-NH3/NH4Cl sc-NH3/NH4F

Ni ✓ ✓ x –

Alloy 718 ✓ ✓ x (✓)

Alloy 625 ✓ ✓ x –

Alloy 282 ✓ ✓ x –

René 41 ✓ ✓ x –

Co ✓ ✓ x –

Co80W10.6Al9.4 ✓ ✓ ✓ –

CoWAlloy1/CoWAlloy2 ✓ ✓ x –

Mo ✓ ✓ ✓ ✓

TZM ✓ ✓ ✓ –

W ✓ ✓ o –

W74.7Ni15.6Cu9.6 ✓ ✓ o –

W95Re5 ✓ ✓ ✓ –

W74Re26 ✓ ✓ ✓ –

Au x ✓ ✓ –

Pd x ✓ ✓ –

Pt x ✓ ✓ x

Pt78Rh22 x ✓ ✓ –

Pt91Ru9 ✓ ✓ ✓ –

Ag ✓ ✓ x ✓

Aluminum silicate x o ✓ –

Fused silica x ✓ ✓ –

Quartz x ✓ ✓ –

Sapphire x ✓ ✓ –

Sintered alumina x ✓ ✓ –

Yttria-stabilized zirconia o ✓ ✓ –

Zirconia ✓ ✓ o –

Si3N4 x ✓ ✓ –

BN x o o –

SiC o o/✓ o/✓ o/✓

(WC)90–94Co6–10Fe0–4 ✓ ✓ ✓ –

Diamond ✓ – ✓ ✓

BC ✓ – x x

Vitreous carbon (Sigradur G) o – o o

Materials selected due to their good potential or as they are already in use in ammonothermal crystal growth.
Please refer to the individual studies for further details and additionally material-solution combinations [6, 7, 9,
11, 13, 14, 23, 25]
(✓) good to excellent potential, (o) possible uses, (x) not recommended without protection system, (–) not
investigated/reported so far
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protection has been tested for application in ammonothermal solutions. The most
promising are noble metals such as Pt, Pd, and Au in sc-NH3, and sc-NH3/NH4Cl
or Ag in sc-NH3/Na and sc-NH3/NH4F. Pt liner as corrosion protection in acidic
ammonothermal solutions containing NH4Cl reduce corrosive attack on autoclaves,
but at high investment costs. Au/Pd/Pt-coating systems are able to protect at lower
investment costs. Ceramics such as Si3N4 can be used in sc-NH3/NH4Cl or SiC and
WC in sc-NH3, sc-NH3/Na, and sc-NH3/NH4Cl. Semi-hermetic crucible systems
made of ceramics (e.g. Si3N4) or metals (e.g. Ag, Mo, TZM) are a cheap alternative
to Pt-liner or coatings combined with a good handling. To sum up, each specific
synthesis route (different educt/mineralizer/process parameter) requires a specific
review of potential autoclave materials and/or suitable protection system to reduce
safety issues and contamination during the ammonothermal process.

Table 11.1 names the most promising material-solution-combinations already
investigated or in use for application in ammonothermal syntheses. Please refer to the
individual studies for further details and additionallymaterial-solution combinations:
[6, 7, 9, 11, 13, 14, 23, 25].
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Chapter 12
Explorative Synthesis of Novel Nitride
Compounds by Ammonothermal
Synthesis

Mathias Mallmann, Niklas Cordes, and Wolfgang Schnick

Abstract This chapter provides a brief overview of the synthesis of nitrides and
oxonitrides by the ammonothermal method. Numerous binary, ternary andmultinary
nitrides as well as oxonitrides are discussed. The synthesis conditions with regard to
the temperatures, pressures, precursors and mineralizers are mentioned. In addition,
the crystal structure of the respective compounds will be briefly described. Since
most of these compounds possess interesting electronic and optical properties, the
bandgaps of the compounds are discussed in more detail and are summarized at the
end.

The ammonothermal method, as mentioned in Chap. 1, is suitable for the synthesis
of a large range of different nitridematerials. Because of the solution-based approach
at relatively low temperatures, the ammonothermal process exhibits advantages
in crystal growth compared to common solid-state reactions. For this reason, the
ammonothermal process is particularly interesting for compounds with industrial
application, such as semiconducting materials like GaN. Recently, this method was
also used for the synthesis and study of other nitrides. The following chapter gives
an overview of the development of ammonothermal synthesis of nitrides and oxoni-
trides and briefly summarizes the resulting properties and possible applications of
these materials.

12.1 Binary Nitrides

In 1966 Juza and Jacobs reported on the ammonothermal synthesis of α-Be3N2,
which was the first nitride synthesized by this innovative approach [1]. Thereby, the
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reaction temperature could be lowered from 1270 to 870 K, reaching a pressure of
20 MPa, compared to conventional synthetic approaches like ammonolysis. At these
reaction conditions α-Be3N2 was obtained as microcrystalline powder. So far, no
other group II-nitrides could be synthesized ammonothermally. A few years later,
the first single crystals were obtained during the ammonothermal process. The rare
earth metal nitrides LaN and EuN were prepared at temperatures around 650 K and
pressures up to 500 MPa starting from K3[La(NH2)6] or europium metal and KNH2

as mineralizer (see Table 12.1) [2, 3]. Whether the crystallization process is based
on a chemical transport of intermediates within the autoclave or in a melt of KNH2

is not clarified. Other rare earth metal nitrides with general formula LnN (Ln = Y,
Ce, Sm and Gd) could only be synthesized as microcrystalline products. CeN and
SmN were synthesized under ammonobasic conditions, starting from the rare earth
metals and Cs or K which form the respective amides as mineralizers. In contrast,
ammonoacidic conditions with NH4I as mineralizer were employed for the synthesis
of YN and GdN [4–7].

Besides the already mentioned compounds, probably the most prominent nitrides
synthesized ammonothermally are group 13 nitrides, namely BN, AlN, GaN and
InN. Most of today’s research interest on the ammonothermal method is focused
on the crystal growth of GaN, caused by the importance of GaN as semiconductor
in laser diodes, field-effective transistors or light emitting diodes [8]. Therefore,
large single crystals with high purity are required for homoepitaxial growth of GaN
by HVPE (hydride vapor phase epitaxy) or MOVPE (metal organic vapor phase
epitaxy) [8]. As mentioned above, the ammonothermal method has advantages in
crystal growth compared to other solid-state reaction methods, making it specifically
interesting for fabrication of GaN semiconductor devices. The growth process can be
carried out under both, ammonobasic and -acidic, conditions. Alkali metal amides
are used as mineralizer in the ammonobasic process. During the growth process,
polycrystalline GaN reacts with the mineralizer forming soluble intermediates (see
Chap. 13) in the cold zone of the autoclave. With respect to retrograde solubility of
GaN, the intermediates are transported to the hot zone of the autoclave and decom-
pose on crystal seeds, forming GaN single crystals with high purity. On the other
hand, ammonium halides can be used for ammonoacidic crystal growth of GaN as
well. Higher growth rates were detected under latter conditions, caused by a better
solubility of GaN with ammonium halides instead of alkali metal amides. Exten-
sive research efforts in the past years made it possible to achieve growth rates of
1000 μm per day and even more [9]. By this method crystals with sizes up to 50 mm
in diameter have been prepared [10]. In contrast, the crystallization process of the
other group 13 nitrides is more challenging, caused by the differing reactivity of
liquid gallium in comparison to solid boron or aluminum, or due to the better solu-
bility of GaN in ammonia compared to the other nitrides. Thereby, h-BN was only
obtained as microcrystalline product from boron and lithium or potassium amide at
820 K and 100–500 MPa [11]. However, even after a reaction period of 21 days,
elemental boron occurs as side phase in the reaction product, indicating a low reac-
tivity or solubility of boron under ammonobasic conditions. AlN was synthesized
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with ammonobasic mineralizer KNH2 as well as in ammonoacidic (NH4Cl) envi-
ronment [12, 13]. In addition to polycrystalline products, single crystalline AlN was
grown on GaN seeds with KN3 as mineralizer [14]. Recently, Niewa et al. succeeded
in synthesis and crystal growth of InN. The authors used InCl3 and KNH2 as starting
materials, with a molar ratio of 1:3, at temperatures between 630 and 770 K and
pressures of 190–280MPa, resulting in ammononeutral conditions. The shape of the
obtained crystals differ from plate like morphology with diameters of up to 2 μm
to rod-like crystals with length up to 5 μm (see Chap. 13, Fig. 13.2) [15]. These
results can offer the possibility to synthesize single crystals of solid solutions of
GaN and InN by the ammonothermal method as well, achieving a smaller bandgap
compared to pure GaN. Bandgap values of InN in literature differ from 0.6 to 1.9 eV,
resulting from different measuring methods, oxygen impurities or dopant concentra-
tion [16]. Photoluminescence measurements as well as XAS and XESmeasurements
of ammonothermally synthesized InN indicated an optical and electronic bandgap
of 1.7 eV [68].

Furthermore, Jacobs and coworkers were successful in synthesis of transition
metal nitrides by the ammonothermalmethodwith interesting properties such as high
hardness, mechanical strength or semiconducting andmagnetic properties. However,
the number of such compounds is still small. Until now, three different manganese
nitrides could be synthesized ammonothermally. While microcrystalline ε-Mn4N
was only observed during the synthesis of manganese doped GaN at 723–823 K in
an ammonobasic milieu, single crystals of η-Mn3N2 and θ-Mn6N5+x grew during the
ammonothermal process with temperature gradients between 673 and 873 K (see
Table 12.1) [17–19]. In contrast, there is only one observed iron compound, namely
γ′-Fe4N which is isotypic to ε-Mn4N and crystallizes in a perovskite-type structure.
It was synthesized under ammonoacidic conditions starting from Fe and FeI2 at 733–
853 K and pressures of up to 800 MPa. Due to the corrosion of the autoclave under
ammonoacidic conditions (see Chap. 3), γ′-Fe4N contains traces of Ni, originated
from the nickel-based alloy of the autoclave [20]. Pure Ni3Nwas synthesized starting
from [Ni(NH3)6]Cl2 and NaNH2 at 523 K and 200 MPa. It seems that ammonobasic
and -acidic conditions can be used for the synthesis of early 3d-transition metal
nitrides, while late transition metal nitrides are not accessible by this approach. This
may be explained by the lower thermodynamic stability of the late transition metal
nitrides. Therefore, Cu3N could only be synthesized in neutral conditions starting
from [Cu(NH3)4](NO3)2 and Cu metal at 620–850 K and 600 MPa [21]. During the
reaction, [Cu(NH3)4]NO3 is formed and decomposes in the hot zone of the autoclave
to Cu3N, water, ammonia and nitrogen. The formation of nitrogen prevents thermal
decomposition of Cu3N and therefore is essential for the synthesis.

12.2 Ternary Nitrides

Jacobs and co-workers also succeeded in synthesizing the first ternary nitrides using
the ammonothermal process. In 1989 they obtained tantalum nitrides with general



12 Explorative Synthesis of Novel Nitride Compounds … 211

formulaMTaN2 withM =Na,K,Rb andCs.Microcrystalline productswere obtained
starting from Ta3N5, Ta2O5, TaCl5 or NH4TaF6 and an excess of the corresponding
alkali metal amide MNH2 (M = Na, K, Rb, Cs) at temperatures between 673 and
1073 K and pressures up to 600 MPa. By washing with H2O or liquid NH3 at
room temperature the pure compounds can be isolated, while no single crystals
were obtained [22]. The first single crystals of NaTaN2 with sizes up to 30 μm were
prepared as side phase during synthesis of oxonitride perovskites [23]. Furthermore,
crystals of the potassium and rubidium compounds could also be isolated as by-
products. SEM images of KTaN2 and RbTaN2 are displayed in Fig. 12.1 [24]. The
sodium compound crystallizes in the α-NaFeO2 structure type, while the heavier
homologues crystallize in a β-cristobalite type of structure.

There is no analogous lithium compound. Instead of that Li, Li3N and LiNH2

react with Ta3N5 to Li2Ta3N5 at temperatures between 673 and 1073 K and pres-
sure of 600 MPa within five days. An applied temperature gradient inside the auto-
clave causes separation of an excess of soluble LiNH2 (cold zone) from less soluble
Li2Ta3N5 in supercritical ammonia. A pure product can be obtained by using a partly
laterally perforated stainless steel ampoule. A large excess of lithium compounds
leads to the formation of secondary phases, which cannot be separated. Tantalum
nitrides other than Ta3N5, such as ε-TaN, ϑ-TaN or the use of TaCl5 as starting
material do not lead to the desired product [25].

Furthermore, the behavior of alkali metals with elements of the fourthmain group,
especially Si and Ge, were examined. Polycrystalline NaSi2N3 was synthesized by
Jacobs et al. at temperatures between823 and873Kandpressures of 600MPa starting
from NaNH2 and Si or Si3N4, respectively [26]. It crystallizes in a superstructure of
the wurtzite-type in space group Cmc21 and the structure can be derived from that of
hexagonal GaN (see Fig. 12.4). Attempts to grow macroscopic single crystals of this
compound failed. Analogous reactions with KNH2 did not yield in KSi2N3. Instead,
different imidonitrides like K3Si6N5(NH)6 were formed [27]. Recently, Häusler et al.
succeeded in the synthesis of isotypic LiSi2N3 and LiGe2N3. LiSi2N3 was prepared
ammonothermally starting from Si and LiN3 at 970 K and pressures between 100

Fig. 12.1 SEM images of MTaN2 crystals (a KTaN2; b RbTaN2). Reproduced by courtesy of
Häusler [24]
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and 170 MPa, while higher temperatures yielded Li2SiN2 as side phase. In addition
LiGe2N3 was synthesized at 900 K and pressures of up to 230 MPa using Ge3N4

and Li as starting materials [28]. Due to the similarity of the structure and properties
of these compounds to that of GaN, I-IV2-N3 compounds are of interest as poten-
tial semiconductor materials. Therefore, optical measurements were conducted to
determine their bandgaps. Ammonothermally synthesized LiSi2N3 shows an optical
bandgap of 4.4 eV, whereas LiGe2N3 shows a slightly smaller bandgap of 3.9 eV
(see Fig. 12.9 in Sect. 12.5) [28].

Besides the just mentioned I-IV2-N3 compounds, II-IV-N2 compounds are inter-
esting as possible next-generation semiconductors as well. II-IV-N2 nitrides also
crystallize in a superstructure of hexagonalGaN in space groupPna21 (see Fig. 12.4).
Recently, ZnSiN2 and ZnGeN2 were synthesized under ammonothermal conditions.
While ZnGeN2 was formed at 870 K and pressures up to 230 MPa, ZnSiN2 requires
higher temperatures of 1070 K to obtain crystalline products [29]. To improve crys-
tallinity of the products, the syntheses was conducted with a second temperature step
at lower temperatures (570 K), to guarantee a formation of intermediates for better
solubility of the starting materials (see Chap. 13). Both compounds were achieved
starting from the corresponding elements with alkali metal azides as ammonobasic
mineralizers (NaN3 or KN3). After washing with 1 m HCl, phase pure products with
well-shaped crystals with sizes up to severalμm (see Fig. 12.2) were obtained. In situ
X-ray imaging experiments illustrated the dissolution of ZnGeN2 in ammonobasic
conditions, pointing towards a possible dissolution-recrystallization process for

Fig. 12.2 SEM images of ZnSiN2 (a/b) and SEM (c)/TEM (d) images of ZnGeN2. Reproduced
with permission from Wiley, Copyright 2017 [29]
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crystal growth of such ternary nitrides (see Chap. 10). Furthermore, ammonoacidic
conditions were tested for synthesis of ZnGeN2, representing the first ammonoacidic
synthesis of a ternary nitride. Si3N4 liners were used to prevent corrosion of the auto-
clave. Starting fromNH4F, Zn andGe3N4 at temperatures around 870K and 195MPa
resulted also in the desired product [24]. Recent studies showed, that fluoride ammo-
niates like ZnF2(NH3)2 or ZnF2(NH3)3 are formed during ammonothermal reaction
starting from Zn and NH4F and therefore are possible intermediates during synthesis
of ZnGeN2 [30].

As mentioned above, ZnGeN2 was synthesized at lower reaction temperatures
compared to ZnSiN2, due to the lower thermal stability under ammonothermal condi-
tions. A lower thermal stability of the respective ternary Ge nitride as compared with
the isoelectronic Si nitride could be observed as a general trend in the synthesis of
II-IV-N2 and I-IV2-N3 compounds and is also the case for the following nitrides.

Besides the described ternary zinc nitrides Zn-IV-N2, isotypic magnesium and
manganese nitrides could be synthesized ammonothermally as well. MgSiN2 and
MnSiN2 were obtained at 1070 K and pressures of 100–150 MPa, whereas MgGeN2

and MnGeN2 were synthesized at 870 K and pressures up to 230 MPa, starting from
the elements with KN3 as ammonobasic mineralizer. A second temperature step was
inserted at 570K (Si compounds) and 670K (Ge compounds) to improve crystallinity
of the products [28].

Due to their interesting optical and electronic properties, as well as the earth-
abundance of the elements, the presented II-IV-N2 compounds are, as already
mentioned above, interesting candidates as next-generation semiconductors [31].
Additionally, similar lattice parameter make the growth of these materials on GaN
substrates and therefore the formation of hybrid materials possible. Moreover, pure
MnSiN2 could be an attractive material in the field of spintronic applications and
manganese doped MgSiN2 shows interesting luminescence properties [32, 33].
Therefore, optical bandgaps of the six compounds were investigated by diffuse
reflectance spectroscopy and Tauc-plots. The optical bandgaps are ranging from 2.5
to 4.8 eV (MgSiN2: 4.8 eV,MnSiN2: 3.5 eV, ZnSiN2: 3.7 eV,MgGeN2: 3.2,MnGeN2:
2.5 eV and ZnGeN2: 3.2 eV), covering a very large bandgap range comparable to
AlN, GaN, InN and solid solutions thereof (see Fig. 12.9) [28, 29]. Additionally, XES
and XAS measurements delivered 3.7 and 4.7 eV for electronic bandgap values of
ZnGeN2 and ZnSiN2 [34]. Nevertheless, further physical studies have to bemade, for
which crystals of sufficient size would be needed, which could possibly be obtained
by synthesis optimization and crystal growth experiments under ammonothermal
conditions. Furthermore, the ammonothermal synthesis of ZnSnN2 would be of great
significance as a possible alternative of InN. However so far, bulk ZnSnN2 was only
synthesized by high-pressure metathesis methods leading to microcrystalline prod-
ucts [35]. Until now, neither microcrystalline nor single crystals of ZnSnN2 were
synthesized by the ammonothermal method.

Already in the 90s Jacobs and Nymwegen showed, that P-N compounds
could also be synthesized via the ammonothermal method. They succeeded
in synthesizing microcrystalline K3P6N11 starting from P3N5 and KNH2 at
773 K and 600 MPa NH3 [36]. The crystal structure is composed of a highly
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condensed framework of corner sharing PN4-tetrahedrons. The nitrogen atoms
can connect two (N[2]) as well as three PN4-neighboring tetrahedrons (N[3]),
resulting in the Niggli formula P[4]6 N[2]

9 N[3]
2 of the P-N network [37]. The potas-

sium ions occupy the resulting voids in the network. Additionally to K3P6N11,
Jacobs et al. were able to synthesize other P-N-H compounds ammonothermally,
namely HPN2, DPN2, Na10[P4(NH)6N4](NH2)6·0.5NH3, Rb8[P4N6(NH)4](NH2)2
and Cs5[P4(NH)4](NH2)2 from P3N5 and the corresponding alkali metal amide at
temperatures between 670 and 870 K [38–41]. More recently, the first ammonother-
mally synthesized alkaline earth and transition metal P-N compound was reported
by Mallmann et al. Mg2PN3 and Zn2PN3 were synthesized starting from P3N5 and
the corresponding metal (Mg or Zn) with NaN3 or KN3 as mineralizer [42]. Single
crystals of Mg2PN3 with sizes up to 25 μm were obtained at 1070 K and pressures
up to 140 MPa, while less stable Zn2PN3 decomposes at this reaction conditions in
supercritical ammonia. Therefore, Zn2PN3 was only formed at 800 K and 200 MPa
(see Fig. 12.3) with crystallites in the submicron range. Both compounds crystallize
in a wurtzite superstructure in space group Cmc21. Infinite chains of corner sharing
PN4-tetrahedra running along the c-axis are probably the reason for the needle-shaped
habitus of the Mg2PN3 and Zn2PN3 crystallites. The relation between the wurtzite
structure and the herein mentioned superstructures are summarized in Fig. 12.4.

Fig. 12.3 SEM images of Mg2PN3 (a) and Zn2PN3 (b). Reproduced with permission fromWiley,
Copyright 2018 [42]

Fig. 12.4 Group-subgroup relations of wurtzite structure (P63mc) and corresponding superstruc-
tures (Cmc21 and Pna21)
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Zn2PN3 has been discussed as a possible and promising semiconductor [31].
Therefore, the optical bandgaps of Mg2PN3 and Zn2PN3 were estimated by diffuse
reflectance spectroscopy. Thus, the bandgaps for both compounds were determined
to 3.7 eV for Zn2PN3 and 5 eV for Mg2PN3 [42].

12.3 Multinary Nitrides

In contrast to binary and ternary nitrides, there are just a few examples of quaternary
and higher nitrides synthesized in supercritical ammonia. In 2007, Li et al. reported
on the synthesis of europium doped CaAlSiN3, which is a well known red phosphor
material that found industrial application in pc-LEDs (seeChap. 2) [43]. Intermetallic
CaAlSi:Eu and NaNH2 were used as starting materials. It has been shown that both,
temperature and pressure, as well as the concentration of the starting materials play
an important role in the crystallization process and the luminescence properties of
the samples [44, 45]. While CaAlSiN3 is already formed at temperatures around
870 K, a temperature increase to 1070 K, with an additional temperature step at
670 K, where the starting materials were converted to reactive intermediates, leads
to a significant improvement in crystallinity of the product. SEM images indicate, that
needle shaped crystallites with several hundred nm in length can be observed. The
photoluminescence of the product is also related to the pressure and the mineralizer
ratio during reaction. The highest intensity was observed at pressures between 60
and 100 MPa [45].

The synthesis of CaAlSiN3 starting from the elements and NaN3 as mineralizer
was reported as well [46]. Certainly, an increase in reaction time is required for
the formation of the nitride, due to the insufficient mixing of the intermediates as
compared to employment of an intermetallic precursors. CaAlSiN3 crystallizes in
orthorhombic space group Cmc21. Aluminum and silicon atoms are mixed occupied
and coordinated tetrahedrally from nitrogen, whereas calcium is coordinated by five
nitrogen atoms. The crystal structure is illustrated in Fig. 12.5 and can be regarded

Fig. 12.5 Crystal structure
of II-III-IV-N3 along [001].
Group II metals in orange,
group III and IV metals in
gray and nitrogen in blue
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as a strongly distorted superstructure of the wurtzite type structure (space group
P63mc).

Isotypic SrAlSiN3:Eu2+ was synthesized in an analogous way, starting from
SrAlSi:Eu and NaNH2 or Sr as mineralizer at 1073 K and pressures around 100MPa
[47]. The reaction with Sr as mineralizer resulted in an increase in crystallinity and
to a better photoluminescence efficiency, which can be attributed to lower strontium
defect concentration. While needle-shaped crystals were obtained with NaNH2 as
mineralizer, bar- and platelike crystals occur with Sr [47, 48].

Recently, the first gallium containing nitridosilicate, namely CaGaSiN3:Eu2+, was
synthesized by Häusler et al. in supercritical ammonia [49]. CaGaSiN3 is isotypic
to CaAlSiN3 and SrAlSiN3. The synthesis was conducted under ammonothermal
conditions (1070 K and 150 MPa) starting from CaGaSi:Eu and NaN3 as starting
material. A second temperature step at 770Kwas added for the formation of interme-
diates. Thereby crystals with up to 2 μm in length were obtained. Synthesis at lower
temperatures or lower pressures resulted in productswith poor crystallinity. They also
showed that the choice of the mineralizer plays an important role in ammonothermal
synthesis. While the use of LiN3 and NaN3 as mineralizer resulted in the desired
product, KN3 and CsN3 resulted in formation of Ca16Si17N34 and GaN. This indi-
cates that LiSi2N3 and NaSi2N3 (see Sect. 12.2) may act as possible intermediates
during synthesis. CaGaSiN3:Eu2+ exhibits red luminescence comparable to that of
SrAlSiN3:Eu2+ with an emission maximum at 620 nm and FWHM (full width at half
maximum) of 90 nm. Furthermore, the optical bandgap of CaGaSiN3 was estimated
to 3.2 eV (see Fig. 12.9) and therefore is considerably lower than the bandgap of
CaAlSiN3 with 4.9 eV [50, 51].

By substitution of Si by Ge, the new nitridogermanate Ca1−xLixAl1−xGe1+xN3

with x ≈ 0.2 was synthesized under ammonothermal conditions. Ca3Al2Ge2 and
lithium metal were used as starting materials. The synthesis was carried out in two
temperature steps at 625 K (for the formation of intermediates) and 925 K, reaching a
pressure of 185 MPa [52]. In contrast to the nitridosilicates, Ca1−xLixAl1−xGe1+xN3

shows crystal sizes up to 15 μm in length (see Fig. 12.6), indicating a higher solu-
bility of germanium or the corresponding intermediates in supercritical ammonia.
Ca1−xLixAl1−xGe1+xN3 crystallizes in space groupCmc21 and is isotypic to the three
already mentioned quaternary nitrides (see Fig. 12.5). It can be considered as a
solid solution of LiGe2N3 and not yet known CaAlGeN3. The optical bandgap was
estimated to be 4.3 eV (see Fig. 12.9) [52].

12.4 Oxonitrides

The hydrothermal synthesis of oxide perovskites is known for a considerable period
of time [53]. The accessability of well formed crystals in this approach served as a
starting point of recently reported ammonothermal growth of oxonitride perovskite
crystals. The crystal structure of the oxonitride perovskites is illustrated in Fig. 12.7.
Unfortunately, ammonia is a less efficient solvent for ionic substances (salts) than
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Fig. 12.6 SEM images of
Ca1−xLixAl1−xGe1+xN3
with x ≈ 0.2. Reproduced
with permission from Wiley,
Copyright 2018 [52]

Fig. 12.7 Cubic perovskite
structure ABX3 with unit cell
and coordination polyhedra
of A (cuboctahedron, green),
B (octahedron, red) and
anions (red/blue)

water [54]. In 2011Watanabe et al. described ammonothermal synthesis of LaTaON2

in a high-pressure autoclave. Ametallic alloy of La and Ta, which was previously arc
melted, was used in combination with the mineralizer NaNH2. The reaction temper-
ature was 873 K, which is approximately 300 K lower than the temperature range
necessary for solid-state synthesis of oxonitride perovskites in flowing ammonia
(ammonolysis). The ammonia pressure within the autoclave was about 100 MPa and
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the reaction period was 15–75 h. The obtained product showed better crystallinity
if the reaction temperature was higher. At 773 K only the most intense powder X-
ray reflection of the oxonitride perovskite could be detected. As major byproduct
white La(OH)3 occurred. At temperatures above 873 K, the black precursor alloy
was transformed into red LaTaON2. The reaction temperature, pressure and duration
had no significant impact on the shape, size or lattice constant of the oxonitride.
The addition of NaNH2 as mineralizer is necessary for the successful formation of
LaTaON2 because no marked reaction between the LaTa alloy and ammonia occurs
below 1073 K. The reason for that is that NaNH2 increases the reaction rate by
increasing the amount of anions in supercritical ammonia. It is worth to mention,
that no explicit oxygen source was added, and thus the required oxygen-amount was
introduced by uncontrolled hydrolysis of sodium amide. Further addition of miner-
alizers as oxygen-source raised the amount of La(OH)3 as an undesired side product.
The obtained cube like crystals showed a diameter of up to 1 μm. The interme-
diates formed during the ammonothermal reaction are not known. Because of the
drastic change of the morphology of the alloy to the oxonitride perovskite a reaction
proceeding in NH3-NaNH2 supercritical fluid solvent solution was assumed to occur
[54].

For the ammonothermal synthesis of LaNbON2 the previously described proce-
dure has been modified. The starting alloy was used in an atomic ratio 2:1 (La:Nb)
and milled under argon. For the synthesis of lower valence cation-doped LaNbON2,
the starting alloy (La:Sr:Nb = 1.9:0.1:1 or La:Nb:Ti = 2:0.95:0.05) was prepared
through a similar process using Sr and Ti [55]. The alloy was loaded with NaNH2

and NaOH in a bottom sealed nickel tube, which was then transferred vertically in
a high-pressure vessel. The autoclave was filled with ammonia and heated to 573 K
at a rate of 5 K/min for 20 h and then heated to 1073 K at a rate of 1 K/min for 5 h.
The pressure raised to 100 MPa [55].

A more convenient ammonothermal synthesis of oxonitride perovskites aban-
doning the alloy precursor has been developed as well. By using custom-built high-
pressure autoclaves the synthesis of LnTaON2 with Ln = La, Ce, Pr, Nd, Sm, Gd
became possible. The La, Pr, Nd, Sm oxonitride perovskites were accessible at
temperatures of 870 K and maximum pressures of 300 MPa. Those with Ce and
Gd were only obtained at higher temperatures of 1070 K and maximum pressure
of 170 MPa. Starting from powdery metals Ta and Ln and employing the mineral-
izer NaN3 and NaOH as defined oxygen source, highly crystalline products of the
respective oxonitride perovskites were obtained. SEM images of the corresponding
products are shown in Fig. 12.8. In supercritical ammonia NaN3 reacts to NaNH2

which was used in excess. The advantage of NaN3 as a starting material compared to
NaNH2 is its stability against air and moisture. To prevent the autoclave from corro-
sion a Ta liner was used. Inside the liner the product was obtained as a crystalline
powder. On the outside of the liner NaTaN2 is often formed because of the excess of
the mineralizer NaNH2. There are several considerations of reaction intermediates,
which might be relevant for the formation of oxonitride perovskites in supercritical
ammonia. Under ammonothermal conditions NaN3 reacts to NaNH2 which probably
reacts with the lanthanide metal to intermediate species of the assumed composition
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Fig. 12.8 SEM images of LnTaON2. A LaTaON2, B CeTaON2, C PrTaON2, D NdTaON2, E
SmTaON2, F GdTaON2. Reproduced with permission from Willey, Copyright 2017 [23]

Na3Ln(NH)6 or NaLn(NH)4 [56]. The single octahedral anion Ta(O1–x,Nx)
(7+6x)−
6

might as well be possible with Na+ as counterion. Isoelectronic oxotantalate anions
are well known from hydrothermal synthesis, in which a dissolution/precipitation
process forms cube like crystals of oxide perovskites. The formed intermediates
decompose during synthesis to reactive species at higher temperatures. Another
possible reaction pathway is, that at the bottom of the liner a NaNH2/NaOH melt is
formed in which the starting materials dissolve. Druse like agglomerations grown
at the bottom of the liner and can be found after the successful ammonothermal
reaction. The obtained product was nearly phase pure and highly crystalline. Little
amount of side-phases like NaTaN2 and Ln2O3 could be eliminated by washing the
product with HCl and water [23].

