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Abstract: In the present review, new approaches for the stabilization of metastable phases of zinc
oxide and the growth of ZnO single crystals under high pressures and high temperatures are consid-
ered. The problems of the stabilization of the cubic modification of ZnO as well as solid solutions
on its basis are discussed. A thermodynamic approach to the description of zinc oxide melting at
high pressures is described which opens up new possibilities for the growth of both undoped and
doped (for example, with elements of group V) single crystals of zinc oxide. The possibilities of
using high pressure to vary phase and elemental composition in order to create ZnO-based materials
are demonstrated.

Keywords: zinc oxide; high pressure; phase transitions; solid solutions; metastable phases; semicon-
ductor properties; single crystals

1. Introduction

Zinc oxide is a promising semiconductor material that has high potential for a wide
variety of applications, such as light-emitting diodes, sensors, solar cells, photocatalysts,
etc. [1-4]. Its semiconductor properties are usually controlled by doping. In this case,
the main goal is to control the transport properties. At the same time, the introduction
of transition metal cations into the zinc oxide matrix makes it possible to control the
charge carrier spin as well, which leads to a combination of semiconducting and magnetic
properties [5]. At ambient pressure ZnO crystallizes in a hexagonal wurtzite structure
(W-ZnO, Pézmc). The igh-pressure phase of zinc oxide with a cubic rock-salt structure
(rs-ZnO, Fm-3m) has also been known for quite a long time [6]. There are a few publications
on the possible existence of other crystal structures of ZnO, but all these phases have no
thermodynamic stability regions and are not considered in this review. For the practical
application of zinc oxide as a semiconductor material it is necessary to be able to control
the type and concentration of carriers and, if possible, the band gap (Eg). The first problem
is usually solved by doping (i.e., by introducing either a donor or an acceptor impurity at
the desired concentration), and the second by forming solid solutions. Whereas a small
quantity of introduced impurity is sufficient to solve the first problem, the second one often
requires a significant number of foreign element(s). However, wurtzite ZnO imposes rather
strong restrictions on the practically achievable amount of inserted impurity which usually
does not exceed several atomic percent (for instance, the solubility limit of Ni** in w-ZnO
is 0.9 mol% at 1073 K) [7]. The tetrahedral oxygen environment in the wurtzite structure
does not allow the dopant concentration to be varied over a wide range and therefore,
the semiconducting properties of zinc oxide cannot be effectively controlled. The most
successful examples realized in practice are either the introduction of three-charged cations
(such as aluminum, iron, indium, gallium) at zinc position, or the substitution of oxygen
with fluorine to create donor centers [8]. In this way, transparent conductive coatings are
obtained as an alternative to high-cost indium tin oxide substrates.
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Numerous attempts were made to introduce acceptor centers into ZnO. Elements of
the first and fifth groups, as well as some others were used for this purpose [4]. Despite the
huge number of publications on the subject, none of the proposed approaches has reached
practical implementation.

The control of the band gap is not the best situation either. This problem is especially
relevant for photocatalytic applications [9,10] where it is necessary to shift the band gap
into the visible light region. For w-ZnO, there are only minor successes in controlling Eg
over a rather narrow range.

In the case of rs-ZnO, the above-mentioned restrictions are absent. The octahedral
oxygen environment removes the crystallochemical limitations for the introduction of a
variety of cations. Thus, it is possible to tune the properties in the wide range of dopant
concentrations while remaining in the solid solution stability field. Examples of materials
that are interesting from the point of view of semiconducting properties are ZnO solid
solutions with magnesium oxide [11,12] and nickel oxide [13,14]. Research is developing in
two directions: epitaxial stabilization of rs-ZnO in thin films on oriented substrates [11-14]
and high-pressure phase transformation of the wurtzite phase to the cubic one [15,16].

