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Hydrothermal crystal growth was associated with the development of α-quartz single crystals for devices based on piezoelectric materials. This technology was then used to elaborate single crystals of different functional materials such as quartz-like oxides (AlPO 4 , GaPO 4 , GaAsO 4 , etc.), calcite CaCO 3 , etc. During the last few years two materials, GaN (using non-aqueous solvent) and ZnO, have been particularly investigated due to their specific physical properties appropriate to the development of new technologies. On the basis of the different chemical and thermodynamical parameters governing the solvothermal crystal growth (nature and purity of the nutrient, nature of the solvent, pressure, temperature and thermal gradient), a discussion will be presented on the trends relative to crystal growth technology, in particular, for growing oxide and non-oxide materials.

Introduction

Hydrothermal processing of materials has originated from geological research [START_REF] Yoshimura | Hydrothermal processing of materials: past, present, future[END_REF]. The industrial applications of α-quartz correlated to its piezoelectric properties have historically improved the development of hydrothermal crystal growth process [START_REF] Iwasaki | Historical review of quartz crystal growth[END_REF][START_REF] Laudise | Perfection of quartz and its connection to crystal growth[END_REF][START_REF] Demazeau | Hydrothermal crystal growth of α-quartz: new specificities correlated to applications[END_REF][START_REF] Buisson | Hydrothermal growth of quartz crystals in industry, present status and evolution[END_REF][START_REF] Hervey | Synthetic quartz -a review[END_REF][START_REF] Hickel | The hydrothermal growth of α-quartz and the nature of the physico-chemical defects detected in the resulting crystal[END_REF][START_REF] Evseeva | Growth of piezoelectric quartz crystals of large dimension on seeds parallel to the (10-11) face and lengthened along the y-axis[END_REF]. During the twentieth century, this process was developed for the elaboration of different single crystals as quartz-like oxides (AlPO 4 , GaPO 4 , GaAsO 4 , etc.) [START_REF] Zvereva | Hydrothermal growth of OH-free AlPO 4 and GaPO 4 crystals, the way of twin reducing[END_REF][START_REF] Motchany | Crystal growth of an α-quartz-like piezoelectric material, berlinite[END_REF][START_REF] Jacobs | Physico-chemical aspect of the hydrothermal growth of GaPO 4[END_REF][START_REF] Yot | Advances in crystal growth and characterizations of gallium orthophosphate, GaPO 4[END_REF][START_REF] Cambon | Growth and dielectric characterization of large single crystals of GaAsO 4 , a novel piezoelectric material[END_REF], calcite, etc. [START_REF] Kikuta | Hydrothermal growth and dissolution behaviour of calcite single crystal in nitrate solutions[END_REF][START_REF] Yanagisawa | Hydrothermal single crystal growth of calcite in ammonium acetate solution[END_REF][START_REF] Borodin | Growth and characteristics of calcite single crystals[END_REF]. During these last 10 years two main materials, GaN [START_REF] Denis | Gallium nitride bulk crystal growth processes: a review[END_REF][START_REF] Fukuda | Prospects for the ammonothermal growth of large GaN crystals[END_REF] and ZnO [START_REF] Ehrentraut | Solvothermal growth of ZnO[END_REF][START_REF] Demianets | Status of hydrothermal crystal growth of bulk ZnO: latest issues and advantages[END_REF], have attracted new developments for solvothermal crystal growth processes (the solvent being aqueous or non-aqueous solutions).

This paper is devoted to the analysis of the influence of different parameters (thermodynamical: pressure, growth temperature, temperature gradient, chemical nature of the solvent and of the nutrient, chemical interaction between solvent and crystal growth vessel, etc.) on the quality of the single crystal (density of chemical and physical defects). In addition, a perspective on the development of solvothermal crystal growth processes will be given. *Corresponding author. Email: demazeau@icmcb-bordeaux.cnrs.fr

Principle of solvothermal crystal growth processes

Solvothermal crystal growth processes involve the chemical transport in a solvent (the solvent being in sub-or supercritical conditions) of chemical species issued from the partial dissolution of a chemical precursor (the nutrient) and the deposition of such species on seeds. In order to improve the solubility of the nutrient and consequently the concentration of the chemical species in the liquid phase solvent, pressure (for which the maximum value is correlated to pressure) is involved either as autogeneous pressure (pressure value depending then on the percentage of filling of the crystal growth vessel and the temperature) or as imposed pressure at the beginning of the crystal growth experiment.