The ammonothermal synthesis of BaTaO2Nwas conducted in high pressure auto-
claves. Ba3N2, TaON, NaOH were weighted as starting materials in a molar ratio of
Ba:Ta:NaOH:NaNH2 (1:1:1: x= 1, 2, 5). TaONwas employed as a precursor, synthe-
sized by heatingTa2O5 in flowing ammonia at 850 °C for 15 h.NaOHacted as oxygen
source, while NaNH2 was added as a basic mineralizer. The starting materials were
placed in a bottom-sealed Ni tube, which was then transferred into the autoclave. The
autoclave was subsequently filled with liquid ammonia and heated at 823–973 K for
20 h. The inner pressure of the autoclave was held at about 100 MPa. The obtained
product was washed with deionized water and 1 M HNO3 to remove excess sodium
and other impurities. The authors also prepared a reaction with the starting mate-
rials (Ba, Ta, NaOH, NaNH2) and a molar ratio of 1:1:1:1 but at lower pressures
of 10.8 MPa and a temperature of 923 K. Comparing PXRD and SEM images the
product at higher temperatures showed better crystallinity but larger amounts of
side-phases like NaTaN2 and other unknown impurities. At lower temperatures the
starting material TaONwas not completely transferred into the product. The reaction
temperature for this ammonothermal approach is still 300 K lower than in conven-
tional ammonolysis reactions. The synthesis mechanism herein is based onBa and Ta
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amides or imideamide intermediates. Presumably, oxygen is introduced as hydroxo-
or oxo-ligand during the first reaction step. The detected impurities are formed via
thermal decomposition of the Na–Ta-based intermediates according to the reaction
Na[Ta(NH2)6]→NaTaN2 + 4NH3.However, this reaction type under high pressures
seems unlikely [57]. Furthermore, NH3 ismandatory as a reactionmedium. UsingN2

as the nitriding agent at high-pressure conditions instead of supercritical ammonia
the particles were agglomerated and had indefinite shape. This results have also been
observed at reaction temperatures in supercritical ammonia under 873 K. Cube like
crystals were synthesized at temperatures above 923 K. The particle size increased
with the reaction temperature as grain growth was promoted by a solution-deposition
mechanism in supercritical ammonia. This ammonothermal synthesis results in parti-
cles with smooth surfaces and sharp edges, which is comparable to other solution
processes. In contrast, the reaction of oxonitrides synthesized from oxide precursor
results in porous particles [58]. Furthermore, the authors investigated the effect of
the mineralizer. The best results were obtained with double molar ratio of Na [57].

The solubility of the alkali metals increases from Li to Cs, still all of the alkali
metals are rather good soluble in liquid ammonia [59]. So far, sodium delivered the
best results in the morphology of cube like crystals.

The ammonothermal reaction of EAMO2N with EA = Sr, Ba; M = Nb, Ta was
conducted in high-pressure custom-built autoclaves. Metal powders of Nb or Ta
and Sr or Ba as well as NaN3 and NaOH were used as starting materials. NaOH
is also the required oxygen source for the desired oxonitride perovskite. All of the
starting materials were ground for better solubility, except for Sr and Ba. They were
placed in Nb respectively Ta liners, to prevent the autoclave from corrosion and were
used to facilitate isolation of the products from the autoclave. The four compounds
were successfully synthesized at temperatures of about 900 K and pressures up
to 300 MPa. The reaction duration was 80 h. The formation of side phases could
be nearly eliminated by carefully optimizing experimental parameters. The use of
complicated precursors which need to be pre-synthesized by arc melting was not
necessary. Still, the Ca phases of the respective oxonitride perovskite could not be
obtained which is probably due to the low solubility of Ca in supercritical ammonia
[60].

In addition to oxonitride perovskites, Ruddlesden-Popper-phases could be synthe-
sized by the ammonothermal approach, recently. The ammonothermal synthesis of
Eu3Ta2N4O3, a Ruddlesden-Popper-phase with n = 2 was synthesized in supercrit-
ical ammonia at temperatures of 1070–920 K and pressures up to 170 MPa. Interest-
ingly, Eu3Ta2N4O3 is a mixed valence phase containing both Eu2+ and Eu3+. Besides
Eu3Ta2N4O3, the perovskite phases EuTaO2N (cubic and tetragonal) were obtained
as well under the same reaction conditions [69].

The manifold substitution possibilities of oxonitrides are also evident in the
ammonothermal approach.We strongly believe that in addition to knowncompounds,
a large number of new nitrides and oxonitrides, which are not accessible by conven-
tional solid-state reactions, can also be synthesized using high-pressure custom-built
autoclaves. On the other hand, the ammonothermal synthesis changes drastically the
morphology of the products compared with for instance conventional ammonolysis
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reactions. Since the ammonothermal reaction is a solution-based reaction, many
products can be obtained in crystalline form. The smart use of mineralizers can
further improve crystallization and is often mandatory for the successful reaction.
Frequently, the alkali metals are used because they have good solubility and do not
incorporate themselves into the product.

12.5 Summary

The results summarized in this overviewclearly demonstrate that the ammonothermal
approach is a powerful tool for synthesis of both nitrides and oxonitrides. Though
Jacobs’s pioneering work dates back to the 1960th, the full synthetic potential for
synthesis of ternary, quaternary and multinary compounds has not been fully devel-
oped as yet. Table 12.1 summarizes the above mentioned, ammonothermally synthe-
sized compounds and their reaction conditions. In the last years, the number of
ammonothermally synthesized nitrides and oxonitrides was significantly increase,
due to the establishment of the research group Ammono-FOR in Erlangen, Stuttgart
and Munich. In the case of ternary nitrides, it turned out that especially compounds
crystallizing in a wurtzite type superstructure (e.g. II-IV-N2) are easily obtained
under ammonothermal conditions. Crystal sizes of up to 25 μm for Mg2PN3 or
several hundred μm for RbTaN2 illustrate the high potential of the ammonothermal
process for crystal growth.

Until now, all quaternary and multinary nitrides synthesized ammonothermally
crystallize in a superstructure of the wurtzite type. However, it could be shown that
this approach has a great potential to synthesize nitrides, which are difficult to synthe-
size by other methods (e.g. CaGaSiN3 or Ca1−xLixAl1−xGe1+xN3). Additionally, due
to the high reactivity of supercritical ammonia, moderate reaction conditions are
required. This is especially advantageous for compounds which have low thermal
stability like nitridogermanates or -gallates. Furthermore, other structure types were
observed forK3P6N11 or at higher temperatures, resulting in the formation of Li2SiN2

or Ca16Si17N34. This could also be interesting for quaternary or higher nitrides.
The synthesized ternary and quaternary nitrides with wurtzite superstructure are

of interest as possible next-generation semiconductors. They have promising optical
and electronic properties, perceptivity for bandgap engineering and are constructed
of earth-abundant elements [28, 31, 65]. Furthermore, ZnSiN2 and ZnGeN2 exhibit
significant smaller polarization differences compared to (Al,Ga,In)N, resulting in a
suppression of polarization fields in polar growth directions [66]. Figure 12.9 summa-
rizes the optical and electronic bandgaps of the herein described ammonothermally
synthesized nitrides and oxonitrides. It can be seen, that almost the whole range
from 1.7 to 5.0 eV is covered by these oxo(nitrides), offering a wide range of possible
applications for thesematerials. Oxonitride perovskites for example are used aswater
splitting materials, whereas manganese doped MgSiN2 exhibits interesting lumines-
cent properties andMn-IV nitrides are interesting for spintronic applications [32, 33,
67].
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Fig. 12.9 Bandgaps of ammonothermally synthesized (oxo)nitride semiconductors. ■ symbols

indicating optical bandgaps, ♦ symbols indicating electronic ones compared to the bandgap range
of (Al,Ga,In)N [23, 28, 29, 34, 42, 49, 50, 52]

The class of the oxonitrides with perovskite structure type often possess bandgaps
with 2 eV suitable for the solar watersplitting. Interestingly, the ammonothermal
method provides a crystalline product and very pronounced morphology. The shape
of the crystals are cube like and have a diameter of up to 15 μm. This makes the
ammonothermal approach interesting for a wide range of oxonitride perovskites like
AB(O,N)3 withA=EA, Ln;B=Nb, Ta. Besides the perovskite structure, also oxoni-
trides crystallizing in distorted perovskite structure variants like the Ruddlesden-
Popper-phases can be synthesized with the ammonothermal approach. Therefore,
the ammonothermal synthesis seems to be a suitable method for the synthesis of new
oxonitrides.
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Chapter 13
Intermediates in Ammonothermal
Synthesis and Crystal Growth

Rainer Niewa

Abstract Mineralizers possess a central relevance in ammonothermal synthesis and
formation of soluble species for material transport and crystal growth in partic-
ular, governing the solubility, transport direction and deposition processes. In this
chapter we review the knowledge on solubilities and chemical behavior of common
mineralizers for ammonothermal synthesis. Additionally, we present the current
knowledge on intermediates during ammonothermal gallium nitride crystal growth,
depending on the nature of the applied mineralizer, as well as during a conceivable
ammonothermal synthesis of zinc nitride. Additionally, crystal growth of indium
nitride is discussed with focus on chemical processes within the ammonia medium.

13.1 Introduction

Since the first synthetic explorative pioneering work of Herbert Jacobs and Robert
Juza synthesizing the binary beryllium and magnesium amides as well as cubic
beryllium nitride [1] a plethora of inorganic compounds was produced under
ammonothermal conditions. These materials comprise mostly metal ammoniates,
amides, few imides and nitride imides, but also hydrides and nitride hydrides,
hydroxides and hydrates thereof, (poly)sulfides, selenides and tellurides as well as
cyanamides and frequently ammoniates of several such compounds [2–4]. Addition-
ally, pure metals and intermetallic compounds were obtained under ammonothermal
conditions [5]. However, the number of nitrides obtained under ammonothermal
conditions appears surprisingly small, as there were reports on the synthesis of
binary nitrides of beryllium [1], rare-earth metals [6–13] and the earth metals B,
Al, Ga, and In [14–24] next to titanium, vanadium, molybdenum, manganese, iron,
nickel and copper [13, 18, 25–28]. Even more rare are reports on ammonothermally
obtained higher nitrides, like the substitution phase γ′-(Fe,Ni)4N [29–31], Cu3PdxN
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(x = 0.020, 0.989) [32], CaAlSiN3, CaGaSiN3, and SrAlSiN3 [33–42], MSiN2 and
MGeN2 (M=Mg, Mn, Zn) [42, 43], LiSi2N3, LiGe2N3 [43], and oxide nitrides like
BaTaO2N [44], LaNbON2 and RTaON2 with R = La, Ce, Pr, Nd, Sm, Gd [45–
47], although the ammonothermal synthesis of higher nitrides is an emerging and
recently quickly developing field. Of all these nitrides, several were obtained only
in microcrystalline form (for example the binary nitrides of Be, Ti, V, Mo, Ni, and
most rare-earth metals with exception of lanthanum and europium, or CaAlSiN3 and
SrAlSiN3), putting forward the idea of an ammonia-mediated solid state reaction for
formation of some of these examples, rather than a homogeneous reaction in solu-
tion followed by nucleation or precipitation and crystallization. For those nitrides
obtained as well-shaped crystals, ideally after spatial transport to a spot within the
autoclave different from the source material location, it appears save to assume that
they have been dissolved and recrystallized from solution in most cases.

Most nitrides are virtually insoluble in pure ammonia under the temperature and
pressure conditions of ammonothermal synthesis (typical 2–4 kbar, 300–600 °C)
and dissolution as well as effective mass transport is only observed in presence
of a suitable mineralizer, which typically represents either an ammonoacid or an
ammonobase. Themineralizers serve a number of purposes in solvothermal synthesis
and crystal growth: Primarily, they increase the solubility of the source material via
formation of dissolved andmobile species. These mobile species are usually referred
to as intermediates. In a chemical kinetic sense, the mineralizer is expected to ease
the cleavage and reformation of chemical bonds in the source material and the sink,
which is represented by the surface of the growing crystal. In the growth zone,
the mobile species needs to deposit at the seed surface, while reforming the mineral-
izer. Technologically, the choice of mineralizer additionally determines the corrosion
processes within the autoclave interior. In this way, it also dictates the optimal design
of the surfaces exposed to the solution, for example via application of new autoclave
material alloys, protective surface layers on the autoclave inner surface, liner mate-
rials or closed ampoules, ideally suited if chemically inert against the solution [13,
48–54], and vice versa the nature of the impurities and the impurity concentrations
incorporated in the product crystals [55]. Additionally, the choice of mineralizer
may govern the formation of a specific product, particle size or modification. It was
observed for GaN crystal growth that there is an increasing tendency to form the
cubic Sphalerite-type modification rather than the typical hexagonal Wurtzite-type
form upon use of ammonium halides in the order from the chloride, bromide to
iodide [56–60]. Decreasing temperatures seem to promote this trend, while addition
of so-called co-mineralizers, typically represented by soluble salts, may further aid
the formation of cubic GaN for a given mineralizer.

The ammonium halides (most notably the fluoride and the chloride) serve as
typical and most common ammonoacids, while typical ammonobases are the alkali
metal amides, of which particularly those of sodium and, to a lesser extent, potas-
sium currently gained a practical importance. These latter ammonobases may be
added directly or produced in situ from reaction of the alkali metal or its azide
with ammonia. Similarly, the ammonoacids can be produced in situ, for example
by reaction of ammonia with the water-free hydrogen halide (for example hydrogen
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fluoride, HF). The need to increase the solubility of the target nitride in supercritical
ammonia via addition of a mineralizer and the fact that the transport direction within
a (temperature) gradient depends on the chemical nature of the mineralizer—i.e. the
nature of the dissolved species formed from reaction of the dissolvedmineralizerwith
the feed material—give the mineralizer a central importance in the ammonothermal
synthesis and particularly in the ammonothermal crystal growth. In this sense, in
literature several approaches to determine the solubility of mostly GaN in ammonia
with use of various mineralizers and depending on temperature, pressure and miner-
alizer concentration were reported, discussing the results typically as solubility of
GaN per amount of mineralizer [56, 61–66]. However, little is known about the
dissolved species formed and realizing the mass transport. Similar rare information
can be found in literature on the solubility of the mineralizer itself, clearly limiting
the solubility of the dissolved species of the target material via chemical solution
equilibria. Generally, nitrates show a rather high solubility in ammonia at room
temperature compared to many other salts [67, 68], while ammonium halides and
alkali metal amides as typical mineralizers show significant higher solubilities for
the heavy counter ions iodide or cesium than for the lighter ones, particularly fluoride
and lithium, respectively.

13.2 Mineralizers

13.2.1 Ammonobasic Mineralizers

Ammonobasic conditions mean increase of the amide ion concentration on cost of
the ammonium ion concentration within the frame of the autoprotolysis equilibrium
of ammonia. The application of ammonobasicmilieus as compared to ammonoacidic
conditions in synthesis and crystal growth has the advantage of only reduced corro-
sion of the autoclave material. The autoclave alloy typically experiences some
increase of nitrogen content at the surfaces exposed to the basic ammonia solution
including formation of nitrides in a generally even protective layer, which, however,
may eventually show blistering [48, 50].

Ammonobasic conditions may be obtained by dissolution of the amides of metals
with low electronegativity in ammonia, typically the alkali metals. Alternatively, the
amidesmay be produced by reaction of the alkali metals or their azideswith ammonia
reacting to form the corresponding amides in situwhile forming hydrogen or nitrogen
as by-products, respectively (see 13.1 and 13.2). Both, hydrogen and nitrogen add
to the gas mixture inherently provided in decomposition of ammonia (13.3). The
choice of the mineralizer source, for example sodium metal or sodium azide to
produce sodium amide as effectivemineralizer during early stages of a crystal growth
experiment, or as-prepared sodiumamide itself,may influence thefinal crystal quality
of the target material, as was shown for the example of GaN [69]. The differences
in obtained crystal qualities were traced back to different impurity contents of the
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starting materials, connected to the unlike degrees of air and moisture sensitivities,
purification and handling. Few studies address the addition of further halide salts
as so-called co-mineralizers, which may alter the solubility of the mineralizer or
reaction products (intermediates) or function in surface activation of the feedstock.
The addition of KI to potassium amidemineralizer apparently aided ammonothermal
GaN crystal growth to a somewhat larger extend than the addition of the respective
chloride [16].

2NH3 + 2A → 2NH−
2 + 2A+ + H2 (13.1)

2NH3 + 3N−
3 → 3NH−

2 + 4N2 (13.2)

2NH3 � N2 + 3H2 (13.3)

Similar to the alkali metal amides, the alkaline-earth metals, their amides, or azides
can be applied as mineralizers, for which an effective GaN production was reported
for barium and strontium [70, 71]. Due to the very low solubility of Sr(NH2)2 in
ammonia compared to Ba(NH2)2, elemental Ga is only oxidized to GaN above
873 K, independent if started from Sr, Sr(NH2)2, SrN3, SrH2 or Sr(NO3)2. GaN
crystal growth or coarsening of powder was not observed [24, 70]. Similarly, no
obvious change of elemental Ga under ammonothermal conditions was detected up
to temperatures of 873K if applying the amides ofMg, Ca, or Eu asmineralizers. One
advantage of using alkaline-earth metal amides, specifically barium amide, appears
to be the lower basicity of the resulting solution due to the low solubility of these
amides and thus, less corrosive action on the autoclave material. However, while
early ammonothermal syntheses mostly applied lithium or sodium amide, currently
particularly sodium and, to a lesser extent, potassium amide has gained practical
importance.

Ternary amides and amidometalates can be used as quasi pre-reacted
ammonobasic mineralizers. For example Na2[Zn(NH2)4]·0.5NH3 was used as
mineralizer to ammonothermally grow crystals of zinc amide, Zn(NH2)2, at 3.8
kbar and 250 °C starting from elemental zinc. In a similar reaction crystals of
manganese amide, Mn(NH2)2, were obtained fromMn and Na2[Mn(NH2)4] serving
as ammonobasicmineralizer in ammonia, although undermilder conditions (100 bar,
130 °C) [72]. The applied ternary amidometalate mineralizers at the same time are
suspected to represent effective dissolved species, both for the growth of the binary
amides and for the ammonobasic growth of manganese nitrides [25].

Available information on solubilities of the binary amides acting as ammonobasic
mineralizers is rare in general, rather old andmostly only for low temperatures around
and below ambient. Table 13.1 gives some literature data on solubilities of alkali and
alkaline-earth metal amides in ammonia. These numbers may indicate an increasing
solubility with decreasing charge density of the cation, meaning that the amides of
doubly charged alkaline-earth metal ions are less soluble than those of the single
charged alkali metals and that the larger the cation the better the solubility of the
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Table 13.1 Solubility data of alkali and alkaline-earth metal amides per amount of ammonia [67,
73, 78, 152]

T (°C) NaNH2 KNH2 RbNH2 CsNH2

−33 3.9 g/100 mL
0.1 g/100 g

45 g/100 mL
65.8 g/100 g
61 g/100 g

413 g/100 g 145 g/100 g

20 0.15 g/100 g

25 0.004 g/100 g 3.6 g/100 g

LiNH2 Ca(NH2)2 Sr(NH2)2 Ba(NH2)2

Hardly soluble Badly soluble Hardly soluble Very little soluble

amide. In the temperature range below the boiling point of ammonia at ambient
pressure the solubilities seem to drop with decreasing temperature [73], however,
little is known about solubilities at higher temperatures.

13.2.2 Ammonoacidic Mineralizers

Ammonoacidic conditions are obtained by increase of the ammonium ion concentra-
tionwith concomitant reduction of the amide ion concentration linked together by the
autoprotolysis equilibrium of ammonia. The application of ammonoacidic milieus
result in larger degrees of corrosion of most materials exposed to the ammonia-based
solution. The particularly observed pit corrosion and formation of stress-corrosion
cracks is apparently connected to dissolution of alloy components [49, 50]. In agree-
ment, typically the intermediates in ammonoacidic nitride synthesis, obtained from
plain autoclaves without application of liners or similar protection, presented colors
due to typically chromium or nickel impurities originating from the autoclave wall
[74, 75].

Typical ammonoacidic mineralizers are the ammonium halides, of which ammo-
nium fluoride and chloride gained the most practical importance. These ammo-
nium halides may be added in solid form, but normally contain large amounts of
moisture and are only difficult to dry. Thus, one alternative is the addition of the
binary water-free hydrofluoric or hydrochloric acid in order to produce the acidic
mineralizer in situ via reaction with ammonia. Similarly, the alternative addition of
hydrazine hydrochloride apparently produces ammoniumchloride as effectiveminer-
alizer under process conditions [76]. Mixtures of ammonium halides were explored
on their effect on crystallization ofGaN [56].Alternatively,metal halideswere used to
produce ammonoacidic conditions, most straightforward upon use of GaCl3 for GaN
synthesis. ZnCl2 was discussed to not only aid the growth rate of GaN crystals, but
additionally serve as oxygen sink due to formation of zinc oxide [77]. Themanganese
nitrides η-Mn3N2 and θ-Mn6N5 were crystallized using MnI2 or I2 as initial miner-
alizer. The elemental iodine is speculated to be reduced to iodide ions with contact
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Table 13.2 Solubility data of ammonium halides per amount of ammonia [7, 67, 68, 153]

T (°C) NH4F NH4Cl NH4Br NH4I

−50 5.2 g/100 g 47.1 g/100 g 62.1 g/100 g

−42 7.0 g/100 g 49.0 g/100 g 66.7 g/100 g

−33 Not soluble 15 g/100 mL 90 g/100 mL 135 g/100 g

25 61.91 g/100 mL
102.5 g/100 g

143.69 g/100 mL
237.9 g/100 g

368.10 g/100 g

to the metallic autoclave wall and thus to provide the ammonoacidic conditions
[25, 26]. Dissolved intermediates during growth of these manganese nitrides were
discussed to be represented by [Mn(NH2)6]I2. However, as already mentioned, the
choice of mineralizer may influence the product crystallization fundamentally. With
use of ammonium iodide cubic c-GaN rather than the hexagonal form was obtained,
while with ammonium bromide and chloride the yield of hexagonal h-GaN increased
on the cost of the amount of c-GaN [56–60]. Decreasing temperatures, as a second
important parameter, seem to aid crystallization of c-GaN. The addition of further
halide salts may alter the solubility of the mineralizer or reaction products (inter-
mediates), but generally the role of so-called co-mineralizers is rather unexplored.
The addition of LiCl to ammonium chloride mineralizer in ammonothermal c-GaN
synthesis was reported to enhance the transport rate [57]. Addition of extra well
soluble ammonoacids clearly increases the solubility of intermediates in ammonia
near room temperature (see below).

The solubility of the ammonium halides at −33 °C, i.e. the boiling point of
ammonia at ambient pressure, increases from the virtually insoluble fluoride towards
the iodide (Table 13.2) [78]. Additionally, the solubility of those halides was reported
to strongly increasewith temperature in the range of−50 to+50 °C.An extraordinary
high solubility of ammonium salts in ammonia as a general finding is attributed to the
formation of strongH-bridge bonds between ammonium ions and solvating ammonia
molecules [78]. The tendency of ammonium ions to form H-bonds in this sense is
much higher than for amide ions, due to highly basic (proton acceptor) properties
of NH3. An increase of the heats of solution of the ammonium halides in ammonia
from the chloride to the iodide might indicate a rising acidity [79].

13.2.3 Ammononeutral Conditions

For few ammonothermally synthesized nitrides, a rather ammononeutral milieu
was successful for crystal growth, namely Cu3N [28], Cu3PdxN [32] and InN (see
Sect. 13.4) [23, 24]. In case of the copper nitrides, the nitrates of the metals, which
form ammoniates upon action of liquid ammonia at room temperature, are treated
under ammonothermal conditions (T ≥ 350 °C, p ≥ 5 kbar) to form the nitrides.
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Although not explicitly experimentally studied, the nitrate ions under these condi-
tions may react with ammonia to form elemental nitrogen and water according to
(13.4). Water and hydroxide ions (possibly providing some ammonobasic contribu-
tion according to 13.5) are expected to react with the autoclave wall surface to form
metal oxides.Dissolved species at room temperaturewere discussed to be represented
by di- and triammoniates of copper(I) nitrate, [Cu(NH3)3]NO3 and [Cu(NH3)2]NO3,
and the tetraammoniate of palladium(II) nitrate, [Pd(NH3)4](NO3)2 [41], all used as
precursors.

3NO−
3 + 5NH3 → 4N2 + 3OH− + 6H2O (13.4)

OH− + NH3 � H2O + NH−
2 (13.5)

13.3 Gallium Nitride

13.3.1 Intermediates in Gallium Nitride Crystal Growth
Under Ammonobasic Conditions

The first report on a successful ammonothermal GaN synthesis in 1995 employed
LiNH2 and KNH2 as ammonobasic mineralizers, but the chemical and physical
knowledge about processes in the autoclave under process conditions was scarce
[80]. Initial high-quality GaN crystals were produced with NaNH2 as mineralizer
[81, 82], while similar results were obtained upon application of sodium metal [83].
With CsNH2 as mineralizer the formation of nanocrystalline h-GaN was reported,
showing a slight red-shift in the bandgap compared to bulk crystalline material [84].
Early investigations revealed Na[Ga(NH2)4] as one ternary amidogallate, which was
studied in detail [85–88]. Ever since, this compound was assumed to represent a
possible soluble species formed during ammonobasic GaN crystal growth upon
application of sodium amide as mineralizer. Further explorative studies mention
Na2Ga(NH2)5 as solid in this system [89], but only a low symmetry unit cell was
given from powder X-ray diffraction, which was never confirmed. In analogy to the
system with sodium amide as mineralizer the—at this time unknown—compound
Li[Ga(NH2)4]was suggested as possible intermediate uponuse of lithiumamide [90].
With potassium amide a viscous liquid was observed [91–93], however, based on
the sodium system, frequently K[Ga(NH2)4] was postulated to represent the soluble
species with potassium amide mineralizer [94].

Recent explorative studies on the solid intermediates formed in experiments
designed for ammonobasic GaN synthesis, but typically performed at slightly lower
temperatures revealed several compounds to form depending on used alkali metal
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amide mineralizer and the local conditions at the spot of crystallization in the auto-
clave. All solids transport towards higher temperature within a gradient indicating
a retrograde solubility. Such retrograde solubility was also observed for GaN under
ammonobasic conditions at elevated temperatures depending on the mineralizer:
With NaNH2 the solubility of GaN apparently changes from a positive temperature
dependence below 600 °C to a negative (retrograde) one at higher temperatures.
However, there are indications for variations in the temperature ranges of retrograde
and normal solubility depending on concentrations, pressure and density of the solu-
tion [66]. With KNH2 a retrograde temperature dependence of the solubility of GaN
was detected down to 400 °C, below a positive dependence occurs [91, 95, 96].

With LiNH2 as mineralizer two modifications of Li[Ga(NH2)4] were obtained
typically coexisting in the products, thus forming under very similar conditions [75].
One modification is an isotype of Na[Ga(NH2)4] and Na[Al(NH2)4] [86–88]. Both
forms show tetrahedral coordination of lithium ions, while differing distinctly in the
inter-linkageof the amidogallate complex ions byLi+. Interestingly, forLi[Al(NH2)4]
a further different modification was reported earlier [97], indicating a rich polymor-
phism for both compounds depending on temperature and probably on pressure, not
even speaking about formation of possible metastable forms. Such rich polymor-
phism appears to be common for ternary amidometalates, since it was reported for
a multitude of related compounds composed of a variety of different metals [for
example 70, 71, 93, 98–103]. In case of sodium amide mineralizer, Na[Ga(NH2)4]
was confirmed as solid intermediate upon application of higher process pressures
(above 200 MPa) or lower temperatures (below 450 °C), while at lower pressures a
tetraamidogallate amide Na2[Ga(NH2)4]NH2 was the dominant product [75]. This
latter compound might be identical to the earlier reported Na2Ga(NH2)5 [89], but
diffraction data clearly differ, indicating at least the presence of a different poly-
morph. With barium or barium amide as mineralizer Ba[Ga(NH2)4]2 was obtained
in three different modifications depending on synthesis conditions [71]. All alkali
metal amidogallates characterized in detail decompose upon heating in inert gases
to eventually form h-GaN and the binary alkali metal amide. Ba[Ga(NH2)4]2 in
contrast decomposes via several intermediate steps to finally form the intermetallic
compound BaGa2 [71]. All these solid intermediates contain isolated tetraami-
dogallate ions [Ga(NH2)4]− as building blocks, stacked together with alkali or
alkaline-earthmetal ions in various coordination environmentswithin different three-
dimensional arrangements. These findingsmay already be taken as first indication for
the presence of such complex ions in the basic solution for GaN crystal growth under
ammonothermal conditions. Figure 13.1 gives an overview on all solid crystalline
intermediates characterized so far.

NMR investigations of solutions of the badly soluble alkali metal amidogallates
Li[Ga(NH2)4] and Na2[Ga(NH2)4]NH2 reveal [Ga(NH2)4]− to represent the exclu-
sive dissolved gallium containing species present at ambient temperature and auto-
genous pressures [104]. This result makes it likely that this species is dominating
also at somewhat elevated temperatures and higher pressures, however, in situ inves-
tigations under the conditions of ammonothermal GaN crystal growth still have to
be performed. Indeed complex ions [Ga(NH2)4]− result as the most stable species
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Fig. 13.1 Overview on solid crystalline intermediates in ammonothermal GaN synthesis. Gallium
in octahedral coordination by ammine andhalide ligands occurs in ammonoacidicmilieus depending
on the applied ammonoacid (left, red labels). In contrast, exclusively tetrahedral coordination by
amide ions was observed in the solid compounds after ammonobasic treatment (right, blue labels)

in molecular dynamics studies, while rather drastic ammonoacidic conditions are
necessary to stabilize an alternative charge neutral [Ga(NH2)3(NH3)2] complex (see
Chap. 15) [105]. Interestingly, aluminium ions result slightly less acidic in ammonia
solutions than gallium ions according to these calculations, which would make the
charge neutral complex more preferred even close to the ammononeutral milieu.
Mildly basic conditions, however, appear to favor formation of negatively charged
octahedral complexes [Al(NH3)2(NH2)4]−, so far unseen in any solid crystallized
intermediate containing alkali or alkaline-earth metal ions.