Although the first report on the observation of zinc oxide phase transformation into
the cubic modification was made many years ago [6], this work is still relevant. The main
problem that remains to be overcome by researchers (except the authors of the work [17]) is
a complete recovery of cubic ZnO at ambient pressure.

In the present paper we will consider the high-pressure synthesis and properties of
cubic zinc oxide and related materials (see Figure 1). In particular:

1. Synthesis of cubic ZnO solid solutions with MeO (where Me = Mg2+, Ni%*, Co?*, Fe?*,
Mn?*) and with LiMeO, (where Me = Sc3*, Ti®*, Fe®*, In®*), and their thermal stability
at ambient pressure.

2. Synthesis of rs-ZnO using the nanocrystalline state of the initial wurtzite phase,
including synthesis in the sodium chloride and magnesium oxide matrixes.

3. Growth of zinc oxide single crystals from melts at high pressures and high tempera-
tures (HP and HT).

Pe7.7 GPa, T>1200I
Solid solutions

rs-ZnO-LiMeO,

Single crystals Non-doped

P=4.2 GPa, T>T

melt

Doped with

Sbh,As

rs-ZnO
nanobulks

rs-ZnO in NaCl
or MgO matrix

P=7.7 GPa, T=800IK

Figure 1. The scheme of high-pressure production of new phases, morphological forms and solid
solutions based on zinc oxide.
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We will also consider the fundamental thermodynamic parameters characterizing the
phase transformations of ZnO at high and ambient pressures.

2. Results and Discussion
2.1. Wurtzite ZnO

The most important features of w-ZnO include high exciton binding energy, radiation
resistance, nontoxicity, a low thermal expansion coefficient, and high chemical and thermal
stability. The elemental cell of w-ZnO contains two formula units. Oxygen atoms form
the hexagonal close-packed lattice while zinc atoms are located in the centers of slightly
distorted tetrahedrons, i.e., half of the tetrahedral cavities formed by oxygen atoms are
filled (Figure 2, top left). The structure is characterized by the absence of a symmetry
center so the crystals have a polar axis parallel to the [0001] direction and exhibit pyro- and
piezoelectric properties. At ambient pressure, ZnO retains the wurtzite structure up to the
point of melting (triple point 2248 K, 0.106 MPa) [18].

ambient pressure high pressure

9 GPa

w-ZnO rs-ZnO

2 GPa

reversible phase transition

£1000 — :
800 W-ZnO:  rs-ZnO |
600 -

400

Temperature /

200

0

Pressure / GPa

Figure 2. Direct and inverse phase transitions in ZnO [19] (black lines). Hypothetical hysteresis for
nanocrystalline ZnO is shown by red lines.

Zinc oxide is an alternative material to GaN in the field of UV optoelectronics. It is
less expensive, more available, and considered to be an efficient light-emitting material.
Impurity doped w-ZnO can be used both as a conductive oxide transparent to visible
light [8,20] and as a potential candidate for semiconductor spintronics. Among binary
semiconductors it has a record high exciton binding energy (~60 meV in comparison with
26 meV for GaN, 22 meV for ZnSe and 4.2 meV for GaAs [2,4]) which provides the presence
of a UV luminescence band caused by direct exciton recombination up to 500 K. The
luminescence spectra of w-ZnO usually have two characteristic emission bands—a narrow
band in the UV region (A ~ 380 nm, AA =~ 15 nm) and a broad band in the visible region
(A = 520 nm, AX =~ 100 nm) [20].