A gradient of temperature between the nutrient and the seeds ensures the transportation of chemical species into the liquid phase through the convection phenomenon.

The variation of the nutrient solubility versus temperature (direct or reverse solubility) is an important parameter in order to get a supersaturated solution close to the seeds; the dissolution temperature can be higher (direct) or smaller (reverse) than the crystallization temperature.

The principle of the solvothermal crystal growth process is schematically represented in Figure 1.

Role of the different parameters governing solvothermal crystal growth processes

These parameters can be divided into two sets:

-Thermodynamical parameters (pressure P , crystal growth temperature T growth , temperature gradient T ) -Chemical parameters (in particular the chemical nature of the nutrient and the solvent)

Role of the thermodynamical parameters

The objective of pressure is to control the solubility of the nutrient in mild temperature conditions (T < 500 • C). The temperature value, in particular, the growth temperature (T growth , which is T -T in the case of a direct solubility) appears, in some cases, to play an important role in the quality of the resulting single crystals.

Such a correlation has been underlined, in particular, for the hydrothermal crystal growth of α-quartz, the IR α 3500 coefficient being characteristic of the anionic substitution (O 2-→ OH -), which decreases when T growth is increased (Figure 2) [START_REF] Lafon | Evaluation du rôle des principaux paramètres gouvernant la cristallogénèse du quartz α sur la densité de défauts physiques et chimiques au sein de cristaux de synthèse[END_REF].

The T value controls -through the convection phenomenon -the transport of chemical species and consequently the kinetics of crystal growth if the solubility value is sufficient. The increase of T leading to the increase of the density of defects (chemical and physical defects), the temperature gradient is consequently optimized versus economical aspects (kinetics of crystal growth and the reduction of the required crystal growth duration) and the crystal quality (in particular the admitted density of defects depending on the industrial applications).

Role of the chemical factors

The required characteristics of the nutrient depend on the solvent and the pressure-temperature conditions in order to induce an appropriated value of the dissolution.

The nutrient can be natural (or synthetic) polycrystals with the same composition as that of the target single crystal. Nevertheless synthetic powders (preferably compacted) can also be used [START_REF] Largeteau | Solvothermal synthesis of α-quartz powder doped with germanium[END_REF].

The seeds can be wafers with the same composition and structure as the target single crystal (homoepitaxy) and in some cases (in absence of adequate wafers), seeds are selected among materials of same structure or close to the structure of the target single crystal but with a different composition (heteroepitaxy).

The solvent must be chemically compatible with the composition of the target single crystals, the use of different mineralizers being able to help the dissolution and deposition processes.

In addition the chemical composition of the solvent can be optimized in order to reduce or to vanish the corrosion phenomena with the internal walls of the reaction vessel.

Trends in solvothermal crystal growth

Historically, hydrothermal crystal growth processes were developed through the elaboration of α-quartz single crystals. In particular SPEZIA has brought an important contribution [START_REF] Spezia | La pressione e chimicamente inattive nella solubilite e riecostituzione del quarzo[END_REF] for developing hydrothermal crystal growth [START_REF] Laudise | Hydrothermal crystal growth[END_REF].

Hydrothermal crystal growth of α-quartz

During the past 50 years, the improvement of the quality of single crystals (low density of chemical and physical defects) has mobilized a lot of research works [START_REF] Hickel | The hydrothermal growth of α-quartz and the nature of the physico-chemical defects detected in the resulting crystal[END_REF]. Different solvents (NaOH, Na 2 CO 3 , NaHCO 3 , KOH, KCl, NaCl, NaF in aqueous solution, etc.) have been investigated [START_REF] Laudise | Hydrothermal crystal growth[END_REF].

The influence of pressure on the growth rate (mm/day) has been recently evaluated (Figure 3) -an improvement of the crystal growth rate being observed with increasing pressure.

Such a behavior seems to have no influence on the quality of the resulting α-quartz single crystals, due to the decreasing IR signal corresponding to hydroxyl groups into the α-quartz lattice (α 3500 ) versus the pressure value (Figure 4) [START_REF] Lafon | Evaluation du rôle des principaux paramètres gouvernant la cristallogénèse du quartz α sur la densité de défauts physiques et chimiques au sein de cristaux de synthèse[END_REF].