Upon turning to the heavier alkali metals potassium, rubidium or cesium, which
all represent effective mineralizers for ammonobasic GaN synthesis, viscous liquids
instead of crystalline solids are obtained after reactingGa-containing precursors with
these mineralizers under ammonothermal conditions and subsequent venting the
excess ammonia at room temperature and ambient pressure. These oily liquids may
eventually solidify, producing amorphous or badly crystallized solids after hours,
days or even years, depending on alkali metal and purity of the sample. During
aging and solidification, the sample does not necessarily show distinct changes in
composition. The potassium containing liquid was described as “KGa(NH)n·x NH3”
according to acid base titration [91, 92], however, may lose some ammonia over
time. Early tensimetric studies of the decomposition were taken as indication for the
concomitant presence of amide and imide ions [93]. Earlier, the formation of a liquid
during thermal decomposition of solid sodium tetraamidoaluminate, Na[Al(NH2)4],
under loss of about two equivalents of ammonia was reported, indicating the forma-
tion of a sodium diimidoaluminate [88]. Similarly, the presence of imide ions in
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thermal decomposition products of alkaline-earthmetal amidoaluminateswas several
times discussed [94, 106–108]. Recent studies indicate a stepwise condensation
during the thermal decomposition of Li[Al(NH2)4] to eventually form AlN and
Li3[AlN2] via intermediate phases with general composition LiAl(NH2)x(NH)yNz,
[109] but follow-up investigations found no indication for the occurrence of imide
species during this process [110].

All three liquids—containing potassium, rubidium or cesium—are fully miscible
with ammonia at room temperature providing the possibility to study differently
concentrated solutions as well as highly concentrated phases. Exemplarily, the
liquid formed with cesium amide was studied in more detail [104]. Solution NMR
investigations at ambient temperatures and under autogenous pressure (below 8
bars) reveal the exclusive presence of [Ga(NH2)4]− as gallium-containing species
in diluted solutions. Upon reduction of the ammonia content in the liquid phase
via application of vacuum and gentle heating, this species is in equilibrium with
condensed μ-imide bridged complex ions [(NH2)3Ga(NH)Ga(NH2)3]2− and even-
tually [(NH2)2Ga(NH)2Ga(NH2)2]2−, which may be taken to represent first conden-
sation steps towards GaN formation. Small oxygen impurities lead to the presence of
the corresponding μ-oxide bridged dinuclear complex [(H2N)3Ga(O)Ga(NH2)3]2−.
These interrelations are visualized in Scheme 13.1. The Rb-containing liquid
according to IR, Raman und NMR spectroscopy is very similar to the one obtained
from reaction of CsNH2 [24, 104]. A preliminary in situ ramanspectroscopic investi-
gation ofmixtures of theCs-containing liquidwith ammonia at elevated temperatures
may indicate the presence of [Ga(NH2)4]− ions up to at least 545 K [24].

Scheme13.1 Reactions ofGa-sources under ammonothermal conditionswith different alkalimetal
amides serving asmineralizer and occurring equilibria ofGa-containing complex species. Reprinted
with permission from J. Hertrampf, E. Schlücker, D. Gudat, R. Niewa, Cryst. Growth & Design
Copyright 2017 American Chemical Society



13 Intermediates in Ammonothermal Synthesis and Crystal Growth 237

13.3.2 Intermediates in Gallium Nitride Crystal Growth
Under Ammonoacidic Conditions

Solid intermediates in ammonacidic solutions were typically obtained under reduced
temperature and pressure conditions than usually applied for ammonothermal crystal
growth of GaN. Upon use of the different ammonium halides or alternatively the
gallium trihalides the following compounds couldbeunambiguously characterized so
far: [Ga(NH3)4F2][Ga(NH3)2F4] (=GaF3·3NH3), [Ga(NH3)5Cl]Cl2 (=GaCl3·5NH3),
[Ga(NH3)6]Br3·NH3 and [Ga(NH3)6]I3·NH3 (=GaX3·7NH3). While the iodide and
the bromide already crystallize at ambient temperature from solutions of the respec-
tive gallium trihalide in liquid ammonia, the chloride and the fluoride were obtained
in the colder zone of the autoclave interior from ammothermal conditions [74]. The
latter fact is in close agreement to the transport direction of GaN with use of ammo-
nium chloride, bromide or iodide in the temperature range 200–550 °C [59, 111]. At
higher temperatures above 923 K and 110 MPa the solubility of GaN with ammo-
nium chloride mineralizer apparently changes to retrograde, meaning the GaN is
transported to the hotter spot in the autoclave [112]. Similarly, a negative tempera-
ture dependence of the GaN solubility was observed for use of ammonium fluoride
as mineralizer above 923 K [113].

The crystals of the chloride and the fluoride intermediates obtained from unlined
autoclaves typically were colored violet or reddish, due to incorporation of nickel or
chromium ions, respectively, originating from the autoclave material due to corro-
sion by the aggressive ammonoacidic medium [92]. Upon application of silver liners
to minimize the contact of the medium and the autoclave alloy surface, the fluoride
presents colorless [114]. The chloride was earlier synthesized via a different tech-
nique fromorganic solvent in glass ampoules and also presented colorless as expected
[115]. At ambient pressure, the iodide and the bromide slowly loose ammonia, while
both compounds as well as the chloride hydrolyze quickly in air. The fluoride in
contrast is stable in air for longer periods of days to months. Upon heating in inert
atmosphere, all four halides decompose under ammonia loss to eventually reform
the gallium trihalide, however, small amounts of h-GaN are obtained as by-product.

In the crystal structures of the solid intermediates, gallium is exclusively octa-
hedrally coordinated. Complex hexaamminegallium ions, [Ga(NH3)6]3+, occur
in case of the iodide and bromide as complex cations, while with chloride
pentaamminemonochlorogallium ions, [Ga(NH3)5Cl]2+, are present. In the fluo-
ride compound both cation and anion are composed of gallium, fluoride and
ammonia ligands, namely tetraamminedifluorogallium cations, [Ga(NH3)4F2]+, and
diamminetetrafluorogallate anions, [Ga(NH3)2F4]−. From a chemical bonding point
of view, the harder fluoride ion prefers to enter the first coordination sphere of gallium
and partially supersedes ammonia. The larger chloride ion is still able to act in such
way during crystallization of a solid compound from ammonoacidic solution, while
this is not preferred for the even larger anions bromide and iodide. According to
molecular dynamic simulations, under ambient conditions fluoride and gallium ions
in liquid ammonia form both positive and negative charged ions, however with a



238 R. Niewa

higher coordination numbers for gallium than found in the solid state: [GaF2(NH3)6]+

and [GaF4(NH3)4]− ions with no apparent exchange of protons or ammonia ligands
with the solvent were observed during the simulations [116], while the solubility of
the isolated solid intermediate under this conditions is vanishing low, thus no experi-
mental data are available up to date. The increased GaN growth rate for both the Ga-
and the N-terminated face with ammonium fluoride as mineralizer may be taken as
an indication for the presence of such ions of both charges even at elevated tempera-
tures and pressures of ammonoacidic crystal growth [113]. However, upon increasing
temperature the molecular dynamic simulations indicate the tendency to form ion
pairs and multinuclear complexes due to decreasing polarity (i.e. permittivity) of
ammonia under these conditions (see also Chap. 15) [116]. In case of ammonium
chloride as mineralizer, a faster growth rate was reported for the nitrogen-terminated
facet [111], while generally growth in both polar directions is observed, but only
little growth on non-polar facets [14, 113]. Figure 13.1 gives an overview on all solid
crystalline intermediates characterized so far.

Solution NMR studies of the dissolved intermediates as well as gallium trihalides
in liquid ammonia at ambient temperatures and under autogenous pressures (<8 bar),
reveal nearly no solubility of the fluoride compounds in agreementwith the extremely
low solubility of ammonium fluoride itself. For the iodide and the bromide, the
exclusive presence of the hexaamminegallium ions was indicated, which are also
present in the characterized solid intermediates [114].

13.4 Indium Nitride

While the crystal growth of GaN has seen significant advances in recent years and
particularly the ammonothermal synthesis already presents high-quality substrate
crystals, InN is still notoriously difficult to produce. One major problem in InN
synthesis is the low thermal stability (decomposition ~ 500 °C) [117] of InN and the
low heat of formation of −28.6 ± 9.2 kJ/mol. According to calorimetric measure-
ments, indium nitride is metastable towards the decomposition into the elements
above 258 K [118]. In InN layers and films obtained by CVD techniques at elevated
temperatures the occurrence of In nanoparticles and four atom clusters is suspected.
Such defects and impurities consequently would have significant influence on exper-
imentally obtained physical properties like electron mobility and saturation velocity
[119, 120]. A second obstacle is the lower reduction potential of rather noble indium,
which facilitates the formation ofmetallic In from the feedstockmaterial or dissolved
intermediates upon contact with the metallic autoclave wall. Subsequent chemical
reactions to intermetallic compounds like In3Ni2 along grain boundaries of Ni-based
superalloymaterials may lead to severe deterioration of the stability and thus destruc-
tion of the autoclave [92]. However, this effect can be minimized by use of ceramic
liners fabricated from, for example, boron nitride or silicon nitride.

Triggered by the achievements in ammonothermal GaN crystal growth the
successful ammonothermal InN synthesis was predicted in 1995 to be aided by
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the stabilizing effect of ammonia and nitrogen pressures [80]. Indeed, Wang and
Callahan indicated the formation of microcrystalline InN from metallic indium
with KNH2 as mineralizer at 450 °C under ammonothermal conditions, but gave
no details [21]. In an independent study, the transport of elemental indium in a
temperature gradient under ammonacidic conditions was observed [5]. Recently,
the successful InN synthesis and growth of crystals in the micrometer range was
presented [23]. Interestingly, the solely application of neither typical ammonoacidic
nor ammonobasic mineralizers provided good products, eventually containing only
small amounts of the desired nitride next to larger amounts of elemental indium.
However, quantitative conversion into small InN crystals with sizes in the microm-
eter range were obtained from InCl3 upon reaction with three equivalents KNH2

in supercritical ammonia, expected to provide an essentially ammononeutral milieu
after formation of well soluble KCl. After venting the ammonia the products thus
consist of well crystallized InN next to significantly larger potassium chloride crys-
tals. Size and morphology of the obtained InN crystals vary with process parame-
ters like detailed heating program and maximum synthesis temperature, while the
maximum pressure has little effect. Furthermore, even small indium oxide impu-
rities during synthesis apparently provide preferred nucleation centers and lead to
spherical aggregates of smaller crystals. Figure 13.2 presents selected micrographs
of obtained samples under various synthesis conditions.

Only few studies address intermediates in such ammonothermal InN syntheses so
far. This may be related to the above finding, in complete contrast to ammonothermal
GaNcrystal growth, that the InN formation in ammonoacidic aswell as ammonobasic
milieu appears not favored. Additionally, higher ammoniates of indium halides seem
rather unstable against decomposition, still indications for formation of similar
intermediates as found for the ammonoacidic GaN crystal growth were obtained
[92]. Additionally, apparently air- and water-stable crystals of an indium fluoride
imide ammoniate, InF2(NH2)(NH3), were grown from InN and ammonium fluo-
ride in supercritical ammonia at 400 °C and a maximum pressure of 2.2 Kbar,
suggesting the presence of soluble species in the ammonium fluoride acidic system
[121]. In a different experiment starting from indium metal and ammonium chloride
without ammonia serving as a solvent, the triammoniate In(NH3)3Cl3 constituting of
cationic [In(NH3)4Cl2]+ and anionic [In(NH3)2Cl4]− building units was observed,
in close correspondence to the Ga-containing intermediate Ga(NH3)3F3 from
ammonothermal GaN crystal growth applying ammonium fluoride as mineralizer
[122].

Indium amide, In(NH2)3, apparently was obtained from InI3 and three equiva-
lents KNH2 in liquid ammonia at room temperature [123]. The indium amide in turn
was used for reactions with alkali metal amides likewise in liquid ammonia at room
temperature to yield compounds denoted Li3In(NH2)6, NaxIn(NH2)3+x (x = 1–3)
and KxIn(NH2)3+x (x = 2, 3) according to chemical analysis and vibrational spec-
troscopy. Thermolysis of In(NH2)3, NaxIn(NH2)3+x and KxIn(NH2)3+x yields InN
next to eventual amounts of metallic In, while Li3In(NH2)6 thermally decomposes
to a new compound designated to represent a ternary lithium indium nitride. In an
independent study applying an excess of KNH2 on InCl3 under otherwise similar
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Fig. 13.2 REM images of ammonothermally obtained InN crystals with different morphologies
depending on synthesis temperature: a 773 K, KCl octahedra and sphere-shaped aggregates of
needle-like hexagonal InN crystals probably centered by an In2O3 impurity, b 773 K, hexagonal
rods, c 633 K hexagonal plates, d 663 K followed by 773 K, hexagonal rods. Reprinted in part with
permission from J. Hertrampf, P. Becker, M. Widenmeyer, A. Weidenkaff, E. Schlücker, R. Niewa,
Cryst. Growth Design 2018 American Chemical Society

ammonobasic synthesis conditions a compound KIn(NH2)4 was obtained according
to results of tensiometric decomposition investigations and vibrational spectroscopy,
while the crystal structure could not be reliably determined [93].

13.5 Zinc Nitride

Zinc nitride recently gained considerable attention as promising n-type semicon-
ductorwith a narrowdirect bandgap around1 eV, a carrier concentration of 1019−1020

cm−3 and an electron effective mass of about 0.3 m0 (for Zn3N2 grown from rf-
molecular beam epitaxy) [124–127]. While currently no crystal growth technique
for Zn3N2 is known, ammonothermal conditions appear reasonable to be successful.
Additionally, the study of intermediates and dissolved species containing zinc may
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aid in a devoted ammonothermal synthesis of ternary materials like ZnTtN2 (Tt = Si,
Ge, Sn) [42], which do not contain resource-critical elements like In orGa and present
direct optical band-gaps in the range of those of GaN and InN (see also Chaps. 2
and 12). Thus, such ternary nitrides and their mutual solid solutions are discussed to
represent potential replacements for these III–V semiconductors in the future [128–
131]. However, no successful ammonothermal synthesis or crystal growth of Zn3N2,
neither ammonbasic nor ammonoacidic could be presented so far. Apparently, the
decomposition of the dissolved intermediate species to Zn3N2 and subsequent solid
precipitation requires higher temperatures above 1000 K, which were not accessible
with the used autoclave materials so far. Still, a number of solid compounds were
isolated from zinc-containing solutions under ammonothermal conditions, which
represent the dissolved species or compounds formed from the dissolved material
during precipitation and therefore are likely to be intermediates in a conceivable
zinc nitride crystal growth. Figure 13.3 gives an overview on selected Zn-containing
intermediates, depending on dimensionality in the amidozincate framework of the
crystal structure, generally scaling with the synthesis temperature.

Fig. 13.3 Solid crystallized intermediates in conceivable ammonothermal growth of zinc nitride.
At lower synthesis temperatures exclusively compounds containing isolated tetrahedral ions
[Zn(NH2)4]2− in basic milieu (blue labels, A = alkali metal) and [Zn(NH3)4]2+ in acidic (red
labels, X = halide) were observed, if ammonium chloride, bromide or iodide were employed as
ammonoacids. With ammonium fluoride as ammonoacid condensation over fluoride ligands occurs
(not shown). While further condensation steps upon temperature increase under ammonobasic
conditions still are enigmatic, in ammonoacidic solutions, compounds containing one and two
dimensional amido-bridged building units were presented. Eventually increased temperatures led
to formation of zinc amide with a three-dimensional amido-bridged network, however, zinc nitride
with an even higher condensed framework was not obtained so far
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13.5.1 Zn-Containing Intermediates Formed Under
Ammonobasic Conditions

The study of alkali metal amidozincates has a long tradition. Early explorative work
was mostly carried out in liquid ammonia [102, 132, 133]. Li4[Zn(NH2)4](NH2)2
[134], Na2[Zn(NH2)4]·0.5NH3 [135], K2[Zn(NH2)4] in two modifications [100,
101, 103, 136], Rb2[Zn(NH2)4] [136], and Cs2[Zn(NH2)4] [137, 138] are estab-
lished compounds within these systems. Additionally, Na3[Zn(NH2)4](NH2) and
Na3[Zn(NH2)3](NH2)2 were obtained and characterized via X-ray diffraction, but
vibrational spectroscopy reveals the presence of OH-groups in addition to the amide
ions. Since X-ray diffraction is virtually unable to distinguish between oxygen and
nitrogen atoms and it was currently not possible to quantify the oxide content. Thus,
the exact nature these compounds, for examples as amide hydroxides, and the rele-
vance of OH−/H2O-constituents for formation remains enigmatic [134]. The mono-
clinic modification of K2[Zn(NH2)4] as well as Rb2[Zn(NH2)4] and Cs2[Zn(NH2)4]
crystallize as isotypes. In all unambiguously characterized alkali metal amidozin-
cates, Zn2+ is tetrahedrally surrounded by four amide groups resulting in isolated
[Zn(NH2)4]2− complex ions, while Na3[Zn(NH2)3](NH2)2 shows infinite chains of
such units connected via vertex-sharing.

Below 450 °C all these amidozincates were obtained in the colder zone of the
autoclave, indicating a positive (normal) temperature dependence of the solubility.
However, at higher temperatures crystals of monoclinic K2[Zn(NH2)4] grow at the
highest temperature spot, demonstrating a change of the temperature dependence of
the solubility to retrograde. Particularly the growth of large Cs2[Zn(NH2)4] crystals
of up to several centimeters underlines its high solubility in ammonia under the
applied ammonothermal conditions, which is in agreementwith the concomitant high
solubility of binary cesium amide itself. Figure 13.4 shows a photograph of one of
the obtained crystal aggregates. All compounds comprising the heavier alkali metals
Na–Cs can be synthesized from zinc powder and the binary alkali metal amides as
reactant andmineralizer in supercritical ammonia. In contrast, Li4[Zn(NH2)4](NH2)2
under these conditionswas exclusively obtained from lithiummetal instead of lithium

Fig. 13.4 Typical crystal aggregate ofCs2[Zn(NH2)4] togetherwith a 10e-ct. coin for size compar-
ison. Photograph taken while sample was stored in inert gas. From T.M.M. Richter, N. S. A. Alt, E.
Schlücker, R. Niewa, Z. Anorg. Allg. Chem. Copyright 2016 by JohnWiley&Sohns, Inc. Reprinted
with permission of John Wiley & Sohns, Inc.
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amide, possibly reflecting the limited solubility of lithium amide once formed in
combination with a rather high thermal and chemical stability of binary zinc amide
[134, 139].

Frequently, binary zinc amide, Zn(NH2)2, was observed as by-product next to the
described amidozincates, or at higher process temperatures as main product, while
no binary zinc nitride was obtained under ammonobasic conditions so far. Still,
microcrystalline Zn3N2 can be obtained from thermal decomposition of Zn(NH2)2
in inert atmosphere at 200 °C [140–142], indicating that the decomposition to the
binary zinc nitride under ammonothermal conditions might be feasible at higher
temperatures and concomitant low ammonia pressures. Unfortunately, the ternary
solid alkali metal amidozincates do not decompose under formation of binary zinc
nitride. The potassium and the cesium compounds rather decompose via intermetallic
alkali metal zinc phases, while the lithium tetraamidozincate diamide produces the
ternary nitrideLiZnN [143] next to lithiumamide.Recently, itwas shown that crystals
of ZnSiN2 and ZnGeN2 can be grown ammonothermally using potassium amide
as mineralizer [42]. Furthermore, the magnesium and manganese analogues were
synthesized under similar conditions [43].

Particularly the alkali metal amidozincates, as well as the respective alkali metal
amidomanganates, in mixtures with LiH turned out to represent effective catalysts
for superfast hydrogen absorption and desorption and thus may possibly find use
in hydrogen storage materials [144–146]. Furthermore, such materials catalyze the
equilibration of ammonia, hydrogen and nitrogen gas mixtures, thus have potential
for ammonia synthesis and decomposition applications [99].

13.5.2 Zn-Containing Intermediates Formed Under
Ammonoacidic Conditions

Until recently only few ammoniates of zinc halides were reported, namely
[Zn(NH3)2Cl2] and [Zn(NH3)2Br2] [147], [Zn(NH3)4]Br2 and [Zn(NH3)4]I2 [148],
all constituting tetrahedral coordination of zinc.With application of ammonium fluo-
ride as ammonoacid, crystals of ZnF2(NH3)3 and ZnF2(NH3)2 were obtained under
ammonothermal conditions (250 °C, 196 MPa and 500 °C, 136 MPa, respectively),
with the triammoniate as major product at lower and the diammoniate at higher
temperatures. The pressure has little influence on the products, as long as a minimum
pressure for formation of the ammoniates is reached. For comparison, zinc difluoride
does not react with gaseous ammonia of about 1 bar below temperatures of 250 °C.
Upon thermal decomposition of both ZnF2(NH3)3 and ZnF2(NH3)2 a further inter-
mediate ZnF2(NH3) was obtained at about 150 °C prior formation of ZnF2, which,
however, was not observed from liquid ammonia solutions.

In ZnF2(NH3)3 and ZnF2(NH3)2 trigonal bipyramidal coordination environments
of fluoride and NH3 ligands around Zn2+ are realized [149]. The resulting isolated
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units ZnF2(NH3)3 constitute the respective triammoniate and are further intercon-
nected via hydrogen bonding. In ZnF2(NH3)2 the trigonal bipyramidal surrounding
of Zn is realized by condensation at two of three fluoride ligands at the axial positions,
resulting in infinite chains 1∞[Zn(NH3)2F2/2F]. Again these chains are interconnected
via hydrogen bonding.

The treatment of excess zinc in the presence of ammonium chloride or
bromide under ammonothermal conditions leads to diamminetriamidodizinc chlo-
ride [Zn2(NH3)2(NH2)3]Cl (600 °C and 97 MPa) and diamminemonoamidozinc
bromide [Zn(NH3)2(NH2)]Br (500 °C, 230 MPa), respectively. Both ammoniates of
zinc amide halides were observed to crystallize in the colder zone of the autoclave,
while additionally Zn(NH2)2 was obtained in the hotter zone. Although Zn(NH2)2
was reported to be insoluble in liquid ammonia at ambient conditions [150], we
have frequently observed that it forms from Zn under various ammonoacidic and
ammonobasic conditions in the colder zone of the autoclave in large crystals. This
indicates an ammonoamphoteric character of Zn and an enhanced solubility at
elevated temperatures and pressures. Furthermore, apparently the temperature depen-
dence of the solubility can be adjusted by addition of halide ions and thus less soluble
compounds crystallize in the lower temperature zone, while zinc amidemay be found
in zones of higher temperatures. [Zn2(NH3)2(NH2)3]Cl realizes a two-dimensionally
μ-amido interconnected cationic substructure,while [Zn(NH3)2(NH2)]Br constitutes
one-dimensional infiniteμ-amido bridged cationic chains next to bromide ions [151].
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Chapter 14
Equation of States and Ammonia
Decomposition in Ammonothermal
Systems

Siddha Pimputkar

Abstract Thermodynamic modeling of the ammonia decomposition under
ammonothermal conditions (T > 600 K, P > 100 MPa) is presented given recent
advances in developing a new, simple equation of state (EOS) describing ammonia,
hydrogen, nitrogen and their mixtures under these conditions. The simplified EOS
is based on the traditional form of the Beattie-Bridgeman (BB) EOS and expands
relevant parameters to second order in density. As a consequence, a seven-parameter
EOS is presented and compared to experimental data for ammonia up to 250 MPa
and 810 K. Experimental data for ammonia, hydrogen and nitrogen are simulated
using the reference multiparameter EOS for each individual gas. Gas mixtures are
formed by applying mixing rules with separated contributions for polar and non-
polar interactions. The accuracy of the expanded BB EOS is suggested to be 1–2%
in pressure for temperatures greater than 700 K for ammonia, hydrogen, nitrogen
and NH3–N2–H2 mixtures. Additionally, a general thermodynamic expression for
the equilibrium constant is presented and applied to the ammonia decomposition
reaction by using non-ideal mixing contributions from the second virial coefficient
using the expanded BB EOS. Comparison with experimental data (P <210 MPa, T
<810 K) suggests an accuracy of ~2% in pressure.

14.1 Introduction

Nitride materials form an interesting class of materials with numerous technological
applications due to the unique bonding characteristics yielding electronic structures
that range from metallic to semiconducting [1–4]. Some current applications of
interest include thermoelectrics [5, 6], photovoltaics [7, 8], solid-state optical emitters
[9–11], superconductors [12, 13], photocatalysts [14], and power electronic devices
[15].
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Synthesis of nitrides is challenging due to the great stability of the triple-bonded
N2 molecule resulting in relatively low decomposition temperatures and, in general,
an inability to melt these materials. Growth of bulk, single crystal nitride materials
therefore cannot readily be achieved from melts but typically is done from either
the gas phase or from solution. One solution-based crystal growth technique, the
ammonothermal method, is of particular interest due to the versatility of it and the
ability to grow a large variety of nitride crystals [16].

The ammonothermal method forms a supercritical solution of ammonia and
additional additives, also known as mineralizers, at elevated temperature (>700 K)
and pressure (>100 MPa). These additives can enhance and lead to a temperature-
dependent solubility of the desired element(s). By properly configuring an autoclave
to contain a hot and cold temperature zone, dissolution and crystallization of desired
compound can occur leading to bulk, single crystal growth of the desired nitride.
Having a fundamental understanding of the chemical composition of the solvent and
solutes during growth conditions is important towards tailoring and understanding the
growth processes. In particular, a fundamental understanding of the solvent (super-
critical ammonia) is needed to develop accurate thermodynamic and chemicalmodels
of the growth system at varying temperatures, pressures, densities, and chemical
compositions.

While some information on the chemical and physical properties of
ammonothermal systems can be found in literature [17–24], our current under-
standing of the system is incomplete. In particular, a lack of understanding revolves
around how much ammonia is present in the autoclave under varying growth condi-
tions and how much hydrogen and nitrogen is present due to decomposition of
ammonia. Knowledge of these quantities would enable more accurate modeling
of ammonothermal systems due to a more comprehensive view on the chemical
equilibria present under ammonothermal conditions and would also improve models
incorporating mass loss occurring during growth via outward diffusion of hydrogen
through the autoclave walls.

Recent developments have provided new insight and experimental data on
the chemical composition of equilibrium supercritical ammonia mixtures under
ammonothermal conditions by developing an accurate thermodynamic model for
the equilibrium constant for the ammonia decomposition reaction using a newly
developed, practical equation of state (EOS) for supercritical ammoniamixtures with
ammonia, hydrogen and nitrogen [25]. The chapterwill summarize these advances by
reviewing the development of the new EOSs and its substantiation via experimental
data under ammonothermal conditions.
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14.2 Theoretical Background

14.2.1 Equation of States

14.2.1.1 Pure Gases

An EOS is used to related state variables of a system (temperature T, pressure P
and density ρ) thereby allowing for the determination of various thermodynamic
properties of the system. The most accurate empirical EOS are typical based on a
multiparameter approach unique to each gas or gas mixture resulting in a multipa-
rameter equation of state (MEOS) for each individual gas or gas mixture. MEOSs are
typically expressed in terms of their reduced Helmholtz free energy α. This energy is
separated into a sum of ideal and residual terms, both of which are explicit in reduced
temperature τ = Tc/T and density δ = ρ/ρc, where c denotes its critical value, T
absolute temperature and ρ its density. The ideal and real terms are parameterized
and fit to large experimental data sets for the specific fluid providing a highly accurate
expression.

α(τ, δ) := a(T, ρ)

RT
= α0(τ, δ) + αr (τ, δ) (14.1)

Various thermodynamic properties can then be determined by proper derivations,
including pressure, internal energy, entropy, enthalpy, heat capacities, speed of sound,
Joule-Thomson coefficient, and isentropic temperature-pressure coefficient. Due to
the significance of pressure to this particular application, the relationship is provided
below:

P(τ, δ) = ρRT

[
1 + δ

(
∂αr

∂δ

)
τ

]
(14.2)

The National Institute of Standards and Technology (NIST) in the USA provides
references properties for N2, H2, and NH3. Current reference MEOS can be found
for N2 [26] (applicable for temperatures between 63.151 and 1000 K and pressures
up to 2200 MPa), H2 [27] (applicable up to 1000 K and 2000 MPa) and NH3 [28]
(applicable up to 700 K and 1000 MPa). Ammonia is amongst the most impor-
tant MEOS, though has experimentally only been validated up to 700 K, while
typical ammonothermal conditions occur beyond that. Figure 14.1 shows aP-T phase
diagram for pure ammonia with overlaid contours of NH3 densities and applicable
stable phase for the given P-ρ-T condition.

Despite the high accuracy of these MEOSs, they are cumbersome to use for ther-
modynamic derivations due to the large number of terms (>20) with varying math-
ematical exponential forms. Additionally, quickly forming a new MEOS for a gas
mixture from a pure gas MEOS is exceptionally hard due to dissimilar mathematical
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Fig. 14.1 P-T phase diagram of pure ammonia (NH3) with contour lines of density ρ (mol/l)
and superimposed phases present at equilibrium. Calculated and extrapolated beyond 700 K using
the reference multiparameter equation of state (MEOS) as provided by the National Institute of
Standards and Technology (NIST). Reprinted with permission from [25]

terms used in eachMEOS. As such, a uniform, simple EOS is desired to enable rapid
mathematical manipulation and development of new expressions for gas mixtures.

To that end, the Beattie-Bridgeman (BB) EOS was extended given its ability to
accurately determine the equilibrium constant of ammonia decomposition at elevated
pressures (<100 MPa) and temperatures (<775 K) [29]:

P = RT (1 − ε)

v2
(v + B) − A

v2
(14.3)

where R is the universal gas constant, P is pressure, T is absolute temperature, and
v the molar volume calculated by dividing the volume V by n moles of gas: V /n.

The three constants, A, B and ε, are used to include various molecular interactions
as a result of deviations from ideal gas behavior. The constant A describes how the
potential energy between molecules is related to the density of the fluid. Differen-
tiating the potential energy with respect to volume provides the cohesive pressure.
The constant B is related to the attraction and repulsion of molecules as a result of
intermolecular forces leading to an overall increase in momentum transfer across
any plane within the fluid, also referred to as kinetic pressure. Both of these terms
depend on the density of the fluid and are expanded to second order to establish
the expanded BB EOS specifically to accurately describe the behavior of ammonia
under ammonothermal conditions. The traditional BB EOS expands them to first
order only. The two terms written out in full form are as follows:
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A = A0

(
1 − a

v
− a1

v2

)
, (14.4)

B = B0

(
1 − b

v
− b1

v2

)
. (14.5)

The ε term expresses temperature related effects on the intermolecular forces. Typi-
cally, as a system cools, molecules aggregate leading to the overall effect of an
effective increase in average molecular weight while reducing the effective count
of independent molecules. The correction term remains unmodified relative to the
traditional BB EOS:

ε = c

vT 3
(14.6)

Given these variables, a total of seven fitting parameters (A0, B0, a, a1, b, b1, c) are
needed to fully express the expanded BB EOS.