Doping zinc oxide with other metal cations allows the modification of its functional
properties, thus achieving a change in the photoluminescence character, electrical properties,
and the appearance of weak ferromagnetism [21,22]. Doping with cadmium oxide or
magnesium oxide modifies the band gap of w-ZnO [23]. Thus, using nonequilibrium
methods to produce materials, particularly films, one can achieve a significant increase in
the concentration of the second component [23].
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2.2. w-ZnO — rs-ZnO Phase Transition

The transition of w-ZnO to rs-ZnO at room temperature occurs at pressures of
about 9.5 GPa [6,19,24]. At the subsequent pressure decrease, the cubic structure is pre-
served down to 2 GPa [19,24]. Thus, there is a significant hysteresis between the direct
(W-ZnO — 15-Zn0O) and inverse (rs-ZnO — w-ZnO) transitions at room temperature. As
the temperature increases, the width of the hysteresis loop decreases and above 1200 K the
direct and inverse transition branches converge at a pressure of ~5 GPa [19,24]. This can
be considered as the equilibrium pressure of this phase transition at high temperatures
(Figure 2).

The slope (dP/dT) of the rs-ZnO — w-ZnO transition line was reported to be close
to zero (without specifying a sign) [24]. Other works give values of —0.0012 GPa/K [19];
0.00425 GPa/K [6]; and dP/dT < 0 (but not significantly different) [25]. Note that according
to the Clapeyron-Clausius relation, the sign of dP/dT (dP/dT = AH/(TAV)) is directly
related to the sign of the enthalpy of w-ZnO — rs-ZnO transition. In the theoretical work
of [26], the position of the w-ZnO = rs-ZnO equilibrium line in the P-T phase diagram was
claimed to be different from the experimental data [23,24]. Thus, one can see that the results
presented in the literature are rather contradictory and until the cubic zinc oxide phase was
recovered at ambient pressure [17] even the sign of the w-ZnO — rs-ZnO transformation
enthalpy was not known.

The w-ZnO — rs-ZnO phase transition under pressure has been in situ studied in
several experimental works. A variety of methods and initial states of zinc oxide (single
crystals, polycrystalline bulks and powders, and films) were used. Thus, phase transition
in a monocrystalline zinc oxide was studied by single crystal X-ray diffraction [27] and
ultrasonic wave velocity measurements [28]. Phase transition in thin films was studied
by optical absorption and photoluminescence measurements [29,30]. The possible band
structure of rs-ZnO is discussed in [29,30]. According to the estimations made, rs-ZnO is
an indirect-gap semiconductor with a bandgap of 2.45 £ 0.15 eV [29] (or 2.7 £ 0.2 eV [30]).

The phase transition in polycrystalline samples was studied by energy-dispersive
synchrotron X-ray diffraction [23,31], electrical resistivity measurements [31,32], X-ray-
absorption spectroscopy [33], ¢ Zn-Mossbauer spectroscopy [34], Raman spectroscopy [35,36],
and optical second harmonic generation measurements [37]. Based on all data available
in the literature, we can confidently conclude that the w-ZnO — rs-ZnO transition is a
classical first-order transition without formation of intermediate phase(s).

Zinc is known to complete the series of 3D transition metals such as Mn, Co, Fe,
Ni, and Cu. All monoxides of these metals are semiconductors with p-type conductivity.
It cannot be excluded that rs-ZnO and solid solutions based on it will also have p-type
conductivity. This could be very useful for forming a homogeneous p-n junction in ZnO-
based semiconductor structures. Previously, in situ measurements of rs-ZnO conductivity
at room temperature and pressures up to 18 GPa [31] and 35 GPa [32] were reported. It was
shown that rs-ZnO has a semiconductor (nonmetallic) type of conductivity, in contrast to
its closest analogue rs-ZnS for which metallic type conductivity was found [38].

The optical properties of rs-ZnO thin films were studied in [29,30]. The authors
found that cubic zinc oxide is an indirect-gap semiconductor with Eg = 2.7 = 0.2 eV (at
11 GPa, 300 K). The band structure of rs-ZnO was calculated ab initio by DFT using LDA
pseudopotential [30]. It was shown that the conduction band minimum located at the I’
point is about 1.1 eV above the valence band maxima located at the L point. The direct
transitions at X and L points were predicted at 5.6 and 7.6 eV, respectively. The lowest
direct transition at the I point was assigned at ~4.5 eV (at 11 GPa).