The influence of the crystal growth temperature has also been evaluated (Figure 2), the IR α 3500 coefficient characterizing roughly the anionic substitution (O 2-→ OH -), decreasing with the T growth value as previously mentioned and illustrated in Figure 2 [START_REF] Lafon | Evaluation du rôle des principaux paramètres gouvernant la cristallogénèse du quartz α sur la densité de défauts physiques et chimiques au sein de cristaux de synthèse[END_REF].

These characterizations suggest that new processes at high pressure and high temperature could improve the α-quartz qualities.

Quartz-like (III-V) O 4 materials such as AlPO 4 [START_REF] Zvereva | Hydrothermal growth of OH-free AlPO 4 and GaPO 4 crystals, the way of twin reducing[END_REF][START_REF] Motchany | Crystal growth of an α-quartz-like piezoelectric material, berlinite[END_REF], GaPO 4 [START_REF] Jacobs | Physico-chemical aspect of the hydrothermal growth of GaPO 4[END_REF][START_REF] Yot | Advances in crystal growth and characterizations of gallium orthophosphate, GaPO 4[END_REF], GaAsO 4 [START_REF] Cambon | Growth and dielectric characterization of large single crystals of GaAsO 4 , a novel piezoelectric material[END_REF], etc., have attracted attention in order to improve piezoelectric properties. 

Solvothermal crystal growth of materials for optoelectronic applications

Two main materials have been investigated during the past few years: zinc oxide (ZnO) and gallium nitride (GaN) due to their physical properties (wide band-gap semiconductors, high exciton binding energy value) leading to potential applications in different domains (optoelectronic, spintronic, etc.).

Compared with α-quartz, the solvothermal crystal growth of these materials is characterized by the following features:

-the temperature: no limit is imposed by any structural transition, -the solvent: high concentrations of alkaline mineralizers in aqueous solution for ZnO and liquid ammonia for GaN are needed, inducing corrosion phenomena, -the nutrient and seeds: in both cases, natural single crystals do not exist. Because of differences in the nature of the chemical bonds in the nutrient (ionic for ZnO and covalent for GaN) and due to the nature of the involved solvent (aqueous solution and ammonia, respectively), the thermodynamical P , T conditions governing the solvothermal crystal growth are different between ZnO (300 < T < 400 • C, 30 < P < 100 MPa) and GaN (400 < T < 600 • C, 200 < P < 300 MPa).

Different review papers summarize the state-of-the-art solvothermal crystal growth of GaN [START_REF] Denis | Gallium nitride bulk crystal growth processes: a review[END_REF][START_REF] Fukuda | Prospects for the ammonothermal growth of large GaN crystals[END_REF] and ZnO [START_REF] Ehrentraut | Solvothermal growth of ZnO[END_REF][START_REF] Demianets | Status of hydrothermal crystal growth of bulk ZnO: latest issues and advantages[END_REF].

The main interests in the solvothermal crystal growth are: (i) the ability to be scaled up in order to improve the size of the wafers required for industrial developments [START_REF] Fukuda | Prospects for the ammonothermal growth of large GaN crystals[END_REF], (ii) to decrease of the density of defects (in particular the dislocation density) through the control of the thermodynamical parameters.

In order to reduce the corrosion phenomena, research into mild temperature conditions appears to be an important challenge, particularly in the case of future ZnO studies.

Consequently, two areas must be developed in the near future: (i) the use of nutrient characterized by a high chemical reactivity (in the case of gallium nitride, Li 3 GaN 2 was tested as
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 1 Figure 1. Principle of the solvothermal crystal growth (the repartition of seeds and nutrient in the high pressure vessel corresponds to a direct solubility).
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 2 Figure 2. Evaluation of the impact of the crystal growth temperature (T growth ) on the quality of α-quartz single crystals (solvent = NaOH 1 M, P = 150 MPa, T = 35 • C, duration = 10 days).
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 3 Figure 3. Influence of pressure value on the growth rate of α-quartz (α 3500 ) (solvent: NaOH (1 M), crystal growth temperature: 350 • C, T = 10 • C).

Figure 4 .

 4 Figure 4. Evaluation through IR spectroscopy (α 3500 ) of the hydroxyl group concentration into the α-quartz lattice versus the pressure value selected for crystal growth.

Conclusions

Solvothermal crystal growth processes are important for developing single crystals of functional materials to be used in different industrial sectors. The main interests in such crystal growth techniques are: (i) the ability to improve the quality of the single crystals through the optimization of the chemical and thermodynamical parameters, (ii) the scale-up at the industrial level due to the large developments induced by the hydrothermal crystal growth of α-quartz.