For certain analyses, it is of value to reformulate the EOS as a virial expression.
The expanded BB EOS therefore becomes:

P = RT

v
+ β

v2
+ γ

v3
+ δ

v4
+ ζ

v5
(14.7)

with

β = RT B0 − A0 − Rc

T 2

γ = −RT B0b + A0a − RcB0

T 2

δ = −RT B0b1 + A0a1 + RcB0b

T 2

ζ = RcB0b1
T 2

The traditional BB EOS (a1 = 0, b1 = 0) accurately represented the behavior
of NH3, H2 and N2 for moderate densities (<3 mol/l) and temperatures (<700 K).
Table 14.1 provides accepted values for the traditional BB constants for NH3, H2 and
N2 along with the highest experimental data point in temperature and corresponding
density used when creating the constants. Use of these parameters beyond the upper
bounds leads to a significant loss in accuracy requiring the use of higher order terms
in density (a1, b1).

14.2.1.2 Gas Mixtures

Given the same mathematical form for individual gases (i.e. the same EOS model
with different parameter values), it is easy to arrive at an EOS describing a gas
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Table 14.1 Standard values for the constants of the traditional Beattie-Bridgeman (BB) equation
of state (EOS) for hydrogen (H2), nitrogen (N2) and ammonia (NH3)

Gas A0 B0 (×105) a (×105) b (×105) c Upper bound Ref.

(Pa m6/mol2) (m3/mol) (m3/mol) (m3/mol) (K3 m3/mol) T (K) ρ (mol/l)

NH3 0.24247 3.4150 17.031 19.112 4768.7 598 2.9 [30]

H2 0.02001 2.096 −0.5060 −4.359 0.5040 473 2.5 [29]

N2 0.1362 5.046 2.617 −0.6910 42.00 673 1.5 [29]

Highest temperature and associated density data point used when fitting experimental data for
determination of the constants is provided [25]

mixture made from two or more gases. Under the assumption that the form of the
EOS does not change, it is a matter of properly mixing the various variables. For
real gas mixtures, this can be done by analyzing the second virial coefficient β and
derive appropriate mixing rules for the various constants according to statistical
thermodynamic and analysis of the intermolecular potential energy.

As B0 relates to the molecule diameter, the collision radii of two unlike molecules
may be added to arrive at the collision diameter of the pair. Individual B0 values are
hence combined using a Lorentz combination.

Terms A0 and c describe in part the intermolecular potential energy term. Theo-
retical predictions suggest that the dispersion term in the potential energy between
two unlike pairs is close to the geometric mean of that for two similar pairs. This
would suggest the use of a square-root combination.

An additional complication arises for ammonia due to its polar nature. The BB
EOS is commonly used for non-polar gases and requires proper consideration when
applied towards a polar gas, such as ammonia. As such, the terms A0 and c need to be
separated into a non-polar (A0,np, cnp) and polar (A0,p, cp) term as the dipole-dipole
forces vanish when one of the two molecules in the pair is non-polar, yielding the
following relationship:

A0 = A0,np + A0,p

c = cnp + cp

The polar and non-polar contribution for a polar gas can be approximated by
assuming a Stockmayer potential yielding the following relationships [31]:

A0,np = 1

2

(
A0 + (

A2
0 − 7.56 × 10−3μ4

)2)

A0,p = 1

2

(
A0 − (

A2
0 − 7.56 × 10−3μ4

)2)

cnp = c − cp

cp = 1.64 × 10−6 μ4A0,p

B2
0
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where μ is the dipole moment of the gas in Debye units (1.471 for ammonia). The
units for A0 are Pam6/mol2, B0 m3/mol and cK3 m3/mol. Themixing of the polar and
non-polar terms can be performed individually by use of the square-root combination
[32].

Higher order virial coefficients make increasingly smaller contributions to the
final mixing terms for parameters a, a1, b, and b1. As such, linear combinations are
selected.

The following equations summarize the applied mixing rules for which i denotes
a gas species and xi its mole fraction in the gas mixture:

A0,m =
(∑

i

xi
√∣∣A0,np,i

∣∣
)2

+
(∑

i

xi
√∣∣A0,p,i

∣∣
)2

am =
∑
i

xi ai

a1,m =
∑
i

xi a1,i

B0,m = 1

8

∑
i

∑
j

xi x j

(
3
√
B0,i + 3

√
B0, j

)3

= 1

4

∑
i

xi B0,i + 3

4

(∑
i

xi B
1/3
0,i

)(∑
i

xi B
2/3
0,i

)

bm =
∑
i

xi bi

b1,m =
∑
i

xi b1,i

cnp,m =
(∑

i

xi
√
cnp,i

)2

+
(∑

i

xi
√
cp,i

)2

(14.8)

In case of negative constants (as is the case for the A0 value for H2) the following
rule can be applied:

(∑
i

xi
√
M

)2

= Sign

[∑
i

xiSign[M]
√|M |

](∑
i

xiSign[M]
√|M |

)2

(14.9)

14.2.2 Decomposition of Ammonia

For ammonothermal systems, the solvent may decompose via the following reaction:
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1

2
N2(g) + 3

2
H2(g) �NH3(g) (14.10)

The equilibrium constant, KP , for this reaction under ammonothermal (real gas)
conditions is dependent on the gas composition, total system pressure and tempera-
ture. The thermodynamic relationship relating these parameters and the equilibrium
constant can be found to be:

ln

(
KP

K f

)
= − 1

RT

∑
i

⎧⎨
⎩νi

P∫
0

(
∂V

∂ni
− RT

P

)
dP

⎫⎬
⎭ (14.11)

while a detailed derivation, including assumptions used to derive this result, can be
found in [25]. The term KP is the equilibrium constant expressed in terms of partial
pressures

(∑
i νi ln(x1P) = ln(KP)

)
, K f is the equilibrium constant expressed in

terms of fugacities
(∑

i νi ln
(
f ei

) = ln
(
K f

))
, R is the universal gas constant, T is

the absolute temperature, P is the mixture pressure, i represents each gas species, ni
represent the number of moles of each gas, and νi is the stoichiometrical coefficient
of each gas in chemical reaction.

Determination the value of KP requires determination of the value of K f and its

dependence on temperature and the value of the integrand
(

∂V
∂ni

− RT
P

)
.

As K f is only a function of temperature and not pressure, it can be determined
at low pressure (i.e. within the approximate of the ideal gas law). One can therefore
state that K f = K ∗

P . Using ideal gas approximations, it is possible to determine a
value for K ∗

P using the following expressions:

ln
(
K ∗

P

) =
∑

(νi Ai ) + ∑
(νi )R

R
ln(T ) +

∑
(νi Bi )

2R
T

+
∑

(νiCi )

6R
T 2 − I

RT
+ J (14.12)

The integration constants I and J are related to the specific heats, molar energy,
u0,i , and molar entropy, s0,i , constants of the reacting gases at T0 and infinitely low
pressure [33].

I =
∑

(νi Ai )T0 + 1

2

∑
(νi Bi )T

2
0 + 1

3

∑
(νiCi )T

3
0 −

∑(
νi u0,i

)
(14.13)

J = 1

R

(
−

(∑
(νi Ai ) +

∑
(νi )R

)
(1 + ln(T0)) −

∑
(νi Bi )T0

+1

2

∑
(νiCi )T

2
0 +

∑(
νi s0,i

))
(14.14)

The energy and entropy constants can be determined from the traditional BB EOS
using following relationships [34]
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u0 = u + nA0

V

(
1 − na

2V

)
+ 3nRc

V T 2
0

(
1 + nB0

2V
− n2B0b

3V 2

)
(14.15)

s0 = s − R ln

(
V

nRT0

)
+ nRB0

V

(
1 − nb

2V

)
+ 2nRc

V T 3
0

(
1 + nB0

2V
− n2B0b

3V 2

)

(14.16)

The values for the reference molar energy, u, and molar entropy, s, of the gas at T0
and the molar volume V/n are set to 0 for T0 = 273.13◦ C and using the applicable
molar volume. The integration constants I and J can be experimentally determined
and are to I = −38319 J /mol and J = −5.33239.

The integrand
(

∂V
∂ni

− RT
P

)
can be determined using the expanded BB EOS in

virial form resulting in:

ln

(
KP

K ∗
P

)
= − 1

RT

{∑
i

νi
PDi

RT
+

∑
i

νi

(
−RT ln

PV

ni RT
+ 2βi ni

V

+3γi n2i
V 2

+ 4δi n3i
V 3

+ 5ζi n4i
V 4

)}
(14.17)

The value KP needs to be determined using an iterative approach as it is composition
dependent, though knowledge of the composition is what is sought. To determine
an initial guess for the composition and hence determine an initial approximation
for KP , one can determine K ∗

P using (14.12) and using a simplified, composition
independent version of (14.17).

ln

(
KP

K ∗
P

)
= − P

RT

∑
i

[
νi

(
B0,i − A0,i

RT
− ci

T 3

)]
(14.18)

Using this approximate KP value (at the selected total system pressure P), the mole
fraction of ammonia, α, can be determined using the following equation:

KP = α/(1 + α)2

2
√
q − 3α/2(1 + α) · 3

√
r − α/2(1 + α)

· 1

P
(14.19)

The values q and r correspond to the mole fractions of H2 and N2, respectively,
in an equivalent system assuming all ammonia is converted to H2 and N2. For a
stoichiometric mixture: q = 3/4 and r = 1/4.

Using the newly determined composition of the gas mixture, a new, more accurate
value for KP can then be determined using (14.17). This in turn would require a
recalculation of the equilibriummole fraction of ammonia in the system. This process
can be repeated until the desired accuracy is achieved. The ultimate outcome of this
calculation are the equilibrium concentrations of ammonia, hydrogen and nitrogen
in the system.
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14.3 Development of Expanded BB EOSs

14.3.1 P-v-T Relationship for Ammonia

Development of a new EOS requires extensive experimental datasets for varying
values for temperature, pressure and density and then fitting the data to the prescribed
model. To simplify the approach, an alternative may exist. In the case of ammonia,
its current MEOS is highly accurate up to 700 K, yet the ability to extrapolate it
is unknown. A smaller set of experimental data can hence be collected for pure
ammonia at temperatures in excess of 700 K and provide information on the validity
and accuracy of the MEOS for higher temperature values.

Figure 14.2 provides experimental data collected during the ramping of an auto-
clave containing pure ammonia preventing the decomposition of ammonia and
hydrogen diffusion out of the autoclave. The temperature data collected is the fluid

Fig. 14.2 Pressure versus temperature behavior for pure ammonia at different fill densities of
ammonia compared with extrapolated multiparameter equation of state (MEOS) for ammonia as
provided by the National Institute of Standards and Technology (NIST) with close up of the data
in the vicinity of the critical point. Temperature values corresponds to internal fluid temperatures.
Reprinted with permission from [25]
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temperature measured internal to the autoclave. Dashed lines correspond to the antic-
ipated trajectory using the MEOS of ammonia and its extrapolation beyond the
validated 700 K temperature.

Deviations from the MEOS expression (dashed lines) at high temperature and
pressure are a direct result from the thermal expansion of the autoclave at elevated
temperatures resulting in the expansion of the internal free volume and hence a
reduction in density of the fluid while higher pressures result in the expansion of the
autoclave due to elastic expansion of the body leading to a reduction in density of
the fluid. Adjusting the data for these effects, the deviation from the experimental
data to the MEOS is summarized in Fig. 14.3.

Overall, the experimental data supports extrapolation of the MEOS to tempera-
tures up to at least 800 K. Given the overall well-behaved trends of the extrapolation,
is well suited to higher temperatures as well with minor losses to accuracy (<10%).
Four traces in Fig. 14.3 noticeably deviate from the MEOS at elevated temperature,
though are not due to a differing behavior of ammonia, but rather due to early onset
of decomposition of ammonia due to a catalytic site within the autoclave volume.

Given the experimental data and the close agreement with the MEOS at tempera-
tures below 700 K, around the critical point, and over a wide range of densities, the
overall accuracy of the experimental data is deemed to be within 1% error or less.
This suggests the ability to use the MEOS for ammonia to determine P-v-T data for
determining the constants in the expanded BB EOS.

Fig. 14.3 Deviation in pressure from the corresponding calculated pressure using the reference
multiparameter equation of state (MEOS) for ammonia as depicted in Fig. 14.2 at different fill
densities of ammonia and adjusting for expansion in free volume due to temperature and internal
pressure induced strain effects. Reprinted with permission from [25]
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14.3.2 Determination of BB EOS Constants for Pure Gases

For a given dataset of P-v-T data for a pure gas, the following fitting procedure can
be used on isochoric data to obtain the parameters in the expanded BB EOS.

P + � = ψT − φ (14.20)

where

T 2� = ψc

v

ψ = R(v + B)

v2

φ = A

v2

with the molar volume v and the constants A, B, and c being those defined in BB
EOS (3). A non-linear least square method can be used to determine the values of ψ ,
φ, and c for a given density. The slope, ψ , and intercept, φ, of a line fit through the
pressure data corrected using the � term results in determination of the BB constants
A and B.

The final value for c can then be found by averaging values determined for c
at individual isochores over a specified density range. The density range can be
selected as to reduce the relative errors from the expanded BB EOS with respect
to the calculated values from the MEOS in the region of interest. Using this final
value for c, a new round of non-linear least square fitting can be performed on the
same dataset, thereby determining the final values of ψ and φ. The resulting values
for A and B can be plot against their corresponding density 1/v. A second order
polynomial to the data yields values for A0, B0, a, a1, b, and b1.

Applying this procedure to the gases present in ammonothermal systems, H2, N2,
NH3, values for the expanded BB EOS are determined and presented in Table 14.2.
The traditional BBEOSassumes first order expansions in density,while the expanded
BBEOSused for ammonothermal systems expands them to second order. Figure 14.4

Table 14.2 Determined constants for the expanded Beattie-Bridgeman equation of state (BB EOS)
as defined by (14.3), (14.4), (14.5), and (14.6) and depicted in Fig. 14.4 for ammonia, hydrogen,
and nitrogen [25]

Gas A0
(Pa m6/mol2)

a (×105)
(m3/mol)

a1 (×
1010)
(m6/mol2)

B0 (×
105)
(m3/mol)

b (×105)
(m3/mol)

b1 (×
1010)
(m6/mol2)

c
(K3 m3/mol)

NH3 0.429 2.07 −1.44 5.51 1.58 −8.00 575

H2 −0.0143 −5.19 −13.8 1.48 −0.724 −0.0667 220

N2 0.0544 −6.89 78.7 3.70 −3.14 −0.311 487
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Fig. 14.4 Parameter values (a) A, (b) B, and (c) C as a function of density with superimposed
second order polynomial fit for A and B calculated for the selected constant value of c ](14.4),
(14.5), and (14.6)]. Individual parameter values were calculated by fitting (14.20) the expanded
Beattie-Bridgeman equation of state (BB EOS) as defined in (14.3) to isochoric data calculated
using the reference multiparameter equation of state (MEOS) data provided by the Institute of
Standards and Technology (NIST) for three gases: ◯ Ammonia, � Hydrogen, and ♦ Nitrogen.
Reprinted with permission from [25]

provides the individual data points for values A, B and c clearly indicating the neces-
sity and goodness of fit using a second order approximation for parameters A and
B.

As the BB EOS is most applicable to non-polar gases, it lacks accuracy when
describing polar gases, such as ammonia. This is most apparent when reviewing
Fig. 14.4c as the strong variation in the parameter value c on the density of the
polar gas ammonia as compared to the non-polar gases nitrogen and hydrogen. To
improve on the expanded BB EOS, an exponential term could be used to capture
the effect of clustering of molecules and on the intermolecular potentials given the
strong dipole-dipole interactions that are possible in polar systems. For the desired
window of utility of this expanded BBEOS for typical ammonothermal conditions (T
> 600 K, P > 100 MPa), the level of accuracy is deemed sufficient thereby avoiding
an increase in mathematical complexity when including an exponential term in the
derivations to more accurately describe this phenomenon.
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To assess the accuracy of the expanded BB EOS over a larger range, the total
system pressure is calculated for each of the pure gases using the expanded BB EOS
and compared to the corresponding MEOS. The deviation from the MEOS can be
considered an error in accuracy of the expanded BB EOS and are provided in the
form of relative deviations in color maps in Fig. 14.5 for ammonia, Fig. 14.6 for
nitrogen, and Fig. 14.7 for hydrogen for which isobar contour lines are overlaid.

The expanded BB EOS for the non-polar hydrogen and nitrogen gases does well
to accurately reproduce P-v-T relationship for ammonothermal conditions. Relative
errors for nitrogen are typically below 0.5% and less than 0.25% for hydrogen in the
region of interest.

The expanded BB EOS does a poor job representing ammonia near the critical
point (T = 405K,P= 11.9MPa) leading to errors around 2–6% for densities ranging
between 1–10 mol/l and when the liquid transitions to a supercritical fluid leading
to deviations ranging from −2% for 12 mol/l density up to −16% at 30 mol/l and
450 K. In the region of interest (T > 600 K, P > 100 MPa) errors are around 1%
or less. While no experimental data exists beyond 800 K, an approximate suggested
error for the expanded BB EOS for ammonothermal conditions is suggested to be
approximately 1%.

Fig. 14.5 Color map depicting relative deviation in pressure, as a function of density and temper-
ature, for ammonia calculated using the expanded Beattie-Bridgeman equation of state (BB EOS)
and parameters provided in Table 14.2 to the reference multiparameter equation of state (MEOS) as
provided by the National Institute of Standards and Technology (NIST). Isobars are superimposed
and were calculated using the BB EOS. Relative errors close to the critical temperature in the color
saturated regions range from −2 to −16% for densities increasing from 12–30 mol/l, and 2–6% for
densities ranging between 1–10 mol/l. Reprinted with permission from [25]
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Fig. 14.6 Color map depicting relative deviation in pressure, as a function of density and temper-
ature, for nitrogen calculated using the expanded Beattie-Bridgeman equation of state (BB EOS)
and parameters provided in Table 14.2 to the reference multiparameter equation of state (MEOS) as
provided by the National Institute of Standards and Technology (NIST). Isobars are superimposed
and were calculated using the BB EOS. Reprinted with permission from [25]

14.4 Ammonia Decomposition

14.4.1 Equilibrium Constant

First determinations of the equilibrium constant for ammonia at elevated tempera-
tures and pressures were done in 1930 using the traditional BB EOS by Gillespie
and Beattie [35]. At pressures below 100 MPa good agreement was found to exper-
imental data, though due to onset of divergence of their approximated BB EOS in
virial high pressure systems could not be accurately calculated. Additionally, their
derivation only included non-ideal mixing for the A0 term (and not for B0 and c) and
no consideration was made to account for mixing of polar and non-polar gases to the
terms A0 and c.

Using the expanded BB EOS in its complete form during derivations without any
approximations and using more sophisticated mixing rules to provide a more accu-
rate representation of the EOS for NH3–N2–H2 mixtures the equilibrium constant,
Kp, for the ammonia decomposition as a function of pressure and temperature can
be calculated using (14.17). The resulting values are shown in Fig. 14.8 for temper-
atures up to 1000 K and pressures up to 300 MPa. Decomposition of ammonia is
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Fig. 14.7 Color map depicting relative deviation in pressure, as a function of density and temper-
ature, for hydrogen calculated using the expanded Beattie-Bridgeman equation of state (BB EOS)
and parameters provided in Table 14.2 to the reference multiparameter equation of state (MEOS) as
provided by the National Institute of Standards and Technology (NIST). Isobars are superimposed
and were calculated using the BB EOS. Reprinted with permission from [25]

Fig. 14.8 Equilibrium constant, Kp, for the ammonia decomposition reaction defined by (14.10)
as a function of inverse temperature calculated for various total system pressures ranging from 1 to
300 MPa. Reprinted with permission from [25]
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greatly suppressed at elevated pressures. Note that for ideal gases there is no pressure
dependence on the equilibrium constantKp suggesting early deviation from ideal gas
behavior after a few 10s of MPa of pressure.

14.4.2 Equilibrium Mole Fraction of Ammonia

Using the equilibrium constant, the equilibrium mole fraction of ammonia can be
determined as a function of temperature and pressure and is shown in Fig. 14.9. To
validate the accuracy of the derivation, computed values can be compared to data in
literature for pressures below 100 MPa and temperatures below 500 °C [36, 37] and
at higher pressures up to 210 MPa and temperatures up to 814 K [25]. For the three
higher pressure and temperature points, mass loss of hydrogen from the autoclave
was observed and was corrected for by determined the anticipated mole fraction of
ammonia assuming a non-stoichiometric initial mixture, indicted as a dashed line in

Fig. 14.9 Comparison of experimentally determined equilibrium mole fraction of ammonia from
• Larson and Dodge [36], ˛ Larson [37], and � Pimputkar and Nakamura [25] with calculated equi-
librium mole fraction of ammonia in stoichiometric mixtures (solid lines). Dashed lines correspond
to calculated mole fractions of ammonia in equilibrium for non-stoichiometric mixtures taking
into account the experimentally determined mass loss of hydrogen from the system. Modified and
reprinted with permission from [25]
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Fig. 14.9. Solid lines correspond to stoichiometricmixtures of hydrogen and nitrogen
in the autoclave.

Overall, good agreement is found to the developed model using the expanded BB
EOS with a notable exception for the highest-pressure value determined by Larson
and the lowest pressure value determined by Pimputkar and Nakamura.

Deviation for the lowest pressure valuewas explained by an increase in error of the
pressure readout due to hydrogen diffusing into the strain gauge causing an additional
error in the readout as large as 10 MPa resulting in the actual pressure of the system
potentially being at 102 MPa, i.e. at the same pressure as the highest-pressure value
determined by Larson.

The deviation for the highest-pressure value determined by Laron is speculated to
be due to an experimental error due to insufficient catalyst being present to accurately
determine the ammonia mole fraction. Nevertheless, it cannot be ruled out that the
performed derivations using the expanded BB EOS and mixing rules are insufficient
and require the inclusion of the third virial coefficient for increased accuracy.

Given the overall excellent agreement of most experimental data points, it can
nevertheless be concluded that the provided model and expanded BB EOS is a good
approximation to describe supercritical ammonia under ammonothermal system in
equilibrium to within a few percent error.

14.4.3 System Modeling

As a test for the ammonia decomposition model, it is desired to determine how
predictive it is towards the behavior of an ammonothermal system solely provided
with the initial, cold free volume, the initial fill of ammonia and a temperature at
which point the system is in equilibrium. Figure 14.10 provides an overview of
the measured and calculated total system pressure for four different quasi-isochores
given different initial fills for ammonia. Figure 14.11 provides the corresponding
mole fraction of ammonia for the last data point at the highest temperature, with the
exception of the highest density fill.

To model the system, three different scenarios were calculated:

(a) PPure NH3 : assumes no ammonia decomposition, (solid lines in figures)
(b) P stoichiometric

Equil. NH3−N2−H2
: couples the total system pressure to the equilibrium constant

equation, while assuming a strictly stoichiometric mixture, (dashed lines in
figures)

(c) Pwith H2 Loss
Equil. NH3−N2−H2

: permits ammonia decomposition while assuming an initially
non-stoichiometric mixture consisting of ammonia and pure nitrogen based on
measured hydrogen mass loss at end of run. (dash-dot lines in figures)
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Fig. 14.10 Comparison of measured total system pressure at specified fluid temperatures for four
different fill densities of ammonia after allowing the system to reach equilibrium to theoretically
predicted values using the expanded Beattie-Bridgeman equation of state (BB EOS) with speci-
fied mixing rules assuming: (1) no decomposition of ammonia (PPure NH3 ), (2) decomposition of
ammonia and no hydrogen mass loss from the system (Pstoichiometric

Equil.NH3−N2−H2
), and (3) decomposition of

ammonia with experimentally determined hydrogen mass loss at the end of the run, where available(
PwithH2Loss
Equil.NH3−N2−H2

)
. Reprinted with permission from [25]

Fig. 14.11 Calculated equilibriummole fraction of ammonia as a function of temperature and initial
fill density corresponding to the four runs depicted in Fig. 14.10. Three experimentally determined
mole fractions of ammonia corresponding to the highest temperature state for the three lower density
runs in Fig. 14.10 are overlaid. Reprinted with permission from [25]
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Overall, the total system pressure values are in good agreement with the
predicted values for stoichiometric mixtures at lower temperatures and non-
stoichiometric mixtures at higher temperatures when hydrogen mass loss becomes
more pronounced. At temperatures below 650 K ammonia appears to be kinetically
limited to decomposition leading to a non-thermodynamic equilibrium situation.
Nevertheless, given the good agreement between modeled and experimental data, an
error of 2%for temperatures below850K is proposed for the ammonia decomposition
model based on the expanded BB EOS.

14.5 Summary

To aid in thermodynamic investigations of ammonothermal systems at elevated
temperatures and pressures, a new EOS was developed which is based on the tradi-
tional Beattie-Bridgeman EOS leading to an expanded BB EOS. This new EOS
was applied to three gases present in equilibrium in ammonothermal conditions:
hydrogen, nitrogen and ammonia.

Deviations in pressure for the expandedBBEOSfromestablishedmulti-parameter
EOS in the region of interest (T > 600 K, P > 100 MPa) were found to be less than
~1%, with an unknown error for ammonia at temperatures beyond 800 K due to
a lack of experimental data to support the extrapolation of the existing MEOS for
ammonia. To build an EOS for mixtures of NH3–N2–H2, proper mixing rules for
the second virial coefficient were used, while linear mixing rules were applied to
the third virial coefficient. Experimental validation of the EOS suggests it accurately
represents data to within current experimental errors (around 1% or less).

Using a derived thermodynamic relationship for the dependence of the equi-
librium constant on pressure, temperature and composition and combining it with
the expanded BB EOS resulted in an expression that can determine the mole frac-
tion of ammonia at equilibrium. Calculated values from this expression agree with
experimental data at pressures up to 210 MPa.

Using the expanded BBEOS to predict the total system pressure and use this value
in the developed expression of the mole fraction of ammonia at equilibrium allows
for predicting the pressure trace and chemical make-up of a system, assuming ther-
modynamic equilibrium at every step. Comparison of this model with experimental
data provided to be very well, suggesting the errors in the equilibrium constant to be
around 2% for temperatures below 850 K.
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Chapter 15
Molecular Simulations as Guides
to Ammonothermal Syntheses
of Nitrides—State of the Art
and Perspectives

Tanakorn Wonglakhon and Dirk Zahn

Abstract Molecular Simulations are increasingly entering the realm of materials
syntheses. While pioneering studies were bound to simple models which could only
address selected aspects of ‘real chemistry’ in the lab, recent advances in simula-
tion methodology and computing hardware indeed paved the way to also modelling
complex systems. Yet, we are hardly more than at the beginning of establishing
molecular simulations as a routine tool for guiding syntheses. In the present contri-
bution, we discuss the progress that has been made to understand ammonothermal
syntheses of nitrides. This encompasses molecular dynamics simulations based on
non-reactive force-fields—such as studies of liquid ammonia as a solvent, and its
supercritical nature at high temperature and pressure. Moreover, we report on recent
work on quantum and hybrid quantum/classical approaches for modelling the auto-
protolysis of ammonia and ammonia protolyses in the course of metal ion solva-
tion. This forms a basis for rationalizing the association of ion aggregates, size-
induced proton transfer and the self-organization of amides, imides and nitrides
from molecular simulations.

15.1 Introduction

Ammonothermal syntheses of materials are recently gaining increasing attention
from both experiment and, more recently, theory [1]. While technically challenging,
ammonothermal routes appear promising for producing amide semiconductors such
as AlN and GaN as large single crystals—which are hard to get via conventional
approaches [1–3]. The underlying processes that transform salt solutions in ammonia
to amides, imides or nitrides are intrinsically complex because the ‘solvent’ is part
of the formation reaction. Hence, the application of high temperature and pressure
changes both, ammonia as a reactant and non-reacting ammonia that constitute the
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solvent. This results in a diversity of possible mechanisms and possible syntheses
products, rendering ammonothermal syntheses hard to predict.

From the perspective of theory, it is therefore reasonable to closely interact with
the experiment and to gradually increase our knowledge of ammonthermal syntheses
by rationalizing selected aspects rather than challenging the whole complexity of
possible reaction routes. It is the aim of this contribution to show such progress
made by modelling and simulation. So far, theoretical studies related to the yet small
field of ammonothermal syntheses are rather few and incremental. We shall therefore
also describe modelling studies of ion dispersion/aggregation in aqueous solution,
auto-protolyses of water and hydrothermal syntheses of metal oxides when needed.
Without claiming completeness, we hence pick modelling techniques employed for
characterizing water-based syntheses and take use of the analogy of ammonia and
water to elaborate an extended perspective for the former.

To this end, molecular simulation methods and models may be filed in two cate-
gories, namely quantum approaches and molecular mechanics. The former solves
the quantum mechanical problem of finding the wave functions (or densities in DFT
calculations) of the electrons, and sometimes also the light-weighted nuclei (i.e. for
proton transfer). The computational demand of these techniques prohibits the study
of large systems and the sampling of large manifolds of ionic/molecular configu-
rations. For this purpose, molecular mechanics approximate fundamental aspects
of molecular interactions by simple potential energy functions (force-fields)—such
as steric avoidance, electrostatics, bond vibrations etc. On this basis, much larger
systems and much better sampling of structural diversity become accessible, though,
typically at the price of pre-defining covalent bonds as permanent. To study bond
breaking and formation in extended systems (such as reactions of ion aggregates
embedded in ammonia solution) it is intuitive to combine quantum approaches and
molecular mechanics. In what follows, we shall hence discuss all three types of simu-
lation approaches and provide an overview of quantummechanical (QM), molecular
mechanical (MM) and combined QM/MM studies, respectively.

15.2 Quantum Mechanical Calculations of Ammonia
and Amide Clusters

Already beginning in the 1950s quantum theory approaches were employed to
ammonia and its ions and radicals [4–16]. At this time, calculations were limited
to single molecules in vacuum. Fundamental insights include molecular geometry
after structural relaxation, the distribution of charge, UV-Vis spectra and IR spectra.
The latter requires characterization of the elastic constants of N-H bonds and for the
bending of the H-N-H valence angle. Such data forms the basis for the creation of
molecular mechanics models for intra-molecular force fields as discussed later.

Next, beginning in the 1970s, quantum calculations were used for the study
of ammonia-ammonia interactions. To this end, the theoretical studies were still
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addressing the gas phase, however now focusing on dimers, trimers etc. Along those
lines, Dill et al. used Hartree-Fock calculations to investigate the structure and the
energy of the ammonia dimer at reasonable agreement to the experiment [17]. Simi-
larly, (NH3)n ammonia clusters with n= 3–6weremodeled [18, 19] and compared to
molecular beam experiments. In 1990, Dykstra and Andrews performed an in-depth
characterization of the inter-molecular interactions in ammonia clusters [20]. On this
basis, a molecular mechanics model was obtained, reproducing ab initio calculations
of small ammonia cluster (NH3)n with n = 2–4.

In analogy to the uncharged (NH3)n (n = 1–5) clusters also ionic aggregates
such as NH4

+(NH3)n (n = 0–5) were characterized [21–24]. This also included
proton transfer processes, namely ammonia protolyses in small clusters, based on
the structure and stability of (NH4

+-NH2
−) (NH3)n−2 (n = 3–7) agglomerates [25].