2.3. Stabilization of rs-ZnO in the Form of Solid Solutions

The kinetic stabilization of metastable rs-ZnO at ambient pressure can be achieved by
quenching ZnO-based solid solutions with a relatively high (up to 80 mol%) ZnO content
from HP and HT [15,16,39-44]. Two types of rs-ZnO cation-substitution solid solutions
have been considered, i.e., Zn?* <+ Me?* (type I) and 2 Zn?* « Li* + Me?* (type II).
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The formation of type I solid solutions under HP and HT has been demonstrated
using in-situ energy-dispersive synchrotron X-ray diffraction for the MgO-ZnO [16], FeO-
ZnO [42], MnO-ZnO [41,43], CoO-ZnO [40] and NiO-ZnO systems [40], as well as by
the quenching (from 7.7 GPa and 1450-1550 K) technique [15,39]. Generally, under a
pressure of about 5 GPa at temperatures below ~750 K only reflections of initial oxides
(W-ZnO and rs-MeO) are seen in the diffraction patterns. Upon heating, the chemical
interaction between oxides leads to w-ZnO dissolution in rs-MeO and the formation of
a cubic solid solution. The onset temperature of this interaction (Ts) weakly depends on
the reaction mixture stoichiometry (0.3 < x < 0.85), see Figure 3. As usual, the formed
rs-Mej_4Zn,O solid solution coexists with w-ZnO and rs-MeO in a wide temperature
range (up to 1100-1300 K). During further heating, the reflexes of initial oxide w-ZnO and
rs-MeO disappear completely and only lines of rs-Me;_,Zn,O solid solution are observed.
The completion temperature of the chemical interaction (T4) more strongly depends on the
initial stoichiometry and increases markedly with the increase in ZnO content [40,42,43].
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X x 1100 | 1100 - A
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Figure 3. (a) The onset (Ts) and completion (T4) temperatures of chemical interaction in the NiO-ZnO
(a), CoO-ZnO (b) and FeO-ZnO (c) systems versus stoichiometry at 4.9 GPa [40,42,43]. Open circles
show the temperatures when lines of cubic solid solution appear in the diffraction patterns while
solid circles correspond to the temperatures when lines of wurtzite ZnO disappear completely.

It is easy to see that under high pressure the completion temperature of the chemical
interaction between w-ZnO and rs-MeO depends on the nature of the Me?* cation. The
interaction between CoO and w-ZnO is completed at a lower temperature than for other
metal monoxides, probably because they both share the same ionic radii (0.74 A) of Co?* and
Zn?* [45]. The interaction of w-ZnO with NiO and FeO is completed at higher temperatures.
Finally, the interaction between MnO and w-ZnO [43] requires even higher temperatures,
apparently due to the largest difference between the ionic radii of Mn?* (0.83 A) and
Zn%*. The diffusion of Me?* cations with sizes different from that of Zn?* is obviously
somewhat retarded.

Extrapolation of T4 temperature to x = 1 (pure ZnO) for all investigated systems [40,42,43]
gives 1400(50) K which perfectly agrees with the data from work [24]. Thus, 1400 K value
can be considered as the equilibrium temperature of the w-ZnO — rs-ZnO phase transition
at a pressure of about 4.9 GPa.

Thus, a series of ZnO-based solid solutions with a rock-salt structure have been
synthesized at HP and HT in large-volume high-pressure apparatuses and then quenched
down to ambient conditions [39—44]. The results for the type I solid solutions are shown in
Figure 4 and Table 1.



Crystals 2022, 12, 744

6 of 15

1.0 ———— 5 1.0
j s o Waurtzite ] Wurtzite
0.8- e O 08
. 0
0.6 0.6 Rock-salt + Wurtzite
o ] Rock-salt +Wurtzite o 1
= i I‘\:l J
X 04 X 0.4-
4 D ______ -
d . ] Rock-salt
0.2 Dhecsitong Ok. 02
{ Rock-salt i
oodNi Mg Co Fe  Mn 0olNi Mg Co Fe Mn
; —— ; —T T T
0.68 0.72 0.76 0.80 0.84 0.68 0.72 0.76 0.80 0.84
< 5 2+
N . 2
(a) (b)
Figure 4. Phase composition in the ZnO-MeO systems as a function of the Me?* ionic radius: (a) at
ambient pressure and 1100 K [7,46]; and (b) after quenching from 7.7 GPa and 1500 K [15,39,40].
Table 1. Phase composition of type I solid solutions with different ZnO/(MeO+ZnO) ratio after
quenching from 7.7 GPa and 1450-1650 K [15,39,40].

ZnO Mole Fraction, x NiO-ZnO MgO-ZnO CoO-ZnO FeO-ZnO MnO-ZnO
0.95 w w w w w
0.90 W + 18 w w w w
0.80 s W + 18 w w W + 18
0.70 s s w w W + 1S
0.60 s s W + 18 s + W s+ w
0.50 s s s s s+ wW
0.40 s s s s s
0.30 s s s s s
0.20 s s s s s
0.10 s s s s s
0.00 s s s s s

Note: Cation radii (in A): Ni2*—0.69, Mg?*—0.72, Co?*—0.74, Fe?*—0.78, Mn?*—0.83 [45]. The colors visualize
the concentration regions of formation of solid solutions with different structures.

One can see that the nature of the cation has a significant effect on the formation of
cubic solid solutions. The key parameters are the charge and size of the cation. For type I
solid solutions, the cation should be stable in the oxidation state +2 and the size should
be close to the size of Zn?* (0.74 A for coordination number 6 [45]). Only five chemical
elements satisfy these conditions, namely nickel, magnesium, iron, cobalt and manganese.
For all these elements, the concentration range of the Me; _,Zn,O cubic solid solutions
has been extended under pressure. For example, at ambient pressure and 1100 K ZnO
solubility in nickel (II) oxide is only 0.35, while Nij»Zng gO solid solution (x = 0.8) still
has a rock-salt-type structure (see Figure 4a, [7]). Thus, HP and HT synthesis allowed the
expansion of the stability range of Ni;_,Zn,O cubic solid solutions. A similar situation
is observed for other systems as well. For the FeO-ZnO and CoO-ZnO systems the ZnO
content in the cubic solid solutions synthesized at HP&HT reaches 0.5. This is noticeably
higher than that at ambient pressure. For the MnO-ZnO system the highest ZnO content
of the cubic solid solutions after HP and HT treatment is 0.4 (Mng ¢Zn(40) [39,40] (or 0.5
according to another group [41]). At ambient pressure and 1100 K the ZnO solubility limit
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in MnO is below 0.1 (see Figure 4a). The feature of the MnO-ZnO solid solutions is that
the range of co-existence of the two phases (cubic and wurtzite) after quenching from HP
and HT remains wide enough, i.e., 0.5 < x < 0.9 (Figure 4b). For x = 0.7-0.8 the dominant
phase is wurtzite, and for x = 0.5-0.6 the dominant phase is cubic.

Is it possible to expand the range even further towards cubic ZnO? The increase
in synthesis parameters does not change the situation, so another approach has been
used [47]—namely, the HP and HT synthesis was performed in the presence of sodium
chloride. As a result, Coj_,ZnyO cubic solid solutions in NaCl matrix have been stabilized
up to x = 0.8, whereas without the salt matrix the maximum x-value is only 0.5 (see Table 1).
It is worth noting that the solid solutions synthesized in this way may be washed out from
the salt matrix by cold water and retain their cubic structure [40].