Recently, simplified quantum approaches such as the density functional tight-binding
method paved the ways to studying the dynamics of such clusters. On this basis,
Fouqueau et al. used molecular dynamics simulations to study the structures and
infrared spectra of the protonated ammonia clusters NH4

+(NH3)n with n = 1–8 as
functions of temperature [26]. They found that the clusters with n < 5 are stable up
to 100 K, whilst the clusters with n ≥ 5 tend to isomerize.

Until today, quantum calculations at increasingly high level are used to charac-
terize both charged anduncharged ammonia clusters. Thewealth of experimental data
provides robust benchmarks to theory—which by now can reliably predict structures,
coordination numbers, hydrogen bond strength, UV-Vis and IR spectra [27–29].

15.3 Quantum Simulations of Liquid and Supercritical
Ammonia

The analyses of molecular clusters in the gas phase are usually based on struc-
tures obtained from energy minimization. Such studies refer to zero Kelvin, and
temperature effects remain unconsidered unless molecular dynamics orMonte-Carlo
simulations are performed. The need for explicitly considering temperature becomes
rather obvious when shifting focus from clusters to condensed phases, namely the
liquid state. To describe molecular models of liquid or super-critical ammonia, we
hence need Monte-Carlo or molecular dynamics simulations in combination with
temperature and pressure controlling algorithms.

Both simulation methods explore the manifold of a system’s configurations. In
molecular dynamics (MD) simulations,Newton’s equations ofmotion are solved iter-
atively in small time steps (typically around 1 fs, subject to the temperature). Molec-
ular dynamics simulations follow the trajectory of all atoms and, provided that suffi-
ciently long trajectories are computed, yield statistical sampling at a given tempera-
ture of the model system. On the other hand,Monte-Carlo simulations produce series
of structural arrangements by initially attempting randommodifications of a previous
configuration, and then accepting/rejecting the new structure based on its energy. By
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disfavoring any increase in energy �E via an acceptance rate of exp(−�E/kBT ),
the Monte-Carlo procedure also leads to a statistical sampling obeying Boltzmann
distribution at a given temperature T (kB is the Boltzmann constant). Both methods
hence require the re-evaluation of interaction forces (for molecular dynamics) and
energy (forMonte-Carlo) after implementing structural changes to themodel system.

Such re-occurring calculations may be performed for quantum mechanically
modelled systems, including ammonia. However, the computational demand calls
for small model sizes and rather short trajectories or configuration sampling. So
far, ab initio molecular dynamics simulations were subjected to liquid ammonia
and to ammonia at high pressure (330 GPa) and high temperature (500–10000 K)
[30, 31]. Therein, 5–25 ps runs were performed for models comprising up to 32
ammonia molecules subjected to cubic cells with periodic boundary conditions.
While reflecting the forefront of high-performance computing, such dimensions are
still very low in terms of sampling reliable statistics. Thus, the appealing accuracy
in evaluating specific configurations and their interactions is traded for the risk of
entirely missing configurations of potential importance. Indeed, sampling a liquid’s
pressure or themodel density at constant pressure calls for longermolecular dynamics
runs or sampling statistics from larger numbers of explicit molecules [31].

Diraison et al. compared three different methods to study the structural properties
of liquid ammonia at 273 K [32]. This comprised path-integral molecular dynamics
that treat both the electrons and the hydrogen atoms quantum mechanically, ab initio
molecular dynamics (that describe the electrons quantummechanically and all nuclei
classically) and classical molecular dynamics (using force-fields instead of quantum
calculations) methods. They found that the intermolecular structures obtained from
both classical MD simulation and path-integral/ab initio MD simulations are in good
agreement with the experiment [32]. Based on such benchmarking, we argue that
classical molecular dynamics using force-fields adapted to quantum calculations
appear most suited to studying ammonia solutions. In turn, quantum calculations can
be limited to parameterization studies based on small test systems, whilst specific
reaction events may be implemented by combined QM/MM approaches as discussed
in the following.

15.4 Quantum/Classical Simulations of Ammonia
Auto-Protolysis

In analogy to the hydrothermal syntheses of metal oxides, also ammonothermal
syntheses ofmetal nitrides rely on the protic nature of the solvent. Theoretical investi-
gations on auto-protolyses and acid/base reactions are abundantly available, however
the overwhelming part is of course dedicated towater. It is therefore useful to compare
H2O and NH3 auto-protolyses not only from a chemical viewpoint, but also from the
perspective of method development.
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In comparison to water, ammonia thus exhibits a much lower tendency to undergo
spontaneous auto-protolysis - which motivates the use of autoclaves and high
temperature in nitride syntheses:

2H2O → H3O
+ + OH− c

(
H3O+)

c
(
OH−)

c(H2O)2
= 10−14 (1 atm, 298 K)

2NH3 → NH+
4 + NH−

2

c
(
NH+

4

)
c
(
NH−

2

)

c(NH3)
2 = 10−32 (1 atm, 239 K)

The prediction of the underlying equilibrium constants by means of molec-
ular simulations is challenging [33]. On one hand, the accurate account of proton
transfer reactions make quantum chemical approaches indispensable. However, reli-
able sampling of solvent effects, structural diversity etc. call for cost-effective clas-
sical mechanics models. Most approaches to estimating pKS therefore combine
both techniques [34–39]. The simplest QM/MM scheme uses quantum calculations
for getting proton affinities of the donating and accepting molecules, respectively,
whilst all other molecules (i.e. the non-reacting solvent molecules) are described by
molecular mechanics simulations or evenmore approximate continuummodels [40].

By means of Boltzmann statistics, we recently estimated the pK of NH3 auto-
protolysis from the change in free energy as obtained from QM/MM calculations via
[40]:
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) − 2 · Evac
pot(NH3) + Gsolvation (15.1)

Here the first three terms refer to the gas phase and are obtained from inexpensive
quantum calculations on isolatedmolecules/ions. The entire role of the (non-reacting
part of the) solvent is sampled from molecular mechanics models. The underlying
change of the free energy of solvation ΔGsolvation comprises changes in potential
energy, volume work and entropy contributions.

�Gsolvation = 〈
Esolv

(
NH+

4

)〉 + 〈
Esolv

(
NH−

2

)〉 − 2 · 〈Esolv(NH3)〉 + T · �Ssolvation
(15.2)

For this, averages are obtained from statistical sampling of solvent structuring next to
the ammonium/amide species and thus reflect average solvation effects that trigger
the chemical equilibrium of the acid/base reactions.

While sampling the average change in potential energy �Esolvation upon ammonia
auto-protolysis is comparably straight-forward, the calculation of the change in
entropy �Ssolvation requires thermodynamic integration. Such methods are in prin-
ciple accurate, but actual sampling is limited by small simulation models. This is
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problematic, because the proper account of the configuration entropy of the migra-
tion of just a single pair of NH2

− and NH4
+ in ammonia would require simulation

systems of 1032 NH3 molecules.
As this is far beyond the scope of molecular simulations, it is tempting to use

smaller or implicit solventmodels. This routewaswidely used for acid/base reactions
in water and the typical error margins in estimating absolute pK values on such
basis were found as 2 pK units, thus the equilibrium constants K vary by orders
of magnitudes [34–39]. To circumvent this, we recently suggested a semi-empirical
approach that only calculates �Esolvation from explicit simulations, whilst �Ssolvation
is deduced from experimental reference [40].

To this end, the pK of pure ammonia at 239 K and 1 atm is used as the reference
point (using pKexp(239 K, 1 atm) = 32). All deviations—be it different temperature
T, pressure or the solvation of further solute species—lead to corrections of the
reference pK using:

K = KA

c(NH3)
= c

(
NH+

4

)
c
(
NH−

2

)

c(NH3)
2 = exp

[
− �G

kBT

]

→ �Gref = kB · 239 K

log10[e]
· {

log10
[
c(NH3) · 1 l mol−1

] + pKexp(239 K, 1 atm)
}

pK = − log10
[
c(NH3) · 1 l mol−1

] + log10[e] · �Gref

kBT
+ log10[e] · ��Esolv

kBT
(15.3)

Here, ��Esolv = �Esolv (actual system) −�Esolv (reference point) refers to differ-
ence of the energy change of ammonia dissociation observed for the system as
compared to the reference model. In this notation, K and pK refer to the overall reac-
tion involving two NH3 molecules (one donor and one acceptor) and are thus dimen-
sionless. This concept was first employed to model the temperature-dependence of
the auto-protolyses of pure ammonia [40], and then transferred to studying ammonia
dissociation next to metal ions in ammonia solutions as discussed in the next section
[41].

15.5 Modelling Ion Solvation and Aggregation in Ammonia

Force-field based classical molecular dynamics simulations of liquid and super-
critical ammonia demonstrated the proper treatment of the bulk solvent in terms of
density, radial distribution functions and dielectric permittivity [40, 42]. Moreover,
a number of studies showed the suitability of molecular mechanics for modelling
ion solvation in liquid and super-critical ammonia. For an overview of modelling
mono- and divalent metal ion—ammonia solutions without consideration of amide
formation, we direct the reader to the review of Heinzinger [43]. In what follows,
we focus on metal-amide complexes and their formation upon metal ion solvation in



15 Molecular Simulations as Guides to Ammonothermal Syntheses … 281

ammonia. In other terms, we recall the QM/MMmodels of ammonia auto-protolyses
from the previous section 15.315.3), to shift from spontaneous NH3 dissociation to
metal ion assisted amide formation:

NH3 + NH3 � NH−
2 + NH+

4 ; pK = pKA(reference)
⇓

[M(NH2)x (NH3)y]q + z · NH3 � [M(NH2)x+1(NH3)y+z−2]q−1 + NH+
4

pK = pKA(reference) + log10[e] · ��Esolv

kBT
(15.4)

In equation 15.4, the upper panel refers to the auto-protolysis of the pure liquid,whilst
the lower panel provides a ‘local pK’ stemming from ammonia/amide coordination
to metal ions M. Here, q denotes the charge of [M(NH2)x(NH3)y]q complexes as
resulting from the charge of the metal ion and the number x of amide ions in the
complex. When protons are released from [M(NH2)x(NH3)y]q complexes, a NH4

+

ion is migrated to the solution and a [M(NH2)x+1(NH3)y+z-2]q-1 complex is obtained.
For the proton transfer reaction, the accepting NH3 may be an ammonia molecule of
the coordination shell, or ammonia from the embedding liquid. Moreover, the metal
ion may change its overall coordination number x + y → y + z − 2 by associating (z
> 0) or dissociating (z < 0) ammonia molecules to/from its coordination polyhedron.

Molecular dynamics simulations provide particularly detailed insights into atomic
scale interactions accounting for ion solvation. In a recent study, we used the before-
hand described QM/MM approach to elucidate metal ion solvation in ammonia [41].
The study encompasses mono-, di- and trivalent metal ions and the central focus of
the analyses is the possibility of amide formation next to the metal ions. In other
terms, we estimated the metal ion acidity within the respective solvent complexes.
The resulting coordination complexes are illustrated in Fig. 15.1. For all metal ions,
M··N(ammonia, amide) salt bridges lead to the association of a largely immobi-
lized shell of nearest neighbors, whilst the second solvation shell is less structured
and mobile. Apart from associating ammonia, the excess charge of the metal ion
may also support amide formation. However, for the mono- and divalent metal ions
investigated, we found that Coulomb repulsion does not suffice to make deprotona-
tion exothermic, i.e. ��Esolv < �Gref in equations 15.3 and 15.4. Accordingly, we
identified MI/II(NH3)+/++n complexes (M = Na+, K+, Mg2+ with n = 6 and M = Ca2+

with n = 8, respectively) as predominant species at ammono-neutral conditions.
Amide formation was however found to be favored by the trivalent Al3+ and

Ga3+ species. For ammono-neutral conditions, [Al(NH2)3(NH3)2]0 and [Ga(NH2)4]−
complexes, respectively, were estimated as the thermodynamically preferred solva-
tion structures. Interestingly, for Ga3+ solvation in ammonia an overcompensation of
charge is observed, and negatively charged complexes dominate over a wide range
of pH. This trend is also present for Al3+ solvation, however [Al(NH2)4(NH3)2]−
complexes require moderately ammono-basic solutions.

The beforehand described simulations mimic an autoclave scenario. For this, the
ammonia solution is first prepared at 239 K and 1 atm. We then keep it at constant
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Fig. 15.1 Nearest neighbor coordination of different metal ion species in liquid ammonia. The
investigatedmono- and divalent ions (M=Na+ , K+ ,Mg2+, Ca2+; shown in yellow) are coordinated
by ammonia molecules (shown as sticks; N: blue, H: white), whilst the +3 charge of trivalent ions
leads to amide formation (highlighted as ball-and-stick). For the case of [Ga(NH2)4]− complexes,
tetrahedral coordination by amides implies an overcompensation of the positive charge and leads
to −1 charged complexes

volume, whilst increasing temperature. This results in a reduction of the dielec-
tric permittivity that changes the equilibrium of ammonium, amide and metal ion
complexes considerably. Figure 15.2 illustrates the former by showing the pK of
bulk ammonia in the autoclave setup as a function of temperature [40]. Moreover,
the ‘local pK’ estimated for ammonia molecules that coordinate Al3+ and Ga3+ ions
are calculated [41].

In the studies discussed so far, molecular dynamics simulations were used to
model the ionic complexes and the embedding ammonia solution as functions of
pressure and temperature [40, 41]. The method is however even more appealing for
the investigation of dynamics, such as complex diffusion and aggregation processes.
While there is still much work to be done to rationalize metal amide/imide or nitride
formation from ammonia solution by molecular simulations, very recently we took
some first steps in this direction. Inspired from the experiments of Schimmel et al.
we compared the nature of GaF3 dissolution in ammonia at different conditions [44].
Figure 15.3 illustrates snapshot from molecular dynamics simulations of gallium



15 Molecular Simulations as Guides to Ammonothermal Syntheses … 283

Temperature / K

pK

pK - bulk NH3

pK [Al(NH2)3(NH3)2] complex

pK [Ga(NH2)3(NH3)2] complex

Fig. 15.2 Calculated values of pK in liquid ammonia as functions of temperature (volume fixed to
that at 240 K to mimic an autoclave scenario). The pKs (solid curves) of NH3 autoprotolysis for the
bulk liquid are compared to Al(NH2)3(NH3)2 and Ga(NH2)3(NH3)2 complexes, as shown in black,
blue and red, respectively. The dashed curve indicates ammono-neutral pH, that is −log10[NH4

+]
for the pure liquid as a function of temperature. Figure and captions adopted with permission from
[41]

Fig. 15.3 Snapshot frommolecular dynamics simulations of dispersed gallium fluoride complexes
in ammonia. Left: liquid state at 240K and 1 atm. Right: supercritical state at 720K and 26.5MPa. In
the liquid state, the gallium ionswere found to form octahedral [GaF2(NH3)6]+ and [GaF4(NH3)4]−
(GaF4− tetrahedra with an NH3 molecule above each triangular face) complexes. While dispersed
in the liquid, upon reducing solvent polarity in the supercritical state we find aggregation of these
complexes within 100 ps. The scale bars refer to 1 nm. Colors: Ga (yellow), F (cyan), N (blue) and
H (white). Figure and captions are adopted with permission from [44]



284 T. Wonglakhon and D. Zahn

fluoride complexes in ammonia—in the liquid state (240 K and 1 atm) and in the
supercritical state (720 K and 26.5 MPa). From this, ion dispersion was rational-
ized for the liquid state, in terms of separate [GaF2(NH3)6]+ and [GaF4(NH3)4]−
complexes, respectively. On the other hand, in the supercritical liquid, rapid aggre-
gation was observed, hence hinting at GaF3 precipitation. Indeed, at low temperature
experiments indicate fast Ga mobility in accordance to nearest-neighbor clusters for
the liquid state, whilst at high temperature drastically slower migration of precipitate
particles is found for the superliquid state.

15.6 Conclusions and Perspectives

We are still in the infancy of developing a molecular understanding of
ammonothermal syntheses. Molecular simulations can help, however a consider-
able amount of method development is required. In this contribution, we described a
simple-to-implement and computationally efficient approach to calculate ‘local pK’
values. This concept allows the pH-dependent assessment of the preferred protona-
tion state of ammonia, both in bulk solution and next to metal ion complexes. Using
this simulation approach, parallel setups of classical molecular dynamics simulations
are combined to identify the solvation of the reactants and the relaxation of possible
products. Hence, a number of ionic species and different protonation states may be
screened very effectively.

As a next step en route to metal amide, imide or nitride formation, such QM/MM
approaches must be combined with efficient protocols to model aggregate forma-
tion. This calls for in-depth characterization of the structural evolution of forming
aggregates—for which nanosecond-scale molecular dynamics simulations are nicely
suited. On the other hand, the influx of solute species to the forming aggregate, disso-
ciation of NH4

+ and possibly other species, including fragments comes into play.
The latter type of processes can be modelled by molecular dynamics, however at less
efficiency compared to kinetic Monte-Carlo approaches. The Kawska-Zahn method
therefore married both techniques—and the QM/MM formulation of proton transfer
in the course of aggregate growth and relaxation [45, 46]. In some analogy to metal
nitride formation, the nucleation of ZnO from Zn2+/2OH− solutions was recently
investigated by this approach [47]. In yet ongoing efforts, this will be transferred to
the association of metal ions and metal amide complexes, and the size-dependent
ripening that finally lead to stable structures. The ultimate goal of such modelling is
to elaborate nucleation mechanisms including de-protonation and re-organization as
functions of aggregate size—and hence provide guides to the syntheses of amides,
imides and nitrides.
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Chapter 16
Properties of Ammonothermal Crystals

Jaime A. Freitas Jr. and Marcin Zając

Abstract This chapter summarizes the present status of bulk GaN crystals grown
by ammonothermal basic and acidic methods, and reviews their intrinsic phys-
ical properties. Crystals with low dislocation densities, typically well below 105

cm−2, high crystal lattice flatness, and sharp X-ray rocking curves (typically below
20 arcsec) are reproducibly grown by both methods. High quality strain-free
homoepitaxial films have been successfully deposited on both polar and non-polar
ammonothermal substrates. Characteristics of testing devices produced using these
epitaxial templates confirm the potential of ammonothermal substrates for fabrication
of high performance and high yield devices.

16.1 Introduction

Gallium nitride semiconductor technological importance relies on their variety of
applications covering optical, optoelectronic and electronic devices capable of oper-
ating under extreme values of current, voltage, temperature and in harsh environment.
The major roadblock for full realization of potential applications of this semicon-
ductor is still the availability of affordable large-area and high crystalline quality
native substrates with controlled optical and electrical properties. Ammonothermal is
the only successful method to grow high crystalline quality real bulk GaN. However,
these crystals typically have high concentration of oxygen, resulting on high concen-
tration of free-carriers at room temperature, which prevents full control of thesemate-
rial intrinsic physical properties. The luminescence spectra of such materials usually
exhibit a broad and higher-energy shifted near-band-edge recombination emission
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involving free-electrons from higher energy states in the conduction band, the so-
called Burstein-Moss effect. It has been demonstrated, that the addition of oxygen
getter in the feedstock yields one order of magnitude reduction in the concentra-
tion of oxygen. As a result, substrates with improved optical transmission, reduced
free electron concentration, and low effective p-type electrical conductivity could
be realized. Despite the non-optimized quality of epi-ready surface, high-crystalline
quality homoepitaxial films have been accomplished, which allows the fabrication of
optoelectronic testing devices. In addition, it has been demonstrated that homoepi-
taxial films conveniently reproduce the typically low concentration of extended
defects observed in the ammonothermal substrates. However, considering the lower
ammonothermal growth temperature and the relatively lower energy point-defects
mobility, new defect may be introduced in the ammonothermal substrates during the
epitaxial growth.

The limited access to GaN substrates of high crystalline quality produced by
ammonothermal acidic- and basic-growth methods has averted the investigation of
the intrinsic material properties and a detailed evaluation of its full potential appli-
cation to the realization of new device concepts. Most of the studies of the intrinsic
properties of GaN have been carried out on heteroepitaxial films or on homoepi-
taxial films deposited on thick freestanding films, which dislocation densities are
in the range between 1011 and 106/cm2, respectively. In this chapter, we review the
properties of the state of art ammonothermal grown GaN (ammono-GaN) crystals
andwafers, and their utilization for epitaxial film deposition and device development.

16.2 Ammonothermal Growth: A Brief Overview

Ammonothermal technology, among HVPE and Na flux method, is regarded as the
most promising method of bulk GaN manufacturing. It is a process based on solu-
tion growth, being an analogue of hydrothermal method, commonly used in indus-
trial production of quartz [1]. The difference is the use of supercritical ammonia as
nitrogen source instead of water as oxygen source. The scheme of ammonothermal
process is the following: GaN feedstock is dissolved in highly reactive supercritical
ammonia solution in one zone of a high-pressure autoclave (dissolution zone). The
dissolved feedstock is then transported to the second zone (crystallization zone),
where solution is supersaturated, enabling crystallization of GaN on GaN seeds [2].
An appropriate temperature gradient between these two zones induces the convection
mass transport. An important aspect of the ammonothermal method is necessity of
adding mineralizers to growth environment in order to accelerate its dissociation and
enhance the solubility ofGaN in ammonia solution. Exceptional structural properties,
including threading dislocation density of 104 cm−2, doping feasibility and scala-
bility, are the main advantages of this method. Main drawback of ammonothermal
method is small growth rate (several tens of micrometers per day [2]) and time
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consuming process required to obtain native seeds of sufficient size (minimum
2-inch) needed to fabricate substrates for commercial applications. However, once
population of high quality seeds exceeds the critical mass, large production capacity
can be achieved by growing many crystals simultaneously in one reactor at relatively
low material cost.

Ammonothermalmethod is a well-controlled and reproducible process performed
at relatively low temperature (a few hundred degrees Celsius) and pressure of a few
hundred megapascals. The growth can be conducted under different environments:
basic or acidic. The type of environment is determined by the choice of mineral-
izers. Ammonobasic growth makes use of alkali metals or their amides as miner-
alizers (NH2

− ions are introduced into the supercritical solution) [3–5], while in
ammonoacidic growth halide compounds are present (NH4

+ ions are introduced into
the supercritical solution) [6].High-temperature ammonoacidic growth [7, 8] can also
be realized by internal heating of the growth chamber (in opposite to external heating
of the whole autoclave). This way higher growth temperature and pressure (about
750 °C and 0.6 GPa) than in conventional acidic (500–650 °C, 0.07–0.4 GPa) [6]
and basic (400–600 °C, 0.1–0.4 GPa) ammonothermal approach [3] can be achieved
by omitting the autoclave material limitations.

Characteristic feature of ammonobasic version of themethod is a negative temper-
ature solubility coefficient [3]. As a consequence of retrograde solubility the chem-
ical transport of GaN is directed from the low-temperature solubility zone (with
feedstock) to the high-temperature crystallization zone (with seeds). In acidic route
the process configuration is reversed. The growth environment determines also the
adopted autoclavematerial. In ammonobasicmethod theNi-Cr-based superalloys are
usually used as a material resistant to high pressure and harsh environment. In acidic
route a use of liner made of precious metal is required to avoid contamination from
autoclave walls and prevent autoclave corrosion. Lately, an ammonoacidic growth
was realized in titanium-zirconium-molybdenum (TZM) alloy [9], while the acidic
high temperature growth is carried out in sealed capsule, surrounded by internal
heater, a ceramic shell providing mechanical support and thermal insulation, and
steel outer shell that provides mechanical confinement [8].

Initial work on basic ammonothermal growthmethodwas performed in themiddle
of the 1990s [10]. Synthesis of GaN was then realized in supercritical ammonia
from metallic Ga at a temperature of 500 °C and pressure of 0.4–0.5 GPa. The first
crystals were in the form of wurtzite-type microcrystalline powder of intense near
band edge photoluminescence. Later reports describe synthesis of transparent GaN
platelets or prismatic needles with dimensions up to 0.5 mm × 0.2 mm × 0.1 mm in
ammonobasic solution [11] and needle-shapedGaNcrystals (with diameter up to tens
of micrometers and length of hundreds of micrometers) in ammonoacidic solution
[12]. In the 2000s a few groups were engaged in ammonothermal method and took
advantage of chemical transport in temperature gradient in both environments [13–
21]. At present, there are several companies and academic institutions working on
ammonothermal growth of GaN, such as Institute of High Pressure Physics, Polish
Academy of Science (IHPP PAS), which lately acquired Ammono company (Poland;
basic environment) [2–5], SixPoint Materials Inc. (United States; basic) [22, 23],
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University of California at Santa Barbara (United States; acidic and basic) [24–
26], University of Stuttgart (Germany; acidic and basic) [27], Mitsubishi Chemical
Corp. (Japan; acidic) [6], Tohoku University (Japan; acidic) [28, 29], Asahi Kasei
Corp. (Japan; acidic) [30], Soraa, Inc. (United States; high-temperature acidic) [7, 8].
Diameters of ammonothermal GaN crystal were of a few millimeters in 2006–2007
and reached 2 in. in 2010 [19]. Lately, a c-plane oriented seed crystal of 65 mm
× 75 mm dimensions, that can be used for 3-inch crystal production after lateral
expansion, was demonstrated in case of basic version of the ammonothermal method
[2].

In general, the ammonobasic method can be carried out in c-direction. The highest
growth rate in ammonothermal method takes place in the lateral a-direction (〈112̄0〉)
(or in semipolar direction, like 〈112̄2〉), while the lowest growth rate is in the m-
direction (〈101̄0〉) [24, 25, 31]. Saito et al. published the following total growth rates:
11μm/day in them-direction, 79μm/day in the c-direction and 87μm/day in 〈112̄2〉-
direction [31]. When a silver capsule system is used (a non-hermetically sealed
container placed in NiCr superalloy autoclave body), the growth rate can increase
to 46 μm/day, 344 μm/day, and 550 μm/day in the m-direction, both c-directions,
and 〈112̄2〉-direction, respectively [24]. Later results show that molybdenum (Mo)
capsules cause lower total growth rates: about 30 μm/day, 80 μm/day, 200 μm/day,
and 250μm/day inm-direction, both c-directions, a-directions and 〈112̄2〉-direction,
respectively [25]. It should be noted that the published growth rates include growth
rates in twoopposingdirections, both in case of vertical (sumof growth rates in+c and
−c-directions) and planar growth. IHPPPASuses an approach, inwhich the growth is
conducted mainly in the−c-direction (N-face). Crystallization in the+c-direction is
treated as parasiticwith an unstablemorphology and different composition of dopants
(mainly oxygen) [17], leading to substantial stress in the crystal. Therefore, only the
N-face surface is exposed for vertical growth. The tendency in relative growth rate
in different directions remains similar, i.e. m-plane is the slowly growing face and
a-plane is the fast growing face [2]. However, as soon as the lateral growth front
meets the nearest m-plane, stable and slow growing m-plane faces form and further
lateral growth is diminished. The acidic growth can be performed with the rate of
few hundredsμmper day [29]. In particular, the choice of NH4Fmineralizer (instead
of other halides) enables the growth in all directions with high speeds (410 μm/day
and 465 μm/day in c-direction and m-directions, respectively) [29].

16.3 Structural Properties

GaN, together with AlN and InN, belongs to group-III-nitride family. It has three
crystalline structures: the wurtzite, zincblende, and rocksalt. The thermodynamically
stable wurtzite structure has a hexagonal cell with 6 atoms of each type and two
lattice constants; c and a. This structure consists of two interpenetrating hexagonal
close packed (HCP) sublattices, each with one type of atoms, offset along the c-
axis by 5/8 of the cell height. The wurtzite structure belongs to the space group
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P63mc (C4
6v). The zincblende structure has a cubic cell containing four Ga and four

nitrogen atoms. This structure belongs to the space group F 4̄3m (T2
d) and has only

been stabilized by chemical vapor or molecular beam epitaxial deposition processes
on foreign substrates. The rocksalt structure can be induced only under very high-
pressure conditions and it will not be discussed.

The basic unit of the wurtzite and the zincblende GaN structures consists of
bonded tetrahedrons of Ga (or N) atoms with an N (or Ga) at the center (Fig. 16.1a).
The identical polar layers of Ga4N (or N4Ga) are continuously stacked and the
permutation of stacking sequences allows the different one-dimensional ordering or
polytypes. The stacking sequence of these polytypes can be described by the “ABC”
notation, where A, B and C represent the three sites available in one sublattice. In the
zincblende structure, the stacking sequence of the (111) plane is (…ABCABC…)
in the 〈111〉 direction. For the wurtzite structure, the sequence of the plane (0001)
is (…ABABAB…) in the 〈0001〉 direction. Diagrams representing the wurtzite and
zincblende stacking are show in Fig. 16.1b. These two structures also differ in the
bond angle of the second-nearest neighbor. In the zincblende structure, differently
from the wurtzite structure, there is a 60° rotation along the [111] direction that
results in the stacking order of (…ABCABC…).

The lattice parameter semiconductors are affected by factors such as stoichiom-
etry, excess of impurities, high concentration of point and extended defects. The
wurtzite structure is characterized by lattice parameter ratio (c/a) and u-parameter
value (u = b/c, where b is the bond-length in the c-direction) of 1.633 and 0.375,
respectively [32]. The deviation from this ideal arrangement occurs with changing
of c/a ratio and/or the u-parameter. Deviations from ideal arrangement are often
observed in the wurtzite structure. Compounds characterized by larger deviation
from ideal c/a show greater differences in the electron negativities [33, 34]. Only
wurtzite crystals with c/a axial ratios close to the ideal value of 1.633 are stable. The
c/a axial ratio for GaN is 1.627, and is very close to the ideal value [32].

Fig. 16.1 a Wurtzite GaN structure formed by bonded tetrahedrons of Ga with N at the center.
b Stacking sequence of the cubic (ABCABC…) and hexagonal (ABAB…) bi-layers
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Sharp X-ray rocking curves were obtained for the symmetric reflections from c-,
a-, and m-plane semi-insulating (SI) basic ammonothermal crystals (B-Ammono),
as shown in Fig. 16.2a–c, with their FWHM values ~20 arcsec. Another signifi-
cant observation is that the wafer curvature is less than 1.6 × 10−3 m−1 or radius
of curvature is greater than 600 m from the size of the sample. Typical non-bulk
GaN has a radius of curvature in the order of 0.5 m [35]. Multiple symmetric and
asymmetric HR-XRD (High Resolution X-Ray Diffraction) scans of B-Ammono
samples, depicted in Fig. 16.3, were used to obtain a, and c-lattice parameters using
least squares fitting for all the samples as listed in Table 16.1. These values are the
same as those reported for bulk GaN lattice constants [36], indicating almost no
strain in the samples.