The thermal stability of rock-salt ZnO-based solid solutions at ambient pressure has
been studied by high-temperature synchrotron X-ray diffraction [40]. It was found that
these solid solutions are kinetically stable up to 670-1000 K depending on the composition
(x) and nature of Me%* cation. For instance, the cubic structure of Nip,Zng gO is stable up to
970 K. The cubic phase of Cop3Zn 70 remains stable until 673 K and Cog 4Zng ¢O is stable
up to 773 K. According to [41], the cubic phase of Zny3Mny ;O remains stable up to 773 K
and this is in good agreement with our unpublished data. The decomposition products
are mixtures of two solid solutions, one with cubic structures and another with wurtzite
structures. At room temperature, all the synthesized metastable cubic solid solutions show
no tendency to reverse transition into a wurtzite structure over several years.

The possibility of substitution not only in the cation, but also in the anion sublattice
was also studied. There are only two potential candidates for such substitution, i.e., F~
(1.33 A) and S~ (1.84 A). Only these anions have the ionic radii close to the ionic radius of
O~ (1.40 A) [45]. A special series of experiments were performed at 7.7 GPa and 1500 K
in order to synthesize the solid solutions in the ZnO-LiF (1:1 molar ratio) and ZnO-ZnS
(19:1 molar ratio) systems. In both cases, no chemical interaction was observed. According
to X-ray diffraction data, after quenching down to ambient conditions the samples were
mixtures of w-ZnQO, rs-ZnO and rs-LiF in the first case and w-ZnO and zb-ZnS in the
second case. Thus, it has been experimentally shown that attempts to stabilize cubic ZnO
via synthesis of solid solutions by substitution in the anion sublattice were unsuccessful.

The main feature of the ZnO-LiMeO; systems is the fact that at ambient pressure zinc
oxide does not form any solid solution with LiMeO,. However, a HP and HT-synthesis of
extensive type II solid solutions of have been reported for LiTiO; [40,44], LiInO, [40,48],
LiScO; [40,48] and LiFeO, [40,44]. For the mentioned ternary systems, the kinetic stabi-
lization of metastable rs-ZnO can probably be explained by the close ionic radii of Zn?*
(0.74 A) and Li* (0.76 A [45]), and the smaller ionic radii of transition metals. A smaller
radius cation “compresses” the crystal lattice (the known effect of “chemical pressure” [49])
which leads to the stabilization of the cubic structure of a forming solid solution. Moreover,
the strong ionicity of the Li-O bond (lithium electronegativity is the lowest among all
considered metals) is a favorable factor. Further, it should be noted that in an oxygenated
environment Li+ cation has an energy preference for occupying the octahedral position in
comparison with the tetrahedral position [50]. The results for the type II solid solutions are
presented in Table 2.

Table 2. Phase composition of the xZnO—(1 — x)LiMeO, type II solid solutions quenched from
7.7 GPa and 1250-1450 K [40,44,48].

Range and Structure of Solid

Solute Cation Radius (A) [45] Solutions

LiTiO, Ti%* (0.67) x> 0.8 (W +15); x < 0.8 (rs)
LiFeO, Fe3* (0.74) x> 0.8 (w + 15); X < 0.8 (rs)
LiScO, Sc3+ (0.74) x> 0.8 (W +15); 0.5 < x < 0.8 (rs)

LiInO, In3* (0.80) x>0.8(w+1s); 0.5 <x<0.8(rs)
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For all ternary systems, the onset of the thermal decomposition of solid solutions
depends on ZnO concentration. For example, at x = 0.6 rock-salt (LiFeO;);_x(ZnO)y is
kinetically stable at an ambient pressure up to 770 K, but at x = 0.8 it starts to decompose
already at 673 K [44]. The nature of Me" cation has a strong impact on the thermal stability
of the rock-salt phase as well. Rock-salt (LiScO;)0 3(Zn0O)g 7 is stable up to 820 K whereas
(LiFeO3)0.3(Zn0O)y 7 is stable up to 720 K only [40,44,48].