Yoshida et al., also reported sharp X-ray rocking curves for the symmetric reflec-
tions of c- and m-planes basic ammonothermal grown GaN crystals [30]. Acidic
chemistry ammonothermal crystals grown on m-polar seeds also yields very sharp
FWHM X-ray rocking curves, as reported by Mikawa and co-workers [6]. Bulk
GaN with larger FWHM of X-ray rocking curves were obtained from crystals grown
by a novel higher temperature acidic ammonothermal method, which uses an inter-
nally heated autoclave. These measurements were performed with a PANalytical
MRD PRO high-resolution four-cycle diffractometer operating in a receiving mode
(0.5° source slit, 1 mm vertical detector slit) using a Cu Kα radiation and a hybrid
two-bounce Ge(220) monochromator [8].

Raman scattering (RS) spectroscopy is another well-established noninvasive tech-
nique commonly employed to study vibrational phenomena in solids. The inelastic

Fig. 16.2 High-resolution X-ray rocking curve of c-, a-, and m-plane SI B-Ammono samples.
These measurements were acquired with a Rigaku Smartlab diffractometer, equipped with a 9 kW
Cu rotating anode, a collimating mirror, and a four bounce Ge (220) channel cut monochromator.
The slits widths were 1 mm on both the incident and analyzing sides in order not to artificially
reduce the intrinsic sample FWHM (after [37])
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Fig. 16.3 Symmetric and asymmetric HR-XRD scans of c-plane B-Ammono GaN samples

Table 16.1 a- and c-lattice
parameter obtained using
least-square method from
multiple symmetric and
asymmetric HR-XRD scans
of c-, a-, and m-plane
B-Ammono SI samples (after
[37])

Sample a (Å) c (Å)

c-plane 5.1856(1) 3.1890(5)

a-plane 5.1851(1) 3.1892(4)

m-plane 5.186(1) 3.1891(2)

scattered light is susceptible to selection rules originating from momentum conser-
vation, which allows the detection of phonons (intrinsic material vibrational modes)
near the center of the Brillouin zone (BZ, �-point). In case of semiconducting
materials the laser light interacts with phonons or other excitation (e.g., plasma,
spins) in the system, resulting in the energy shift of the photons, the Stokes (lower
frequency/energy, phonon creation) and the anti-Stokes (higher frequency/energy,
phonon annihilation). While light polarization (selection rules) measurements allow
the identification of the crystal structure, measurements of the peak position and
lines width of the phonons gives information about the material quality, stress, and
sometimes impurity related phenomena. The number of atoms per unit cell (na) can
be determined from the number of biplanes (nb) in the polytype by: na = nb × n,
where n = 2. Therefore, the zincblende polytype (ABC) will have two atoms (one
molecule) per unit cell and the wurtzite polytype (ABAB) will have four atoms (two
molecules) per unit cell. Group theory predicts for the wurtzite GaN structure eight
Brillouin zone-center optical vibrational modes, namely 1A1(TO), 1A1(LO), 2B1,
1E1(TO), 1E1(LO), and 2E2. The two 2B1 modes are optically inactive, but all the
allowed optical modes have been observed by RS [38]. The energy position of E2

mode is very sensitive to stress present in the crystal.



294 J. A. Freitas Jr. and M. Zając

Thefirst orderRS spectra of a- and c-planeSI and unintentionally doped (with high
background concentration of free-electrons, n+) B-Ammono samples, measured at
room temperature, are represented in Fig. 16.4a and b, respectively. The Raman shifts
for the allowedmodes 1A1(TO), 1A1(LO), 1E1(TO), 1E1(LO), E2 (low) andE2 (high)
are 530.7, 732.9, 558.2, 738.1, 141.6, and 567.1 cm−1, respectively. Analyses of the
peak positions and line widths of the observed first order phonons confirm the good
crystalline quality and lower biaxial stress of the B-Ammono GaN wafers. Similar
results were published byGogova et al. [39] form-plane non-intentionally doped (n+-
type) substrate with high oxygen concentration. High background concentration of
free-electrons, introduced by high concentration of uncompensated shallow donors,
results in the formation of free-carriers collective mode (plasmon) with low and
high dispersion curves, ω− and ω+ respectively, depicted in Fig. 16.4b. The plasmon
modes couple with the polar phonons (A1(LO) and E1(LO) phonons) introducing the
new vibrational mode LPP (LO-phonon-plasmon couple mode), which peak position
increases with increasing free-electron concentration. Spectral analysis of the LPP
can be conveniently used to estimate the residual doping level of the samples [40,
41].

The spectra of SI wafers highlighted in Fig. 16.4a, which do not have the
LPP modes, indicate that wafers with low effective free-carrier concentration may
be obtained by doping with compensating acceptor impurities during the growth.
However, the intrinsically high background concentration of shallow donors requires
a higher concentration of compensating acceptors, which may affect the crystalline

Fig. 16.4 a First order Raman spectra of c- and m-plane SI B-ammonothermal GaN. b First-order
Raman spectra of SI and n+ c-plane B-Ammono samples. The latter highlights the ω− and ω+

plasmon modes, commonly called LPP− and LPP+, respectively
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quality and other properties of the substrates and limit their potential applications.
Therefore, the ammonothermal growth processes must be improved to reduce orders
of magnitude the pervasive high residual concentration of oxygen. Recently this high
concentration of oxygen was reduced by the use of getter in ammonothermal growth
[2].

16.4 Extended Defects

It has been well established that structural defects such as dislocations, low-angle
grain boundaries, inclusions, growth sector boundaries, and twins present in the
substrate and intersecting the growth interface will be replicated into the epitaxial
layers. These defects may compromise the performance, lifetime, and yields of
devices fabricated on these templates. Therefore, the identification of defect type
and concentration must be carried out on the as-grown bulk single crystals, hoping
that they may be eliminated or at least minimized. Techniques such as selective
etching, transmission electron microscopy, and X-ray topography are commonly
employed to evaluate the crystalline quality. The two first techniques are destructive
and are adequate to investigate crystals withmedium to high concentration of defects.
X-ray topography (XRT) is a non-destructive method suitable to the characteriza-
tion of structural defects in large crystals with relatively low defects densities [42].
Synchrotron white-beam X-ray topography (SWBXT) surmounts monochromatic
XRT limitations and provides a rapid map of defects structures in large crystals [43].

The small FWHM of 16–18 arcsec, measured on B-Ammono GaN samples and
listed in the previous section of this chapter, yields an upper limit of the average dislo-
cation densities below to 105 cm−2 [44, 45]. However, a reliable value of dislocation
density was only accessed by monochromatic HR-XRT (High-Resolution X-Ray
Topography) imaging. Figure 16.5a shows the HR-XRT image of the (213) reflec-
tion from a c-plane GaN sample. In this image of the 1 cm2 wafer, 16 threading
dislocations (TD) were observed, indicating a dislocation density in the order of
20 cm−2. The traces of chemical mechanical polishing (CMP) damage in the semi-
insulating GaN c-plane sample are also observed. Another significant observation
is that this image was taken in a single exposure, which is consistent with wafer
curvature less than 1.6× 10−3/mm, or radius of curvature is greater than 600 m from
the size of the sample. A single defect bounded by dislocations was observed on this
HR-XRT image, which is a typical signature of stacking fault. This a singular case,
as the HR-XRT imaging of other samples do not show this feature [37].

The HR-XRT image of a-plane wafer is depicted in Fig. 16.5b. The threading
dislocation density is of the order of 10 cm−2. Misfit dislocations are also observed
emanating from the edge of the sample, tilted towards the surface. These are also
of the order of 10 cm−2 [37]. The CMP process could have generated these misfit
dislocations. Figure 16.5c shows the HR-XRT image of the m-plane wafer. The
dislocation density is similar to the other basic ammonothermal wafers of the order
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Fig. 16.5 HR-XRT (High-Resolution X-Ray Topography) imaging; a c-plane, b a-plane, and c m-
plane (after [37])

of 20 cm−2. Additionally, growth lamellas with clearly visible interfaces every 2–
3 mm intervals are observed in non-polar samples. Here, the growth was performed
in the c-axis direction in multiple growth runs and then the samples were cut in
the a- and m-planes. Such GaN boules grown in subsequent runs have unintentional
differences in impurity concentration at the interfaces resulting fromdifferent thermal
conditions (cooling and heating) at the end of one process and start of the next one.
At present thick boules are grown at higher growth rate regime in a single run [46].
Such approach leads to more homogeneous impurity incorporation.

Despite that contrast is strongly affected by numerous scratches present at the
surface of the c-plane sample, highlighted in Fig. 16.5, the grazing incidence SWBXT
topograph of these sample, depicted in Fig. 16.6, yields treading screw dislocation
(TSD) and treading edge dislocation (TED) densities of 3.927 × 102 cm−2 and
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Fig. 16.6 Grazing incidence SWBXT topograph of the SI c-plane sample depicted in Fig. 16.5a.
After [47]

1.674 × 103 cm−2, respectively. These results are in good agreements with the
HR-XRT results.

Defect selective etching (DSE) performed on c-plane B-Ammono GaN wafer,
using a KOH-NaOH eutectic etchant at 450 °C, verified the presence of treading
screw and treading mixed dislocations with concentrations of ~3 × 104 and ~3
× 103 cm−2, respectively. In contrast, no TED was observed across the studied
areas, indicating that TED concentration was negligible. These results were in good
agreement with SWBXT imaging acquired in the same sample regions [48]. Both
SWBXT studies carried out on B-Ammono bulk crystals yield similar concentrations
of dislocations. Etch pit density (formed during cooling period after the growth
process in the autoclave) studies of acidic chemistry ammonothermal crystals grown
onm-polar seeds was estimated at 2.5× 102 cm−2 [6], which is similar to dislocation
density observed on basic chemistry ammonothermal samples [3]. The DSE of the
c-plane (0001) 2-inch wafers revealed by etching in sulfuric acid at 270 °C for 1 h
was in the range 1 × 102 to 1 × 104 cm−2 [6].

Transmission electron microscopy (TEM) have been conveniently used during
the initial development stage of ammonothermal growth method of bulk GaN. At
that time, thread dislocation density were typically in the order of ≤1 × 107 cm−2.
In addition, microscopic misoriented crystal grains and basal plane stacking faults,
the latter bounded to Shockley partial dislocations, were revealed by SWBXT and
DSE [49, 50]. Presently, the concentration of TD in ammonothermal GaN has been
drastically reduced to typical concentrations between 103 and 104 cm−2, stacking
faults have been eliminated, and single grain crystal growth has been accomplished.
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Recent TEM studies of thermal annealed high crystalline quality ammonothermal
GaN reveals that high concentration of vacancies, typical in ammonothermal GaN,
can drive the conversion of thread dislocation to helical dislocation and the formation
of voids [51].

16.5 Point Defects

It has been verified that point defects introduce localized states into the band gap
of semiconductors. These defects may trap charge carriers, resulting in compen-
sation and/or free carriers scattering, and may introduce bandgap absorption and
emission bands. Therefore, the intrinsic electrical and optical properties of semicon-
ductors can be strongly affected by the presence of point defects. The suppression
of point defects, which is crucial to full control of the optical and electronic prop-
erties of GaN, will require the detection, identification, and characterization of their
properties. Point defects in semiconductors have been traditionally investigated by
electrical and optical techniques, such as Hall measurements, deep-level transient
spectroscopy, and infrared absorption. Despite that the defects can be detected by
these techniques, their atomic nature remains often unidentified. Electron paramag-
netic resonance (EPR) is very sensitive to chemical nature and structure of defects,
but due to the lack of hyperfine interactions, so far has provided very limited informa-
tion about GaN defects. In the last two decades, positron annihilation spectroscopy
(PAS) was widely used to investigate radiation damage in Si and Ge [52, 53]. In PAS
technique, positrons produced by a radiative isotope (e.g., 22Na; or by nuclear reac-
tors and particle accelerators) impingent into a solid can get trapped in and localized
at neutral, negative charged vacancies, and complexes. As a result, commensurable
variation of the positron lifetime and the momentum distribution of the annihilating
positron-electron pair (the two 511 keV photons, γ-rays) can be used to determine
the vacancy concentration, distinguish between different vacancy types and their
chemical environment [54].

PAS has been successfully employed to identify Ga vacancy in high-nitrogen-
pressure GaN single crystals [55], which is now known to be the dominant intrinsic
acceptor defect in both unintentionally and n-type doped GaN [56]. Preliminary PAS
studies of B-Ammono GaN n-type samples verify the presence of relatively high
concentration of Ga vacancy (VGa) related defects. However, no positron trapping
at vacancy defects were observed in Mg-doped samples, which is consistent with
Fermi level localization closer to the valence band and positively charged intrinsic
defects [57]. Recent studies of n-type B-Ammono GaN with various concentration
of oxygen, which has been directly correlated with free-carrier concentration, show
that the VGa concentration increases with oxygen content. The measured positron
lifetime of these samples indicates that VGa form complexes with hydrogen atoms.
However, the number of hydrogen atoms in each vacancy decreases with increasing
free electron concentration (oxygen doping level), as confirmed by Fourier Trans-
formed Infrared Spectroscopy (FTIR) local vibrational modes [58]. Figure 16.7
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Fig. 16.7 FTIRabsorption spectra of twobasic ammonothermalGaNsampleswith different oxygen
and free-electron concentrations, measured at 4.2 K with unpolarized light propagating along the
c-axis. The arrows indicate gradually emerging lines attributed to VGaH1,2 complex (after [2])

shows the local vibration modes between 3150 and 3230 cm−1 associated with
VGa-multihydrogen complexes VGaHn with n = {1, 2, 3, 4} [2, 16, 59]. Suihkonen
et al., carried out a detailed polarization-dependent study of these lines on m-plane
samples to obtain complete assignment of the VGaHn defects [60]. Similar results
were observed on acidic ammonothermal grown bulk GaN, which reported that those
defects were stable even after thermal annealing at 1000 °C [61].More recently, Jiang
and coworkers reported that complex point defects VGa-O-H and/or VGa-O-2H, are
compensating acceptors in n-type acidic ammonothermal GaN. These hydrogenated
Ga vacancies complexes are optically active with localization energy at about 0.5 eV
above the valence band, and associated with increasing sub-band-gap absorption
band at violet spectral region [62, 63].

16.6 Optical Characterization

The band structure of a semiconductor is of fundamental importance to determine its
potential applications. Therefore, it is crucial to obtain an accurate band structure of
GaN. The first wurtzite GaN band structure found through a pseudo-potential method
yield a 3.5 eVdirect bandgap. The conduction bandwave function ofwurtzite crystals
are formed with atomic orbitals s and transform the � point congruent with the
representation�7 of the space group C4

6v. The upper states of the valence band results
from linear combination of px, py, and px-like orbitals. The crystal field and spin-orbit
interactions, characteristic of thewurtzite structure, split the six-fold degenerated�15
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into�9, and upper and lower�7 levels. The hole effectivemass of the three uppermost
valence bands �9, �7, and �7 have large k-dependency. These bands are labeled as
HH (Heavy-Hole �9; “A”), LH (Light-Hole, upper �7, spin-orbit split—�SO; “B”),
and CH (Lower �7, crystal-field split—�CF; “C”). While the effective mass of �9

is heavy in all k directions, both �7 are relatively lighter in the kx, ky plane, but
heavy in the kz direction. A schematic representation of the wurtzite GaN electronic
band structure near the �-point is represented in Fig. 16.8. A detailed review of the
electronic band structure calculation employing various approximationmethods, and
optical and electronic parameters of III-V nitride semiconductors has been reported
by Persson and da Silva [64]. It has been reported that the room temperature direct
bandgap energy of wurtzite GaN polytype is 3.42 eV (the 4 K value is 3.505 eV), and
the electron and hole effective masses are 0.22 mo and >0.80 mo [65], respectively.

It is well known that extended and point defects strongly affect the optical and
electronic properties of semiconductors, limiting considerably the performance and
yields of devices based on these material systems. The successful development of
ammonothermal bulk GaN resulted on considerable reduction of the concentra-
tion of extended defects, such as dislocations and stacking faults, as discussed in
previous section. Despite that, native point defects (mainly related to Ga vacancies
and complexes) and impurities related defects (H, Si, O, C, Mn, Na, Mg, Zn), are
still plaguing ammonothernal GaN substrates [2]. Table 16.2 shows current impurity
concentrations of highly n-type and low n-type (high transparency) B-AmmonoGaN

Fig. 16.8 Schematic
representation of the wurtzite
GaN electronic band
structure
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substrates. A reduction of oxygen concentration (and some other elements to some
extent) byoneorder ofmagnitude in second sample is clearly observed.Native defects
are always present in semiconductors, and they are often introduced as compen-
sating centers if impurities (residual or intentional doping) are present. In the last
two decades, due to a considerable improvement in computational power, ab initio
calculation methods has significantly increased the accuracy of predicting the defect
energy levels, formation energy, and range of concentrations [66–69]. More recently,
first-principle calculation, based on self-consistent density-functional theory (DFT),
usually within the local density approximation (LDA), general gradient approxi-
mation (GGA), or hybrid functional, enabled most accurate calculation of formation
energy, position of the defect levels, binding energies, dissociation energy of complex
defects, local vibration modes, and migration barriers [63].

Full identification of defects are very difficult to accomplish, therefore theoretical
calculation predicting their energy positions, energy formations, and other properties
are extremely helpful for experimental investigations. The formation energies for all
native point defects in all stable charge states, as a function of the Fermi level, using
advance computations employing large supercells have been reported [70–72]. It was
found that, self-interstitial and antisite defects have very high formation energies and
thus are less likely to be incorporated during the growth, at least in the n-type GaN.
However, gallium and nitrogen vacancies can be abundant in n-type and p-type GaN,
respectively.

There have been a number of calculations to estimate the energy levels of donors
and acceptors in GaN. In general, it has been assumed that C, Ge, and Si substitu-
tional to Ga (cation) sites and O, S, Se on the N (anion) sites are shallow donors,
while Be, Ca, Cd, Mg, and Zn substitutional to Ga and C, Ge, and Si on the N
sites could potentially give rise a relatively shallow acceptor levels. Effective mass
approximation accounting for mass anisotropy and central cell corrections estimate
donor ionization energies for C, Ge, and Si substitutional to Ga, and O, S, and Se
on the N site between 29.0 and 34.0 eV [73]. However, first principle calculation
indicates that differently from SiGa and GeGa, CGa have much larger energy forma-
tion [69]. Presently, it is well accepted that oxygen is the dominant shallow donor
in ammonothermal GaN responsible for the large free-carrier concentrations [2].
Mireles et al. and Wang et al. calculated the acceptor levels for Be, Mg, Zn, Ca on
the cation sites and C and Si, and Ge in the anion sites [73, 74]. Despite that calcula-
tions predicted lowest ionization energies for BeGa and MgGa, only Mg has resulted
on effective hole concentration at room temperature [75].

Photoluminescence (PL) is a well-established, highly sensitive, non-invasive and
non-destructive technique to detect and identify native and impurity related point
defects and their complexes in semiconductors. Characterization by PL involves the
measurement and interpretation of the spectral distribution of recombination radia-
tion emitted by the samples. Photon-generated electrons and holes usually become
localized or bound at an impurity or intrinsic defect before recombining, and the
identity of the localized center that they were bound at can often be determined from
the luminescence spectrum. Qualitative information about the crystal quality can be
inferred from the efficiency and line width of near band edge emission spectra, and
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impurities can sometimes be identified based on the binding energies inferred from
the spectral positions and free-to-bound transitions. In general, due to the presence
of various radiative and/or non-radiative recombination processes competing for the
generated electron-hole pairs, luminescence process cannot be conveniently used as
a reliable quantitative technique.

As high crystalline quality real bulk GaN crystals with low impurity background
levels are still not available, thick freestanding films grown by hydride vapor phase
epitaxy (HVPE) on foreign substrates has been used to investigate intrinsic material
physical properties. These unintentionally doped (UID) samples are intrinsically n-
type with typical carrier concentrations between low 1016 and high 1017/cm3, due
to uncompensated concentration of shallow silicon and oxygen donors. The low
temperature PL spectra of HVPE GaN are dominated by an intense line around
3.47 eV, the near band edge (NBE) emission band, which are associated with the
recombination processes involving the annihilation of free excitons and excitons
bound to neutral donors and acceptors, if neutral Mg shallow acceptor impurity
is present [76]. The spectra of samples with high concentration of uncompensated
donors (typical for ammonothermal bulk GaN) exhibit a broad and high-energy
shifted NBE free-carrier recombination emission due to the filing up of the states
at the bottom of the conduction band, the so call Burstein-Moss effect [77]. These
high-energy shifts of the NBE emission bands have been observed in the PL spectra
of both the high-pressure nitrogen solution growth samples, and in the PL of both
the B-Ammono and acidic ammonothermal GaN samples [61, 78]. Also, emission
bands with peaks of around 2.2 and 3.2 eV are commonly observed. The former is the
well-known yellow band, and the latter is assigned to the recombination processes
involving the recombination of electrons bound to shallow-donors with holes bound
to shallow-acceptors and its phonon replicas (DAP band) [79, 80].

Figure 16.9 shows the low temperature photoluminescence spectra of uninten-
tionally doped (UID) a-, c-, and m-plane B-Ammono GaN wafers. The spectrum of
the m-plane sample (the purple color line) is quite similar to that observed at HVPE
samples, showing an intense sharp NBE emission band and a weaker contribution
from the shallow Mg related DAP band. However, this spectrum also shows a rela-
tively intense broad band with peak near 2.9 eV that has been observed in Zn-doped
GaN films [81]. The spectrum of the a-plane samples (the red line spectrum), much
weaker than that observed for the m-plane sample, shows a broader and high energy
shifted NBE and a very weak contribution from Mg-related DAP emission band.
SIMS analysis of B-Ammono GaN indicates that H and O are the main unintentional
impurities, but Mg, Zn, and Mn acceptors are also incorporated at much lower levels
[2], consistent with the observation of these DAP related emission bands. The spectra
of the c- and−c-plane (GalliumandNitrogenpolar directions, respectively) are repre-
sented by the blue and green lines spectra, respectively. Dominant Mg related DAP
emission bands are observed from both faces. Note that the Mg-DAP emission band
of the N-polar face spectrum is over 6-fold more intense than that of the Ga-polar
face, and the NBE intensity is substantially reduced. This observation is consistent
with higher incorporation ofMg in theN-polar face, as previously reported by Freitas
et al. [80]. Note that the intensity of the DAP emission band is much larger than the
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Fig. 16.9 Low temperature
photoluminescence spectra
of UID a-, c-, and m-plane
wafers. Very intense
Mg-related DAP emission
bands observed in the spectra
of the c-plane wafer are
consistent with reactor
doping memory

NBE emission band intensity in the c-plane sample spectra, while the opposite ratio
is observed in the spectra of m- and a-plane samples. This suggests that this high
concentration of unintentional Mg doping may result from reactor memory after the
growth of Mg-doped boules.

Figure 16.10 shows the low temperature photoluminescence spectra of nominally
semi-insulating a-, c-, and m-plane B-Ammono GaN wafers. These samples were
grown by introducing oxygen getter to reduce the concentration of oxygen to 1–2 ×
1018 cm−3 (from typically 2× 1019 cm−3), and addingMg to achieve concentration of
1–2× 1018 cm−3 in the crystal. Note the absence of any NBE emission related bands
in all three spectra, indicating that the shallow donors have been fully compensated
by the incorporation of Mg acceptors.
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Fig. 16.10 Low temperature
photoluminescence spectra
of SI a-, c-, and m-plane
wafers. Note the absence of
any NBE emission bands

16.7 Electrical Properties

The combination of relatively high electron mobility (∼=1800 cm−2 V s [82]) and
saturation velocity (v≤ 19× 106 cm s−1) with high breakdown voltage (VB = 26–33
× 106 V [83]) promotes wurtzite GaN as one of the most important wide bandgap
semiconductor materials essential for modern optoelectronic and electronic device
applications. However, the full-realization of GaN potential devices will require a
full-control of the intrinsic and extrinsic material properties.

Despite the presence of relatively high concentration of compensating centers
(cations, carbon, hydrogen, and VGa), both the UID basic and acidic ammonothermal
GaN crystals are intrinsically n-type, mostly due to the very high concentration
of oxygen, typically about 1019/cm3 [2, 84]. The concentration of oxygen can be
reduced by one order magnitude if oxygen-getter is added to the feedstock, resulting
on improved transparency wafers [2, 85]. However, the electron mobility of such
wafer showed only a minor improvement, as indicated in Table 16.3. Due to the
excessive concentration of oxygen, it is difficult to achieve a full control of the
electrical properties of ammonothermal GaN boules. Semi-insulating crystals were
obtained with incorporation of Mg or Mn at concentrations of 2 × 1018/cm3 or 1
× 1019/cm3, respectively, which yielded wafer with resistivity over 1010 � cm at
room temperature. If higher Mg doping level is employed to reach four fold higher
concentration ofMg, themeasured resistivity is reduced to ~106 � cm.These samples
resistivity drops to 30 � cm after thermal annealing treatment. Such samples have
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Table 16.3 Room temperature electrical properties of UID and doped B-Ammono GaN (after [2])

Material type Conductivity
type

Carrier
concentration
(cm−3)

Carrier mobility
(cm2/V s)

Resistivity
(� cm)

High oxygen
concentration

n-type ~1019 ~200 10−3

Higher
transparency

n-type 1–2 × 1018 ~250 10−2

Low resistivity:
Mg

p-type ~1016 ~6 ~10

High resistivity:
Mg

SI – – ≥1011

High resistivity:
Mn

SI – – ≥1011

hole concentration of ~1016/cm3 and mobility of ~6 cm2/V s. Measurements of the
GaN:Mg samples resistivity as a function of the temperature, carried out with the van
der Pauw configuration, yields an acceptor activation energy of 166 meV [2]. The
large reduction of the resistivity after annealing reminds us of the thermal annealing
activation process introduced byNakamura et al., to activate hydrogen-passivatedMg
in MOCVD heteroepitaxial films [86]. These adverse results provides a clear view
of the difficult task to overcome to produce p-type ammonothermal GaN substrates.

Hall measurements of various m-plane acidic Ammono-GaN crystals showed
n-type conductivity with carrier concentration from 9 × 1017 to 2 × 1019 cm−3,
resistivity from 2 × 10−2 to 2 × 10−3 � cm, and mobilities between 1 × 102 and 3
× 102 cm2/V s. These values are similar to values obtained from B-Ammono GaN
listed inTable 16.2. The lowmobility results are obtained from sampleswith high free
carrier concentration [6]. Similar results have been reported by Jiang and coworkers
for high-temperature acidic ammonothermal wafers, with oxygen concentrations
ranging from 1.5 × 1018 to 2.7 × 1019 cm−3, which have free carrier concentration
of 1.1 × 1018 cm−3 and mobility ~3 × 102 cm2/V s [8]. They also have reported
the growth of crystals with oxygen concentration as low as 3 × 1016 cm−3, but no
electrical transport was reported [62].

16.8 Thermal Properties

Among many others, an important potential application of GaN is the realization
of devices operating at much higher power than that of the well-developed silicon-
based power device technology. Operation at extreme condition of voltage and/or
current will cause increasing of device junction temperature, reducing both device
efficiency and lifetime, if the thermal conductivity is not sufficiently high. Therefore,
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high thermal conductivity at device operating conditions is one of the fundamental
material requirements for developing efficient high power devices.

Thermal energy transport in semiconductors occurs through phonons, which
are scattered by other phonons or existing crystal defects. The former is referred
as intrinsic scattering process while the latter is called extrinsic process. Thermal
conductivity measurements as a function of temperature reveals the relative contri-
bution of these processes at specific temperature ranges. Several publications
have discussed the deleterious effects of various factors such as impurities, free
carrier concentration, gallium vacancies, dislocation densities, grain boundaries, and
impurities [87–94]. Mion et al., demonstrated that the GaN thermal conductivity,
measured with 3-omega technique, is strongly dependent on dislocation density,
but independent if dislocation densities are below 106 cm−2 [95]. Considering that
ammonothermalGaN is single crystalwith dislocationdensities typically≤105 cm−2,
dislocations and grain boundaries should be disregarded as phonon scattering mech-
anisms in this type of crystal. Therefore, only intrinsic (vacancies, antisites, inter-
stitials, isotopes) and extrinsic (impurities and complexes) point defects should be
taken into account as major scattering mechanisms. High concentration of gallium
vacancies and unintentional impurities (special oxygen and hydrogen) are the major
point defects in ammonothermal GaN crystals. Recently, Rounds and co-workers
demonstrated that extrinsic point defects dominate the scattering process between
30 and 295 K and that thermal conductivity has an inverse dependence on impu-
rity concentrations [96]. Improved thermal conductivity values of about 230 W/mK
have been reported for relatively low impurity background concentration crystals
[94, 96]. However, this value is about one-half of the theoretical limit of 400 W/mK
(for isotopically pure and undoped GaN) indicating that some material improvement
may be possible, and would be beneficial for some device applications [97].

In addition to thermal conductivity, thermal expansion coefficients (α) of GaN
are important parameters for the deposition of epitaxial layered device structures.
A combination of thermal mechanical analysis and laser interferometric methods
employed by Oshima and co-workers yielded values of α at room temperature of
5.3 × 10−6 K−1, 4.2 × 10−6 K−1, and 5.8 × 10−6 K−1, along the c[0001], a[112̄0],
and m [10], respectively, measured on freestanding low dislocation density HVPE
samples [98]. These values are different from those reported by Grzegory et al., 2.80
× 10−6 K−1 (c//) and 3.1 × 10−6 K−1 (c⊥), using XRD technique of bulk GaN
samples grown by high-pressure nitrogen solution (HPNS) method [99]. The growth
HPNSmethod produce small crystals with very low dislocation density, but with very
high concentration of oxygen. There are no detailed study of the dependence of the
thermal expansion of GaN on point and extended defect concentrations. Presently,
there are no reports discussing the thermal expansion coefficient of ammonothermal
grown GaN crystals.
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16.9 Homoepitaxial Deposition

The usefulness of a substrate is demonstrated if high crystalline quality epitaxial films
can be reproducibly deposited on the substrate. In addition to the high crystalline
substrate quality, well-controlled epi-growth surface finishing, and substrate miscut
orientation, and reduced crystal lattice bowing are required.

Epitaxial GaN films were successfully deposited by metalorganic vapor phase
epitaxy (MOVPE)with aRF-heated low-pressure horizontal reactor on theGa-face of
both n-type and SI B-ammono GaN substrates. The ammonia flow was kept constant
during the heating and cooling process to prevent surface decomposition. The films
deposition were carried out at 1170 °C at a total reactor pressure of 50 mbar [4,
100]. The FWHM of the X-ray rocking curves of these films, acquired on the (0002)
planes, were between 22 and 24 arcsec, which are consistent with high crystalline
quality films. Selective etching in eutectic mixture yielded etch pit density (EPD)
of the order of 106 cm−2, which is about two to three orders of magnitude larger
than that observed in the B-ammono GaN substrates. It was observed that most of
the pits in the epitaxial films agglomerated along the substrate scratches introduced
during the substrates surface preparation. This indicates that surface preparation is
critical and must be optimized to prevent the incorporation of additional dislocation
in the epitaxial layer [4]. Sharp and intense recombination lines assigned to processes
involving the annihilation of free-excitons and excitons bound to shallow donors and
Mg-acceptors were observed in the low temperature PL spectra of these epitaxial
films [4, 76]. The assignment of the free excitons was verified by low temperature
reflectance measurements, which identified the excitons associated to holes from all
three valence bands [4]. The high quality of the PL and reflectance spectra clearly
indicates that the epitaxial layer havemuch lower concentration of background impu-
rities, which is required for the deposition of films with electrical conductivity type
control. Despite of this success, the small deposition rate of MOCVD presents a
major roadblock for the fabrication of devices that requires thick epitaxial layers.

To address the small MOCVD growth rate, Sochacki and co-workers developed a
method to deposit thick homoepitaxial GaNwafers by HVPE. Smooth 1 in. diameter
wafers, crack and stress free, with dislocation density typically in the order of 5 ×
104 cm−2 were deposited on B-ammono GaN substrate using a home-made HVPE
horizontal reactor [101, 102]. SIMS analysis of these wafers reveal that only silicon
with concentration of 3 × 1016 cm−3 exceeded the detection limit, while oxygen,
carbon, hydrogen were below the detection limit. The room temperature free carrier
concentration, as measured by van der Pauw method, were of 1.7 × 1016 cm−3. The
low temperature PL spectra of these HVPE films showed two dominant lines associ-
ated to the annihilation of excitons bound to neutral silicon and oxygen impurities,
with FWHM under 170 μeV, which are consistent with low shallow donor concen-
trations and low sample inhomogeneity [76, 103]. The silicon and oxygen impurities
are derived from the silica-based liners and susceptor, which would be reduced if
they were made of Si and O free materials [104].
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It has been established that UID B-ammono GaN crystals have typically Ga-
vacancy concentrations in the order of 1017 cm−3 and vacancy-cluster concentra-
tions at about 1016 cm−3. However, annealing these substrates at temperatures well
above the ammonothermal growth temperature of ~600 °C will change significantly
the defect structure [57]. Therefore, considering that homoepitaxial film deposition
by MOCVD or HVPE occurs at temperatures around 1200 °C, about double of the
ammonothermal growth temperature, it is expected that the ammono-GaN substrate
will be annealed during the deposition process. As result, the distribution of vacan-
cies in the substrate will be affected. In fact, recently Horibuchi et al., reported that in
ammono-GaN, with typically low concentration of dislocation and high concentra-
tion of vacancies, during the annealing or epitaxial processes, the vacancies migrate
to the dislocation region to form helical dislocation [51]. They also observed that due
to lower concentration of vacancies at the film-substrate interface, the helical dislo-
cations stop at the interface region and only the TD propagates through the epitaxial
film. In substrates with higher concentration of dislocations the number of vacancies
per dislocation is low, avoiding helical dislocation formation.

16.10 Devices

The ultimate evaluation of substrate potentials is the performance and yields of
testing devices based on epitaxial structures deposited on these substrates. Opto-
electronic devices have been the major driving force for the development of GaN
material system. The intrinsically high concentration of free carriers in Ammono-
GaN is quite convenient for the fabrication of light emitting devices. A testing light
emitting diode hetero-structure deposited by MBE on B-ammono GaN consisted of
3 nm single quantum well followed by 20 nm electron blocking layer (EBL), and
80 nm GaN:Mg, 0.35 nm AlGaN/GaN:Mg superlattice, and a 50 nm InGaN:Mg
contacting layer. The Mg concentrations in the EBL and InGaN:Mg was about 5
× 1019 cm−3, while for GaN:Mg it was about 2 × 1018 cm−3. The electrolumines-
cence emission band, extracted through the Ammono-GaN substrate, was peaked at
463 nm. The LED had an output power of 0.6 mW at 100 mA [5]. To further test
optoelectronic application of this kind of substrates, a three stripes laser diode mini-
bars heterostructure was deposited by MOVPE. The laser with the cavity length
of 700 μm emitted in the range from 408 to 412 nm and had maximum output
power of 2.5 W, which was mostly limited by cooling capability [105]. The output
power was further improved to 4 W for 16-emitters laser diode array [106]. The
ammonothermal GaN substrates enabled to overcome major limitation in perfor-
mance of such device, lying in poor availability of bulk GaN substrates with suffi-
ciently low and homogeneous dislocation density. These results demonstrate that
ammono-GaN substrates have great potential for the development of high optical
power density light emitting devices. The record high values of the intrinsic phys-
ical properties promoted GaN to one of the most suitable semiconductor material
for high-power, high-frequency, and high-temperature operation devices. Despite the
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lack of native substrates, lateral electronic devices fabricated on heteroepitaxial GaN
templates have been commercialized. Their performance turned out to be superior to
that of GaAs, Si, and SiC-based commercial devices. These heteroepitaxial device
structures have typically dislocation densities in the range 109 to 1011 cm−3, which
is detrimental for higher performance devices. The fabrication of power devices
on bulk GaN substrates will allow the realization of devices at the material limit
potential including the true avalanche breakdown capability and open the possibility
of creating vertical devices architectures. Vertical devices structures will improve
the thermal management that limits lateral devices performance and will reduce the
device cost by increasing the number of die per wafer. Due to low availability of
bulk ammono-GaN, vertical devices concept were initially tested on freestanding
HVPE-GaN, which has typical dislocation density around 106 cm−3. Diodes with
field-plate structure achieved a figure of merit over 3.0 GW/cm2, reaching a break-
down over 1100 V, leakage current of 10−9 A, and on-resistance of 0.4 m� cm2

mA [107]. Recently, Kizilyalli et al. demonstrated that 3.7 kV breakdown voltage
and current density of 1 kA/cm2 could be achieved in a p-n vertical diode fabri-
cated on Ammono-GaN substrates by MOCVD deposition method. It is expected
that further improvements of the edge termination should allow breakdown voltage
near 5 kV [108]. It is also expected that reduction of the free carrier concentration
and increasing of drift region thickness of the device will increase considerably the
breakdown voltage [109].

16.11 Closing Remarks

The invention of the transistor and integrated circuit based on silicon semiconductor
technology drove the twentieth century electronic revolution, which promoted silicon
as the first generation electronic semiconductor. The development of the semicon-
ductor lasers and microwave transistors based on gallium arsenide and indium phos-
phide, at the end of the twentieth century, ignited the wireless and communication
revolution, promoting these materials to the second generation electronic semicon-
ductors. The needs for semiconductor materials capable to perform at extreme condi-
tions of voltage, current, temperature have sent the material scientists in an intensive
quest for new wide bandgap semiconductors with the required intrinsic physical and
chemical properties. Among the investigated wide bandgap semiconductors gallium
nitride is prone to become the third generation electronic material leading a new
semiconductor revolution. Despite the lack of high quality and electronic grade
native substrates, efficient light emitters (near-UV, blue, green, and white LEDs,
solid-state lightning, and laser diodes), solar-blind detectors, high-power solid-state
switches and rectifiers, and high power/high frequency microwave transistors based
on this material system have been realized. These devices excel the performance of
devices based on the previous generation semiconductors, and open the opportunity
to produce new kind devices.
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Despite this unprecedented undeveloped semiconductor materials success, the
realization of high-performance and high-yield devices will require native GaN
substrates with well-controlled physical properties. Presently, acidic and basic
ammonothermal methods are the only two growth approaches capable to produce
real bulk GaN boules. c- and m-plane wafers are commercially available with some
constrains. Wafers made from both the acidic and basic ammonothermal crystals
have very low dislocation density and uniform lattice constant, consistent with very
small X-ray full width diffraction peaks and curvatures. However, both kinds of
crystals are plagued by high concentration of oxygen, hydrogen, point defects and
complexes. These intrinsic growth defects play strong role on the optical and elec-
tronic properties of ammonothermal GaN, which seriously limit the utilization of
these wafer for a number of important devices fabrication. Ammonothermal GaN
wafer has been successfully used as seeds to grow hydride vapor phase crystals with
low dislocation density, and orders of magnitude lower concentration of unintended
impurities, or doped crystals. However, epitaxial growth only reproduce the dimen-
sion of the substrate, requiring larger ammonothermal substrates to produce larger
HVPE wafers. There have been some success to reduce the background concentra-
tion of oxygen impurities, but moremust be done to reach the level of well-developed
commercial semiconductorwafers.Note that the fundamental parameters ofGaNwill
be accessed only after ammonothermal substrates with improved physical properties
become available.
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Chapter 17
Special Equipment for Ammonothermal
Processes

Eberhard Schlücker, Benjamin Hertweck, Saskia Schimmel,
and Peter Wellmann

Abstract As the ammonothermal method often requires technically challenging
conditions such as high temperature, high pressure and reaction media that are
rather corrosive towards most metals (see Chap. 11), the further development of
ammonothermal process equipment is of vital importance for tapping the full poten-
tial of the ammonothermal method. Suitable high-pressure/high-temperature auto-
claves are therefore the basic requirement for a successful process. Ammonothermal
syntheses are conventionally carried out in autoclaves, which do not allow moni-
toring of the physical and chemical processes during the experiments. Therefore,
in situ measurement techniques at process conditions are crucial for obtaining a
holistic understanding of ammonothermal processes. The following chapter presents
optical cells for in situ monitoring enabling UV/Vis and Raman spectroscopy, X-
ray imaging and X-ray diffraction as well as ultrasonic measurements. Additionally,
special equipment like a rotatable feedthrough and a ceramic-crucible-based systems
for minimization of corrosion and contamination are described.

17.1 Optical Cells for In Situ Monitoring Technologies

Figure 17.1 shows three different apparatuses. The first one shows a uniaxial optical
cell (Fig. 17.1a). It was designed for in situ monitoring of ammonothermal reactions.
Due to its compact shape, its thick wall design, and the horizontal position of the
reaction chamber it is particularly suited to establish a near-isothermal temperature
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Fig. 17.1 Types of optical cells: a Uniaxial optical cell, b biaxial optical cell and c optical cell
for in situ X-ray diffraction. The viewing windows are shown in yellow. Reprinted with permission
from [1]

field for equilibrium studies, with minimized influence of both local thermal gradi-
ents and convection. Furthermore, it is transportable and thus allows to work under
the same apparatus boundary conditions at different research stations. The construc-
tion was carried out according to the rules and proposals in Chap. 3. The viewing
windows follow the Poulter principle and the sealing is realized with C-rings. A
particular problem were the cross drillings, which produce a notch factor of up to
three according to Chap. 3. However, a finite element analysis showed that a rounding
of about 0.5 mm radius in combination with the ductility of the material Alloy 718,
which still plastifies the notch somewhat, is sufficient to withstand the stresses.

Nevertheless, this problemwas exacerbated in the biaxial optical cell (Fig. 17.1b).
The biaxial optical cell has four windows for two paths of rays, which allows for
simultaneous use of multiple in situ monitoring techniques. For instance, UV-VIS
spectroscopy, Raman spectroscopy and X-ray imaging can be conducted simultane-
ously to extract complementary information under identical experimental conditions.
The larger diameter of the main cross bore and the presence of several bores in the
same region of the vessel, however, lead to more notching corners. Of course, this
problem can only be solved with rounding of the corners, again with a radius of
0.5 mm, and good ductility of the autoclave alloy. Important in this context is that the
maximum operating parameters had to be limited to 300MPa and 600 °C. Moreover,
a regulation had to be created that the full pressuremay only be applied above approx.
200 °C in order to ensure the necessary ductility by softening due to the temperature.
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Special challenges were posed by the apparatus shown in Fig. 17.1c, which was
designed for in situ x-ray diffraction experiments during bulk GaN crystal growth.
At this point the problemwas caused neither by the material nor by notches. With the
measures shown above this autoclave could also be realized as a functionally reliable
component. In terms of high pressure technology, the special challenges associated
with this type of experiments are threefold. Firstly, the optical channels equipped
with windows need to stand at a certain angle to each other in order to allow entry
of the incident beam and exit of the diffraction signal. The angle between incident
beam and diffracted beam is calculated using the Bragg condition:

n · λ = 2 · d · sin(Θ) (17.1)

where

n Diffraction order (integer)
λ Wavelength of X-rays
d Distance of the lattice planes in the crystal.
� half diffraction angle (if the definition of the diffraction angle is two �).

Consequently, this angle depends onwhich reflection is to be recorded aswell as on
the X-ray wavelengths. Regarding the choice of reflection, it is important to consider
both the obtainable information on the structural quality of the crystal as well as the
relative intensity of different reflections [1], as the intensity of the diffraction signal
affects what exposure times will be necessary. On this basis, a diffraction angle of
15.75° was obtained for the (0002) reflection of GaN, which was integrated into the
autoclave. Due to the dimensions of the holes, however, a tolerance is automatically
built in which can compensate for the effect of distortions and dislocations.

Secondly, it was necessary to use a window material with significantly improved
transparency for X-rays of the selected photon energy (compared to sapphire as
described in Chap. 3). Therefore, boron carbide was chosen (further information
on potential materials for X-ray transparent windows can be found in Sect. 10.3).
This material has an extreme hardness of 30–40 GPa and a modulus of elasticity of
390–400 GPa (about three times that of steel) and therefore improves mechanical
strength parameters as well. The third challenge arises from the need to establish an
appropriate thermal gradient between two temperature zones, which is necessary to
facilitate growth on the seeds in the one zone and dissolution of the nutrient in the
other zone. Therefore, thermal transport along the autoclave wall of the autoclave
needed to be reduced compared to the full wall thickness which is necessary only
in the window-containing part of the autoclave. For achieving a sufficiently large
thermal gradient while keeping machining costs reasonable and while allowing for
the use of windows, the wall thickness was reduced only in the middle section of the
autoclave, which corresponds to the baffle region.

Figure 17.1c shows the angular arrangement of thewindows. It is also evident from
Fig. 17.1c that four boresmeet in the center of the bottom part of the autoclave, which
all influence each other negatively in terms of strength. The diffraction geometry
with a simplified visualization of the diffraction signals of the GaN crystal as well
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as the exit side B4C window is shown in Fig. 17.4 (more detailed information on
diffraction experiments can be found in the corresponding Sect. 17.3). The graphic
in Fig. 17.5 represents the case of an ideal centric position of the primary beam in
the center of the window with parallel alignment of the axes of the primary beam
and window bore. Furthermore, it is assumed that the crystal surface is exactly in the
center of the interior (i.e. on the center axis of the autoclave). In this case, the (0002)
reflection of GaN passes exactly through the center of the exit window. Tolerances
for practical deviations from this ideal diffraction geometry were created by using
window assemblies with identical area of view (6 mm diameter) as for the other
optical cells and by positioning the windows as closely to the vertical axis of the
autoclave as possible.

17.2 Rotatable Feedthrough

The in situ diffraction experiments also motivated the development of a rotatable
feedthrough. This is necessary for the alignment of the crystal to fulfil the Bragg
condition as well for ensuring that all tilted domains can contribute to the diffraction
signal. Since installing a motor inside the autoclave does not appear feasible, the
rotation movement needs to be created outside and transferred into the autoclave
However, since the autoclave is operated at around 300 MPa and 600 °C, the seal
needs to withstand these parameters while allowing for a rotation movement.

Allowing rotary motion therefore means a grinding seal. For this requirement
metals with good dry running properties have to be selected. Copper or beryllium
would have good emergency running properties.However, these twomaterials cannot
provide the necessary elasticity required for such a seal, even in alloyed form, and they
are not resistant to ammonia. That is why we need to build a split gasket as follows.
We install a clearance seal in the hot area, but it has a very narrow gap. Recommended
would be about 0.02 mm. This seal should prevent mass and heat transfer to the next
seal. At this location, we close a neck (tube) which carries another seal at the end. It
can be assumed that after the realized distance of approx. 200 mm the temperature
has dropped to the service temperature of plastics. This allows us to install a gland
packing with plastics (e.g. PTFE) for 300 MPa. Figure 17.2 shows this arrangement
in detail, whereby the clearance seal here is a lip seal with a defined gap, which is
also slightly supported by the pressure, which then overcomes the stiffness of the
seal and ensures very narrow gaps or even creates a certain sliding contact.

This feedthrough has been tested successfully at pressures up to 253 MPa and an
internal temperature of the fluid in the growth zone of about 500 °C (higher pressures
are also expected to be feasible but have not been tested).

The feasibility of transferring a torque into the reaction chamber may also be
of interest for further applications, as it provides the option of creating forced
convection through stirring of the solution. While it may find practical application in
ammonothermal syntheses as well, the capability of introducing forced convection
is certainly interesting with respect to fundamental studies of convection.
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Fig. 17.2 Rotatable feedthrough: a Installation in the autoclave (blue: crystal holder, red: GaN seed
crystal, yellow: window), b photo of a GaN crystal on the crystal holder with baffle and internal
structure frame made of Inconel wire (cut), c photo of the sealing spindle with support disc, sealing
packing and shrink fit to the Inconel shaft d cross-section of the feedthrough, mounted on the upper
cover flange, e sealing nut with grease nipple (photo). Reprinted with permission from [1]

17.3 In Situ X-Ray Diffraction

Beyond these fundamental rules, technical solutions for the implementation and
advancement of in situ monitoring techniques have proven to contribute significantly
to the scientific understanding of ammonothermal processes. This is evident for the
results of the in situmonitoring techniques.While tremendous technological progress
has already been made, the development of in situ monitoring technologies has just
begun and their further development is expected to pave the way to a much more
comprehensive understanding of ammonothermal reactions.

In the area of spectroscopic and X-ray based in situ monitoring, integrating these
measurement techniques with autoclaves designed for crystallization in an intention-
ally applied temperature gradient is expected to yield a variety of further insights.
While spectroscopic and X-ray based techniques have so far been mostly applied
to autoclaves that were designed for equilibrium studies, complementary results
will become accessible through applying these techniques to autoclaves designed
for temperature gradient based crystal growth. One intriguing future opportunity is
thought to lie in the visualization of fluid flow in the autoclave by X-ray based and
optical techniques since the results presented inChap. 10 suggest that thiswill become
possible. The development of suitable autoclaves for integrating in situ monitoring
with temperature gradient based crystal growth has already begun in the course of the
development of an experimental setup for in situ X-ray diffraction. In the following,
the state of the development of this setup will be evaluated, including equipment-
related aspects that are also relevant to other in situ monitoring techniques or other
technological aspects of ammonothermal experimentation.
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The autoclave for in situ X-ray diffraction during growth has been realized based
on the window technology described in Chap. 10. In order to improve the X-ray
transmission of the autoclave windows, in particular for reduced X-ray energies,
boron carbidewas established as awindowmaterial to substitute sapphire. For details
on potential X-ray transparent window materials and their chemical stability under
specific ammonothermal conditions, see Chap. 10.

The implementation of a thermal gradient together with autoclave windows
presents conflicting requirements with respect to the construction of the autoclave.
The basic issue is that the integration of windows is associated with an increased
thickness of the autoclave walls, at least in proximity of the window flanges. In order
to limit the conductive heat transfer occurring in the autoclave walls between growth
and dissolution zone, the walls of the two-zone optical cell were thus thinned in the
intersection area of growth and dissolution zone.

The optical cell windows are arranged in the diffraction angle of the (0002) reflec-
tion of GaN. It is noteworthy that the chosen geometry is also capable to be applied
for studies of the (0002) reflection of the novel nitride semiconductor ZnGeN2. An
X-ray source with molybdenum anode is used. In order to minimize exposure times,
anX-ray source yielding a very high photon fluxwas selected. For beam focusing and
monochromatization, the X-ray source is equipped with a multilayer mirror optic.

In order to ease the alignment of the crystal to fulfil the Bragg condition as well
as to ensure that all tilted domains can contribute to the diffraction signal, a rotatable
feedthrough for rotating the crystal inside the autoclave under process conditions
was developed.

A photograph of the setup for in situ X-ray diffraction including the autoclave is
depicted in Fig. 17.3. The components shown in the photograph are mounted within
an outer enclosure providing radiation protection. The purpose of the inner enclosure,
which can be seen in the photograph, is to protect the operator as well as the X-ray
equipment in case of failure of autoclave components, in particular accounting for
the brittle nature of the X-ray transparent optical cell windows.

The resulting diffraction geometry is illustrated by Fig. 17.4. In order to achieve
short exposure times in relation to the growth rates, an area detector based on phos-
phor image plates is used. As schematically shown in Fig. 17.4, the diffraction
signal on the area detector comprises the (0002) reflection of the GaN crystal and
ring-shaped diffraction signals from the microcrystalline boron carbide windows (in
reality, only the ring segments that are not absorbed bymetal autoclave parts, i.e. only
the segment passing through the bore behind the window, is detectable). The diffrac-
tion signal originating from the windows is not an issue because it is rather weak
and, in addition, it can be spatially separated from the GaN signal by appropriate
adjustments of the alignment.

The experimentally obtainedmeasurement signal is shown exemplary in Fig. 17.5
as an overview representing the entire area of the detector. Only the most intense
diffraction signals of thewindowmaterial contribute noticeably to the recorded signal
and they are spatially well-separated from the reflection of the GaN seed crystal.

The primary parameter of interest is the intensity distribution within the (0002)
reflection from the GaN seed crystal, as the width of the reflection contains infor-
mation on the mosaicity of the crystal (more specifically, the tilt with respect to
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Fig. 17.3 Experimental setup for in situ X-ray diffraction during ammonothermal growth of GaN.
The stainless steel enclosure in the center contains the autoclave and protects both the operator and
the X-ray measurement equipment in case of failure of autoclave components (in the photograph,
the front wall of the enclosure is not mounted because otherwise the autoclave could not be seen).
The X-ray transparent protective shielding ensures that the damageable X-ray source is protected
even during the measurements. The rotation of the crystal inside the autoclave is driven by a geared
engine to ensure sufficient torque while minimizing wear on the feedthrough by utilizing a low
rotational speed. Reprinted with permission from [1]

Fig. 17.4 Schematic visualization of the diffraction geometry, based on a horizontal section through
the center of the crystallization zone of the autoclave. The X-ray transparent windows are shown in
yellow, the GaN seed is shown in red, and the seedmount is displayed in blue color. The dashed lines
represent the diffraction signals originating from the microcrystalline boron carbide windows. Due
to the microcrystalline structure of the windows, their diffraction signal consists of cones. In the
illustration, the absorption of part of the cone-shaped signal by metal components of the autoclave
is neglected. The two screwed fittings are used for filling the autoclave and for measuring the inner
wall temperature, respectively. Reprinted with permission from [1]
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Fig. 17.5 Exemplary in situ X-ray diffraction measurement obtained at a pressure of 96.0 MPa
and an internal temperature of 243 °C, which corresponds to an ammonia density suitable for
ammonobasic growth of GaN. The overview of the entire area of the imaging plate shows the
spatial separation of the diffraction signal originating from the GaN seed crystal and the diffraction
signal originating from the microcrystalline autoclave window at the exit side. The exposure time
was 10 min in total. Reprinted with permission from [1]

[0001]-direction). An example of the intensity distribution within the reflection is
shown in Fig. 17.6.

Initial in situ diffraction measurements obtained at an ammonia density typical
for ammonobasic crystal growth of GaN demonstrate that a significant signal of the
(0002) reflection can already be accumulated within an exposure time of 5–10 min,
which is in good agreement with expectations. The angular range of the swivel move-
ment of the crystal has not been cut down to its minimum (which is determined by the
angular range required to record the signal of all domains). Therefore, it is expected
that through optimizing the angular range as well as detector readout settings, it will
be possible to further improve the signal to noise ratio while keeping the exposure
times short in relation to the rate of crystallization. Measuring the absolute value of
the diffraction angle remains a technical challenge, which is due to the difficulty of
determining the absolute position and rotation angle of the seed inside the autoclave
with sufficient precision. The main target, however, is to monitor changes occurring
during the experiment rather than a precise determination of absolute values. The
current angular resolution for monitoring changes of the width of the (0002) reflec-
tion is about 0.02°. Considering the width of the diffraction peak of the crystal used
in the presented measurements, which is about 0.32°, this is already a reasonably
good resolution.
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Fig. 17.6 Intensity distribution within the (0002) reflection of the GaN seed crystal, measured
under ammonothermal process conditions (pressure: 253MPa, fluid temperature in the growth zone:
503 °C). The lateral extension of the reflection contains information on the orientation distribution
of the mosaic domains contributing to the signal (tilt with respect to [0001]-direction). Reprinted
with permission from [1]

17.4 Liner-Concept Based on Ceramic Crucibles

The implementation of a crucible is an alternative to the realization of a concept
based on a coating, in which the good resistance properties of ceramics can be
exploited [2]. However, the strong difference in the coefficient of thermal expansion
is also a critical factor for this variant of a liner concept. For this reason, it is not
possible to implement a shrink construction for operating temperatures at T ammono =
600 °C. On the one hand, the ceramics have only very poor elastic properties, which
prohibit tensile loading of the material. On the other hand, the maximum shrinkage
temperature is limited to TSchr.max = TAlloy 718max 718 = 650 °C due to the thermal
stability of the alloy (see Chap. 3). Subsequent heat treatment in the form of a second
ageingwithout solution annealingwould result in amodifiedmicrostructure. Solution
annealing would have the advantage of producing a microstructural condition that
is close to the original, but all intrinsic material stresses would then be relieved,
including shrinkage stresses.

An alternative realization is based on a pressure balanced crucible, which is
surrounded by two pressure chambers. It is not possible to create a hermetic
seal between the chambers, but transport of the corrosive ammonoacidic or also
ammonobasic species into the outer pressure chamber can be minimized, where
contact with the metal would be possible. Vice versa, the transport of contaminant
particles from outside the crucible into the inner chamber is also reduced. This tech-
nology also has further potential with regard to the realization of internal structures
for convection control and positioning of solids, such as baffles or crystal mounts.
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Since themicrostructure and the resulting properties depend on themanufacturing
process, especially for ceramics [3], the corresponding detailsmust be considered ([2]
or manufacturers). The chemical stability of ceramics and other materials in different
ammonothermal reactionmedia has been discussed in detail in Chap. 11. In summary
BN, Si3N4 have been found suitable for the described crucible concept. Compared
to autoclave alloys (see Chap. 3), they show a significantly lower corrosion rate. In
order to implement the novel liner concept (crucible), both materials are tested to
determine their specific suitability. As can be seen from the descriptions above, the
mechanical properties of the ceramics make different demands on the liner design.

(a) Stability of liner materials: Si3N4 as a hot pressed material is characterized by
singular defects caused by the manufacturing process. Consequently, tensile
stresses in the liner should be avoided, as they may lead to spontaneous failure.
This also applies toBN,whichmanufacturedbyhot pressing aswell andhas poor
mechanical properties. High compressive stresses are permissible for Si3N4. For
BN, however, only minor stress is acceptable even if compressive.

(b) Closure of the capsule: Since the ceramics have only a vanishing elasticity, no
hermetic sealing can be realized under the operating pressure of Pammono =
300 MPa. For this reason, the lid and the area of the crucible in contact with
the lid possess high surface quality (Ra ≈ 0.5 µm) to minimize leakage of the
sc–NH3/mineralizer solution to the outside of the crucible.

(c) The developed concept should also be applicable to the autoclaves already
developed and described in Sect. 17.1.

The realization of a reactor concept with external heating based on two pressure
chambers, which enable the pressure-balanced mounting of the liner, considers these
requirements. Under optimized operating conditions, the heater generates a radial
temperature gradient of �T ≈ 2 K [4] during the heating period. The use of the liner
increases this gradient due to the relatively low heat conduction of the ceramics [3].
Thus, the fluid in the outer chamber always has a higher temperature than the fluid in
the inner chamber, which results in a lower pressure load for the liner. Two separate
filling nozzles, which necessitate a design with two lids, carry out the filling of the
two chambers, compare Fig. 11.3 in Chap. 11. The liner is designed as a capsule with
amatching lid. The lid is equippedwith a radial bore. This bore allows the filling with
ammonia through the filling line. The contact surfaces of the crucible lid are lapped
to a roughness of Ra ≈ 0.5 µm and low tolerance, thus, the fit enables a good sealing
effect between crucible and lid. The sealing effect of the lid is produced by a spring,
which is positioned at the bottom of the crucible. The spring exerts a force equal
to twice the weight of the crucible. The spring is also made of a high-temperature
nickel-based alloy (Alloy 600). These measures are intended to minimize the fluid
exchange between the two pressure chambers. The outer pressure chamber is filled
with ammonia through the second filling nozzle. Figure 17.1 shows the complete
autoclave design.

The following aspects are considered when dimensioning the capsule:

(i) The length of the capsule and the spring need to be chosen so that the required
spring force will be created.
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(ii) The outer diameter of the crucible is limited by the inner diameter of the auto-
clave. To ensure easy handling, a difference in diameter of= 200µm is selected.
In this case the crucible can easily be inserted into the autoclave at room temper-
ature. If a smaller outer diameter is selected, it can cause tilting during loading
and unloading. Under process conditions, the diameter is increased due to the
significant difference in the thermal expansion coefficients, but the internal
pressure also expands the reactor.

The expansion of crucible and autoclave at temperature and the coefficients
of thermal expansion of the reactor and liner materials were first determined by
dilatometer measurement. It was found in good approximation that the coefficients
for the materials used are constant. The values are: αBN = −0.5 × 10−6 K−1 and
αSi3N4 = 3.4 × 10−6 K−1. Both crucibles have a diameter of dSi3N4 ammono =
dBNammono ≈ 20.80 mm under process conditions. The measured coefficient of
expansion of alloy 718 is αalloy718 = 14.4 × 10−6 K−1 and thus causes a thermal
expansion of �rthermα(T ; Troom, p; patmos)�T = 0.18 mm.

The liner is pressure balanced and therefore experiences almost no elongation due
to the pressure load. The diameter of the autoclave, on the other hand, stretches by
�rp = 0.25 mm due to the internal pressure. In total, the reactor diameter expands
to 21.43 mm by the influence of temperature and pressure.

17.5 Liner Design Based on Shrink Constructions

Disadvantages of the crucible in Sect. 17.3 are the non-hermetical seal, which reduces
but not inhibits corrosive attack of the autoclave and the requirement of pressureless
mounting of the crucible to avoid tensile stresses on the ceramic. A shrink connection
with a tight fit of a ceramic crucible to a metallic autoclave would reduce the free
volume for corrosive attack. Simultaneously shrinking results in pressure stresses on
the ceramic, enabling the high internal pressures under ammonothermal conditions.
However, as mentioned in Sect. 17.3, shrinking of ceramics to Alloy 718 is not
possible, due to the big difference in coefficients of thermal expansion. Additionally
a shrinked ceramic crucible cannot be removed easily and the porosity of the ceramic
has to be as low as possible to minimize infiltration. Therefore shrink connected
ceramic crucibles would be only possible at low temperatures up to 400 °C (first
stage for ammonothermal processes).

17.6 Summary

Building upon the uniaxial viewing cells (see Chap. 4) this chapter presented
several autoclaves for different in situ monitoring techniques for the ammonothermal
process. X-ray imaging, X-ray diffraction and ultrasonic measurements add to
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UV/Vis- and Raman-spectroscopy described in Chap. 4 and therefore allow forming
a holistic picture of the ammonothermal process.

Special equipment, such as the rotatable feedthrough enable to realize complex
measurements under process conditions and therefore broaden the accessibility for
new measurement techniques. The liner concept based on ceramic crucibles rounds
up this chapter with an innovative corrosion protection possibility.
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Chapter 18
Ammonothermal Materials

Wolfgang Schnick, Niklas Cordes, Mathias Mallmann, Rainer Niewa,
and Elke Meissner

Abstract Even more than fifty years after the first ammonothermal syntheses, the
synthetic potential of this technique is still far from established. Even in the already
commercialized crystal growthofGaNsubstrates, various technical obstacles remain,
partly because of lack of materials for high pressure equipment sufficiently resistant
against the aggressive medium and at the same time persistent at the process condi-
tions, but clearly because of insufficient understanding of the chemical and phys-
ical processes in supercritical ammonia. Still, many novel nitrides already emerge
from ammonothermal synthesis. This technique has already proven to hold great
prospects in crystal growth of the other group III nitrides, AlN and InN, relevant
from a technical point of view, and substitution variant among those nitrides with
further trivalent ions. Huge potential was also demonstrated for synthesis of further
hard to produce nitrides as nitridosilicates, nitridophosphates and similar compounds,
or oxide nitride perovskites. With increasing understanding of the physiochemical
background and concomitant extension of the accessible process parameters we defi-
nitely will see great advances in the ammonothermal synthesis of novel materials for
future applications.

W. Schnick · N. Cordes · M. Mallmann
Chair of Inorganic Solid-State Chemistry, Department of Chemistry, University of Munich
(LMU), Butenandtstr. 5-13, Munich 81377, Germany

R. Niewa (B)
Institute of Inorganic Chemistry, University of Stuttgart, Pfaffenwaldring 55, Stuttgart 70569,
Germany
e-mail: rainer.niewa@iac.uni-stuttgart.de

E. Meissner
Chair for Electron Devices, University of Erlangen-Nuremberg, Cauerstr. 6, Erlangen 91058,
Germany

Fraunhofer Institute for Integrated Systems and Device Technology, Schottystr. 10, Erlangen
91058, Germany

© Springer Nature Switzerland AG 2021
E. Meissner and R. Niewa (eds.), Ammonothermal Synthesis and Crystal
Growth of Nitrides, Springer Series in Materials Science 304,
https://doi.org/10.1007/978-3-030-56305-9_18

329

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-56305-9_18&domain=pdf
mailto:rainer.niewa@iac.uni-stuttgart.de
https://doi.org/10.1007/978-3-030-56305-9_18


330 W. Schnick et al.

During recent years, the ammonothermal synthesis has proven to represent a powerful
method with high scalability, thus suitable for small-scale fundamental research as
well as for commercial large-scale materials production. Its advantages for commer-
cial applications are obviously the synthesis of bulk material which is difficult to
crystallize otherwise, for example large crystals of GaN. The essential benefit of
the ammonothermal synthesis route is the fact that lower temperatures are needed
for crystal growth (some hundreds of °C) compared to other techniques, where
temperatures between 1000 and 2500 °C are usual. Due to the low temperatures,
thermodynamically a minor concentration of intrinsic point defects and structural
defects would be expected and the structural quality of such crystals is expected to
be outstanding. Since the growth rates are very low, the crystallization in the sense
of technological usage for the production of larger crystals must be performed batch
wise in large autoclaves. This approach was already proven very successful by the
hydrothermal method, whereby nowadays tons of quartz crystals are being produced
per year. However, despite the great achievements over the years in the growth of
larger GaN crystals, the chemistry of the ammonothermal method is complex and
the crystal growth process itself as a technical process is not well understood, hard to
control and the total number of impurities from the system is still too high for many
applications.

Currently, the ammonothermal method appears particularly interesting for
commercial GaN crystal growth, due to the good crystal quality and the principal
opportunity of a larger scaled batch process. However, scalability has recently come
into debate as ultra large pressure vessels, made from materials corrosion resistant
enough under the given conditions with supercritical ammonia and for high pressures
and temperatures (e.g. so far up to 300 MPa and 650 °C) have turned out to be a
severe limitation. So new materials for autoclaves are needed and modified technical
solutions like internally heated autoclaves have become a topic of research. Such
studies are still comparatively rare and this lack may hinder to tap the full potential
of the ammonothermal synthesis.

Irrespective of technical usage, for fundamental explorative research, the method
offers stabilization of materials, which are generally difficultly to obtain including
unusual modifications and metastable compounds, partly not accessible by other
methods [1]. The facts which are often considered as drawback—the complex chem-
istry—may be turned into an advantage as it may be possible to mobilize compounds
which are otherwise hard to transport, e.g. compounds with extremely low vapor
pressure at process conditions that are nearly not accessible by means of physical
vapor transport. Still, the method faces limitations in maximum temperature and
pressure or combinations thereof, although some progress in extending the current
boarders was recently achieved.

The development of fundamental comprehension of the physical and chemical
processes inside the autoclave will be crucial for both the synthesis of novel mate-
rials and the improvement of crystal growth as well as respective apparatuses. A
deeper understanding of the processes during dissolution, in solution and while
precipitation on a molecular basis clearly will lead to improvements in the choice
of feed stock substances and the mineralizer systems, which can then be specifically
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designed for the desired product. For single ammonobasic and ammonoacidic miner-
alizers we already see a vivid advancement in knowledge about dissolved species
and their chemistry during temperature and pressure changes from ex situ inter-
mediate isolation and characterization, in situ spectroscopic investigations of solu-
tions in ammonia as solvent and molecular dynamics studies. Particularly in situ
and operando investigations under process conditions will in future doubtlessly
boost understanding. This may lead to a knowledge driven adjustment of miner-
alizer concentration in ammonia, a suitable concentration design via addition of
co-mineralizers of various kinds to regulate concentrations, appropriate acidity and
ionic strengths and possibly to application of solvent admixtures to ammonia. The
latter may modify the solvent properties of ammonia particularly at process condi-
tions, for example to alter ion agglomeration at higher temperatures, apparently
occurring due to diminishing permittivity of ammonia. This directly relates to the
fundamental physical properties of ammonia-based solutions saturated withmineral-
izers, co-mineralizers and intermediates formed from the feedstock materials, which
significantly deviate from those properties of pure ammonia, not only in terms of
pressure-temperature relations. Currently, next to thermodynamical properties, all
quantities relating to surface reactions, dissolution and transport seem to be most
relevant, like, for example, acidity and basicity, dielectric properties or viscosity to
name only few. Chemically, the solution system in ammonia must be viewed as a
buffer system modifying the properties of the solvent with direct influence on the
chemistry within the solution. Increasing information on physico-chemical proper-
ties of ammonia-based solutions and the complex chemistry in solution during the
ammonothermal process, where we hardly scratched the surface of knowledge so
far, will clearly lead to new directions of exploratory chemistry.

Finally, such anticipated improvementswill doubtlessly lead to an improvement of
the desiredmaterials properties in synthesis.However, for the timebeing,many inves-
tigations focus on the crystal growth of hexagonal gallium nitride. In order to obtain a
broader data basis, which would allow drawing conclusions on the processes, respec-
tively the necessities for adjustments for different systems other than GaN, several
promising material syntheses from ammonothermal conditions have to be studied in
similar deep detail. Nitrides as a materials class are of great interest due to their wide
variety of interesting properties. This can range fromnowadays quite known semicon-
ductors like gallium, aluminum or indium nitride to novel ternary compounds, which
may be able to replace these group III nitrides in the future. Examples for promising
compounds are Zn(Si, Ge, Sn)N2, A2ZnN2 and AZn2N2(A=Ca, Sr, Ba), which offer
similar properties and possibilities for band gap engineering as the binary compounds
from the (Al, Ga, In)N system [2]. This could help to produce optoelectronic devices
without consuming less earth-abundant or expensive raw materials. Thermoelectric
materials or photocatalysts are also amongst the nitrides, for example Mo3Co3N or
VN, which show higher catalytic activity in ammonia decomposition than the clas-
sical iron based catalyst [3]. Piezoelectric compounds like (Ga, Al)1–x(Sc, Y, Cr)xN
are extremely interesting for future applications due to the enhancement of polar-
ization inside the structure by introduction of a larger ion [4]. On the other hand the
classical physical vapor transport technique has shown to fail to sufficiently mobilize
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scandium or yttrium, such that it can be incorporated into the host nitride structure to
a larger extent than some small percentage [5]. So the ammonothermal synthesis with
its special possibilities to chemically mobilize a species by an intermediate complex
is seen as a powerful alternative. Many nitrides also exhibit superconducting proper-
ties like e.g. NbN or alike, which promise to bewell suited superconductingmaterials
for future applications in aviation technology. Moreover, other classes of materials
like ternary or quaternary nitrides, oxide nitrides, amides, imides or fluoride nitrides
have hardly been investigated due to difficulties in synthesis. For other compounds
(e.g. photocatalysts) it was demonstrated that the degree of crystallinity can be much
improved by the ammonothermal synthesis compared to classical high temperature
processes, which opens the path to future applications.

Recent developments demonstrate aluminum nitride, indium nitride and partial
substitution variants of these group III nitrides as well as various ternary and multi-
nary nitridosilicates and nitridogermanates to be suitable newmodel systems to learn
about fundamental properties of ammonia-based solutions and materials synthesis
[6]. As mentioned in Chaps. 10 and 12 first preliminary studies (in situ X-ray moni-
toring) on the ternary system Zn–Ge–N have already been carried out, in order
to obtain similar insights into the synthesis and crystallization process of ternary
nitrides like ZnGeN2 as there are already numerous for GaN [7]. Since ternary zinc
nitrides (e.g. ZnSiN2, ZnGeN2 or Zn2PN3) are intriguing semiconductor materials
with comparable physical properties as group III nitrides AlN, GaN and InN, further
investigations of their properties and crystal growth are essential for possible appli-
cations [2]. It may be feasible to draw conclusions from the ammonothermal crystal-
lization process of GaN (see Chap. 6) to the structurally related Grimm-Sommerfeld
analogous compounds with wurtzite superstructures. Furthermore, especially those
nitrides of formula type II-IV-N2 offer the possibility for bandgap tuning by forma-
tion of solid solutions. Thus, it may be possible to cover a similar bandgap range both
by substitution of Zn with other divalent metals, as well as by mixed Si-, Ge- and
Sn-compounds, as it is possible within group III nitrides. As mentioned in Chap. 12,
most ternary andhigher nitrides producedby ammonothermal synthesis so far possess
a wurtzite-type superstructure. However, exploratory experiments have shown that
nitrides with other structure types are also accessible by the ammonothermal method
and could be interesting for further research [6]. It turned out that high tempera-
tures have a stronger influence on formation of nitrides from supercritical ammonia
than high pressures. For instance, Li2SiN2 is formed at high temperatures (1070 K)
as a side phase during the ammonothermal synthesis of wurtzite type LiSi2N3

[8]. While most of the nitrides mentioned in Chap. 12 were synthesized under
ammonobasic conditions, ammononeutral or ammonoacidic conditions could lead
to new compounds as well. The examples of Cu3N and InN indicate that some
compounds are solely accessible under ammononeutral conditions [9, 10]. In the
case of ZnGeN2, ammonoacidic conditions also resulted in the desired compound
[11]. Next to nitridosilicates and nitridogermanates, nitridophosphates are interesting
systems for ammonothermal synthesis. The lower thermal stability and decomposi-
tion temperature of P3N5 (as compared to Si3N4) aremajor challenges for synthesis of



18 Ammonothermal Materials 333

nitridophosphates. Consequently, high-pressure synthesis techniques like the multi-
anvil approach have been used for the preparation of most nitridophosphates [12,
13]. So far, K3P6N11 and the wurtzite derivatives Mg2PN3 and Zn2PN3 have been
obtained in supercritical ammonia [14, 15]. These findings already indicate that the
ammonothermal method could be a promising route to other nitridophosphates as
well.

With the purpose to gradually move to more distant systems and, concomitantly,
to approach more complex processes and desired materials, a modification on the
anionic part of the chemical compound may be taken into account, for example
with the future focus on oxide nitrides or various chalcogenide-based materials.
This approach is the next logical step after gaining a deeper understanding of the
interaction of ammonia-based solutions with different types of metal ions, since
the chemistry of non-metal anions in ammonia is likely to be rather different and
probably even more complex.

The perovskite structure type is one of the most common and most extensively
studied ones in inorganic solid state chemistry. With general formula ABX3, the best
known and most common representatives are oxides. A smaller number of fluo-
rides, halides, selenides and sulfides are also known to crystallize in the perovskite
structure type. Other, more complex structures with different anions can adopt the
perovskite structure as well. Oxide nitride perovskites possess the same structure
with oxygen being partially substituted by nitrogen. Typically, both anions share the
same atomic site, forming solid solutions with atomic ratios that can be adjusted to
some extent during the process of synthesis. In the past, it has been shown that the
targeted use ofmineralizers andprecursors allows numerous oxide nitride perovskites
to be synthesized using the ammonothermal approach. The compounds having the
typical compositionAB(O,N)3 (A= alkaline earth or rare earthmetals;B= transition
metals) are obtained as crystalline products. SEM images show crystals with a size of
severalμm. So far, oxide nitride perovskites were mostly obtained in other synthesis
methods like ammonolysis as crystalline powders, but without defined morphology.
In contrast, crystals of oxide nitride perovskites obtained by the ammonothermal
method exhibit a well-defined crystal habitus. Such oxide nitride perovskites show
promisingproperties, e.g. for application in solarwater splitting systemsor as thermo-
electric functional layers [16–18]. Ammonothermal synthesis may offer a pathway
to overcome the lack of crystals of sufficient size for the fundamental exploration of
physical properties.

Some of these compounds, e.g. LaTaON2, were already obtained at 600 °C,
whereas others, such as GdTaON2, are only accessible at higher temperatures of
800 °C [19]. The replacement of some metals with others of similar ionic radius is
obvious.By applying theGoldschmidt tolerance factor, the existence of somehitherto
unknown oxide nitride perovskites has been predicted. Thus, YTiO2N, CdTaO2N and
CdNbO2N appear to be feasible. The smart use of reactive precursors could lead to
other oxide nitride perovskites as well [20]. We could show that the ammonothermal
approach is a powerful technique to synthesize new as well as known oxide nitride
perovskites with an increased crystal size compared to conventional methods like
ammonolysis.
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The ammonothermal approach could be further developed for bulk crystal growth
of oxide nitride perovskites. Although the crystals are only a few μm in size, initial
experiments show that larger crystals are possible. One problem of thin film depo-
sition for example is the lattice mismatch between the substrate and the heteroepi-
taxially grown crystal. Accordingly, further development of the ammonothermal
approach could lead to larger crystals of oxide nitride perovskites that are grown
in a homoepitaxial manner without a compositional change between substrate and
crystal. This development will lead to an access of better understanding of intrinsic
properties and extend application fields of oxide nitride perovskites. Single crys-
tals obtained by this method will allow studying dielectric properties in insulating
samples as well as charge carrier transport in conducting ones. Accordingly, the
ammonothermal synthesis of oxide nitride perovskite crystals is very promising for
the discovery of novel and innovative next generation semiconductors with suitable
bandgaps.

Such oxide nitride perovskites have various interesting properties, like their
varying colors as well as high chemical stability, which enable use as non-toxic
pigments. Furthermore, some representatives show colossal magnetoresistance and
ferromagnetism. In addition, these materials are semiconductors with a bandgap of
about 2 eV [19].With suitable bandgap values and positions, oxide nitride perovskites
possess the property of using sunlight to split water into hydrogen and oxygen (photo-
catalysis). This is extremely important because of the scarcity of fossil resources,
which can be substituted by hydrogen [21].

The synthesis at higher temperatures showed that also oxide nitride Ruddlesden-
Popper phases can be synthesized. The latter can be interpreted as layered perovskite
variants containing alternating slabs of NaCl and perovskite structure. Layered
systems like Li2LaTa2O6N also have excellent photocatalytic activity properties and
were examined as photocatalysts for visible CO2 light reduction [22]. Such layered
oxide nitride photocatalysts clearly demonstrate the high potential of 2D layered
oxide nitrides as a visible-light-driven photocatalyst.

Taking a step further, pure nitride perovskites (ABN3) were predicted to be ther-
modynamically stable as well. By assuming that nitrogen has oxidation number−III,
highly charged transition metal cations are necessary to achieve charge neutrality. As
a consequence the B cation would require an oxidation state between+V and+VII.
Although there are transition metals with such high oxidation states, the synthesis
of pure nitride perovskites is challenging, since nitrogen is less electronegative than
oxygen, and with respect to a possible internal redox reaction the formation of such
high oxidation states next to nitride ions seems less likely to be stabilized. Modern
computational techniques offer an effective tool to screen possiblematerials in a frac-
tion of time required by an equivalent experimental search.With the help of thesefind-
ings and the synthetic possibilities of ammonothermal synthesis, nitride perovskites
could be accessible in the future. In the past, compounds could be synthesized that
were not accessible by other synthetic routes. This fact should also be transferable to
new systems. The ammonothermal approach probably provides the required condi-
tions for the synthesis of nitride perovskites LaReN3, YReN3 or LaWN3 predicted to
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be stable. It is precisely this substance class that promises unusual electronic prop-
erties. LaWN3 for example has been calculated to be a semiconductor and could
display a large ferroelectric polarization [23].

These examples impressively demonstrate the importance of extending the
temperature and pressure range for the further development of the ammonothermal
method. By increasing temperature and pressure, the synthesis of new compounds
seems possible because of the better solubility at elevated conditions [24]. By further
increasing the temperature it should be possible to grow crystals of even further
compounds.

The synthetic potential of the ammonothermal technique, significantly more than
fifty years after the initial start of the development [25], is nowadays still far from
exhausted. As can be seen from the various contributions in this monograph, tasks
and future directions are manifold. This does not only involve the growth of larger
crystals but also the generation of layers, mass crystallization of functional materials
or nanocrystals of completely novel compounds which were so far not demonstrated
at all with other synthesis techniques due to difficulties in compound formation
reactions.

In summary, we see great prospects for ammonothermal synthesis, crystal growth
and novel materials production. The new developments will undoubtedly pave the
way to improvedmaterials as well as fully novel compound semiconductor materials.
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Ammonothermal, 78, 101
Ammonothermal autoclaves, 146
Ammonothermal conditions, 256
Ammonothermal materials, 330
Ammonothermal method, 254, 330
Ammonothermal synthesis, 5, 118
Ammonothermal technology, 288
Analogies between water and ammonia, 125
Angle of inclination, 150
Angular arrangement, 319
Anisotropy, 62
Antisite defects, 302
A rolling ball viscometer, 134
A safety factor, 50
Assembled autoclave, 145
Attenuation, 63
Au-coating, 196
Au/Pd-coating-system, 196
Au/Pd/Pt-coating system, 196
Au, Pt and Pd, 195
Autoclave closure, 36
Autoclave design, 27
Autoclaves, 81, 144, 145
Auto-protolyses, 6, 7, 278–281
Azide, 93, 98

B
Backetching, 99
Bandgaps of ammonothermally synthesized

(oxo) nitride semiconductors, 222
Basic ammonothermal method, 67
Bending strength, 51
Bigger scale autoclaves, 84
Binary nitrides, 205
Boiler formula, 32
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Boron carbide, 175, 176, 319, 322
Borosilicate, 51
Boundary criteria, 86
Boundary line, 88
Bragg condition, 320, 322
Bridgeman seal, 37, 38

C
Calibration constants C, 142
Capillary viscometers, 119
Carbon nitrides, 20
Ceramic coatings, 196
Ceramic liner system, 196
Ceramic materials, 14
Characteristic peaks, 58
Chemical model, 77, 87, 101
Chemical stability, 175–178, 189
Clearance seal, 320
Closure of the capsule, 326
Closure types, 38
Co-base alloys, 192
Co-base superalloys, 30
Co-mineralizers, 228, 230, 331
Complex, 87, 89
Compressive strength, 52
Compressive stress, 50
Compton effect, 173
Concentration gradient, 97
Concentration patterns, 84
Condensation products, 89
Conically shaped, 145
Contrast, 172
Convection, 320
Conveyed in the liquid state, 146
Corrosion, 191
Corrosive attack, 192
CoWAlloy1, 192
CoWAlloy2, 192
C-rings, 37, 318
Cross bore, 54
Crucible lid, 326
Crystal growth, 321
Crystallization, 85, 87, 91, 254
Crystallization of nitrides, 118
Cubic perovskite structure, 217
Cylindrical viewing windows, 49

D
Data acquisition, 149
Decompose, 95
Decomposed, 89

Decomposition, 267
Decomposition of ammonia, 259

accuracy, 272
model, 270, 271
mole fraction of ammonia, 269, 270, 271

Decomposition of NH3, 60
Decomposition of sodium azide, 57
Decomposition rate, 111
Defects, 302
Density, 256
Detection of a rolling ball, 139
Devices, 309
Diamond, 175, 178
Different Reynolds numbers, 140
Different rolling distances, 140
Diffraction angle, 322
Diffraction geometry, 319
Diffraction signals, 172
Diffusivity, 186
Dilatometer measurement, 327
Dimensioning, 27
Dimensioning sight glasses, 47
Dislocation, 297
Dislocation densities, 307
Dissociation, 89
Dissolution, 86, 228, 254
Dissolution kinetics, 171, 181–183, 189
Dissolution process, 61
Dissolved, 91
Dissolved autoclave materials, 191
Dynamic load, 34

E
Efficient seal, 50
Electrical properties, 305
Elevated temperatures, 144
Enthalpies of formation, 4
Epitaxial GaN films, 308
Equation of State (EOS), 255

accuracy, 263, 266–268
Beattie-Bridgeman (BB) EOS, 256
constants, 258, 264, 265
expanded BB EOS, 256, 267
fitting, 264
mixtures, 258
multiparameter EOS (MEOS), 255
polar, non-polar contributions, 258
pressure, 255
reference MEOS, 255
virial expression, 257

Equilibrium constant, 260, 267, 268
Equilibrium curve, 87
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Etching, 297
Etching attack, 62
EU Pressure Equipment Directive, 40
Evaporation, 100
Expanded BB EOSs, 262
Expected measurement signal of a longitu-

dinal wave from the ultrasonic pulse-
echo method, 129

Expected measurement signal of a shear
wave from the ultrasonic pulse-echo
method, 131

Explorative research, 330
Explosion event, 93
Exposure time, 324
Extended defects, 295
Extrinsic, 307

F
Facets, 91
Feasibility of ultrasonic measurements, 126
Feedstock, 90
Filling level, 105
Fill level sensors, 106
Filtered signal, 62
Flanges, 38
Flow in the ammonothermal autoclaves, 151
Flow velocity, 84
Fluctuations, 84
Fluid absorption, 187
Flux, 100
Force fields, 276, 280
Free energy of solvation, 279

G
Gallate, 89
Gallate-complex, 95
Gallium containing nitridosilicate, 216
GaN, 98
GaN crystal growth apparatus, 66
Gas mixtures, 257
Gland packing, 320
Good resolution, 324
Gravimetric experiments, 184
Grimm-Sommerfeld analogous compounds,

16
Grinding seal, 320
Group 13 nitrides, 206
Growth process, 99
Growth rates, 83, 85, 101, 290, 322

H
Hall measurements, 306
Hermetic seal, 325
Heteroepitaxial device, 310
High-performance alloys, 28
High-pressure inspection windows, 50
High thermal stability, 47
Homoepitaxial deposition, 308
Höppler version, 135
Hydrothermal synthesis, 5

I
II-III-IV-N3, 215
Increase at higher temperatures and pres-

sures, 142
Indium nitride, 238, 332
Inner diameters, 145
In situ monitoring, 321
In situ temperature measurements, 81
In situ X-ray imaging, 171, 174, 178, 181,

184–187, 189
Intensity distribution, 322
Intermediate formation, 57
Intermediates, 81, 87, 156, 185, 186, 189,

228
Internal fluid temperature, 187
Ion conductors, 18
Ionic product, 7
Ionic strengths, 331
Ion pairs, 7
Isochores, 270

K
Kinetic investigation, 167
Kinetic seed, 101

L
Lambert-Beer law, 172
Larson-Miller Plot, 30
Lateral resolution, 180
Lattice parameter, 291
Limiting steps, 96
Linear expansion of the autoclave, 140
Linear viscous flow behaviour, 124
Liner concept, 326
Liquid, 94
Liquid phase, 85, 92, 98
Luminescence properties, 215
Luminescent materials, 17, 18
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M
Mass attenuation coefficient, 172, 174, 175,

181
Mass dissolution, 90, 91
Mass transport, 79
Mechanical strength parameters, 319
Melt, 92, 96
Metalorganic vapor phase epitaxy, 308
Micro cracks, 28
Mineraliser ammonium chloride, 56
Mineralizers, 67, 78, 93, 118, 155, 176, 228,

230, 254, 288, 331
Minimum pressure, 90
Mo-base Ti-Zr-Mo alloy TZM, 30
Mobilities, 306
Mo capsule, 197
Molecular Dynamics (MD) simulations,

277, 280–282, 284
Molecular simulation, 276
Monitoring with X-rays, 61
Monte-Carlo simulations, 277
Mosaicity of the crystal, 322
Multinary nitrides, 215

N
Natural convection, 96
Next-generation semiconductors, 212, 221
Ni-base alloys, 192
Ni-base superalloys, 30
NIST-data, 62
Nitride ceramic Si3N4, 195
Nitrides, 254, 332
Nitride semiconductor, 322
Nitride superconductors, 20
Nitridogermanates, 216, 332
Nitridophosphates, 332
Nitridosilicates, 332
Noble metals, 195
Notch effects, 28, 51
Notches, 319
Notch factor, 34
Numerical simulations, 79

O
Oily, 94
Optical bandgaps, 213
Optical cell, 174–179, 184, 186–188
Optical materials, 17
Overpressure, 100
Oxide ceramics, 195
Oxonitride perovskites, 21, 216, 218, 220
Oxonitrides, 216, 220

P
Passivation, 192
Permittivity, 7
Perovskite, 333
pH, 281
Phase boundary, 62, 180
Phase diagram, 6

ammonia, 256
Photocatalysts, 21
Photoeffect, 173
Photoluminescence, 302
Photoluminescence (PL) measurement, 73
pK, 279, 280, 282, 284
Plastically compensating, 53
P-N compounds, 213
Point defects, 298, 307
Poisson’s ratio, 52
Positron annihilation spectroscopy, 298
Potential of nitride materials, 13
Poulter principle, 318
Poulter-type, 49
Precursor materials, 194
Preliminary tests, 137
Presaturated, 100
Pressure balanced crucible, 325
Pressure dependence, 92
Pressure Equipment Directive, 28
Pressure sensor, 147, 149
Product of density and viscosity, 133
Projection image, 172, 183
Properties of ceramics, 325
Proton transfer, 277, 279, 281
Prototropic solvents, 5
Pt liner, 196
Pt-protective-coating, 195
Pulse-echo method, 109
P-v-T Data

ammonia, 256, 262

Q
Quantum calculations, 277
Quantum mechanical calculations, 276
Quartz glass, 51

R
Radial frequency of the shear wave, 130
Radial temperature gradient, 326
Raman scattering, 292
Raman spectroscopy, 58
Reaction chamber, 54
Reaction conditions of ammonothermally

synthesized (oxo) nitrides, 207
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Reaction vessel, 100
René 41, 192
Retrograde, 89
Reynolds number at critical speed, 135
Ring-shaped diffraction, 322
Rocking curves, 292
Rolling body viscometer, 122
Rolling time depends only on the density,

134
Rotary motion, 320
Rotational viscometer, 120
Ruddlesden-Popper phases, 220, 334
Running length, 62
Ruthenium catalysts, 59

S
Safety, 39
Safety factor, 35
Sapphire, 51, 175
Scalability, 330
Schlieren, 185
Schmidt number, 118
Screwed fittings, 323
Sealing, 36
Secondary Ion Mass Spectrometry (SIMS)

measurement, 72
Self-interstitial, 302
Self-sealing, 54
Semiconducting materials, 16
Semiconductor, 287
Semi empirical model, 97
Semi-hermetic capsule systems, 196
Shear wave measurement, 133
Shrink constructions, 327
SiC, 195
Signal processing scheme ultrasonic pulse

echo, 133
Significant limitations, 136
Sigradur G, 177
Sigradur K, 177
Silicon carbide, 177
Smoothly polished surface, 53
Solid-state electrolytes, 19
Solid-state lighting, 17
Solubility, 69, 86, 101, 156, 159, 171, 181,

183, 187, 189, 230, 254, 289
Solutal buoyancy, 84, 93
Solution annealing, 325
Solvent admixtures, 331
Solvothermal synthesis, 5
Specially developed opening station, 148
Specifications for a Sapphire, 53

Spectrum signal, 57
Speed of sound, 62
Squeezer type, 47
Stability field, 87
Stability of liner materials, 326
Stacking faults, 297
Strengthening mechanisms, 29
Stress corrosion cracking, 192
Structural properties, 290
Structure-borne sound sensors, 62, 138, 150
Supercritical solution, 254
Supercritical system, 84
Supersaturation, 80, 101
Swivel movement, 324

T
Technological importance, 287
Temperature gradient, 94, 321
Temperature measurement flange, 82
Teraamidogallate, 91
Ternary nitrides, 210
Ternary zinc nitrides, 16
Tetraamidogallate, 89
Thermal conducting nitrides, 15
Thermal decomposition, 102
Thermal expansion coefficients, 307
Thermal field, 79
Thermal properties, 306
3D model, 84
Through-sound method, 126
Tilting, 144
Time and temperature dependency, 161
Ti-Zr-Mo alloy, 194
Tomography, 174
Topograph, 296
Total mass balance, 83
Transition metal nitrides, 210
Transit time, 62
Transmission electron microscopy, 297
Transmission properties, 48
Transport, 171, 179, 180, 184–186, 188
Transportation model, 78
Travel time, 62
2000 bar, 91
2D temperature distribution, 81
2D temperature field, 84
Two thermocouples, 149
TZM, 194, 197

U
Ultrasonic method, 62
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Ultrasonic sensor, 109
Ultrasonic velocity has a direct proportion-

ality to the concentration, 128
Ultrasound, 106
Ultrasound measurement, 108
Uniaxial optical cell, 317
UV-VIS spectroscopy, 55

V
Vibration viscometers, 121
Viscosity, 118, 122, 125, 171, 185
Viscosity of the measuring medium, 136
Vitreous carbon, 175

W
Wall thickness, 27
Wall thickness ratio, 32
Water splitting, 22

Wavelength spectrum, 56
Windows, 171, 173–175, 179, 181, 189
Without twisting, 53
Wurtzite, 291
Wurtzite structure, 214

X
X-ray, 171
X-ray diffraction, 319, 321
X-ray transparent materials, 175

Z
Zinc amide, 243
Zincblende, 291
Zinc nitride, 240
ZnGeN2, 213
ZnSiN2, 213
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