The same limiting value of x ~ 0.8 for both binary (ZnO-NiO, ZnO-CoO) and ternary
(ZnO-LiMeOy) oxides systems suggests that this value is most likely not a random one.
On average, 0.8 (i.e., less than 1) Me?* or (LiMe3*)g 5 cation is presented per the unit cell,
containing four formula units. For the limiting compositions, about 10 of 12 positions in
the second coordination sphere (Zn-Me) are occupied by zinc atoms. The close solubility
limits for cubic solid solutions in ZnO-MgO (x ~ 0.85 [11] and x ~ 0.82 [12]) and ZnO-NiO
(x &= 0.73) [13,14] thin films have recently been reported.

Some structural [51-55], optical [56-62] and magnetic [40,52] properties of recovered
cubic ZnO-based solid solutions were studied under ambient pressure. The fine crystalline
structure of cubic Nij_,Zn,O [51,52] and Mg;_,Zn,O [53] solid solutions has been exam-
ined in a wide concertation range by X-ray powder diffraction. It has been found that the
diffraction patterns of these compounds contain a system of superlattice diffuse lines, the
number and intensity of which depend on the composition [51,52]. It was found that an
integrated intensity ratio between the 111 and 002 reflections correlated with zinc fraction
in polycrystalline Mg;_,Zn,O solid solutions [53]. The local structure of cubic Nij_xZn,O
solid solutions has been studied by EXAFS spectroscopy and the existence of bounded
chaos in the system of oxide solid solutions was discovered [54,55]. It is shown for ZnO-rich
solid solution that the ideal rock-salt lattice is distorted and long-range order exists only on
the average (Vegard's law) [54,55].

Thus, a series of metastable ZnO-based solid solutions with a rock-salt structure have
been synthesized by quenching from 7.7 GPa and 1350-1550 K. At ambient pressure these
solutions can be retained in the wide concentration range (up to 0.8 ZnO molar fraction) but
decomposes on heating above 670-1000 K (depending on the composition). It was shown
that the cation radius (r) in the rs-ZnO lattice can vary over a wide range, namely, from
0.67 A (Ti**) t0 0.83 A (Mn?*), and cation charge (n) can take values of 2 and 3. This wide
variation in size and charge for substituted cations is not generally characteristic of oxide
systems (such as MgO or CaO), and thus, may open up new prospects for fundamental and
applied science. Some ZnO-based solid solutions with a rock-salt structure synthesized
under HP and HT may be of interest as promising Li-containing materials [13,14,63-69] or
materials with high dielectric characteristics [66—69]. The described approach to stabilize
rock-salt ZnO can also be used in other systems that include high-pressure phases that are
difficult to quench.

2.4. Synthesis of Single-Phase rs-ZnO Nanobulks

As for pure zinc oxide, the direct transition of nanocrystalline w-ZnO is observed
at a much higher pressure (>9 GPa) than that of microcrystalline zinc oxide [31,70-73].
w-ZnO powders with a particle size of ~12 nm undergo the transition at P ~ 15 GPa [31].
This fact was explained by significant contribution of surface energy which should be
considered for highly dispersed powders [31,70-72]. After recovery at ambient pressure,
the samples usually represented a mixture of w-ZnO and rs-ZnO [71,73]. Thus, several
experimental works have shown that the nanocrystalline state of initial w-ZnO shifts the
boundary of the direct w-ZnO — rs-ZnO transition to the high-pressure region. This leads
to the expectation of a decrease in the pressure of the inverse rs-ZnO — w-ZnO transition
down to the ambient, i.e., kinetic stabilization of rs-ZnO under normal conditions (see the
red line in Figure 2).

To test this hypothesis, a series of experiments using salt (w-ZnO/NaCl) [47] and
oxide (ZnO/MgO) [74] matrices and monodisperse nanocrystalline w-ZnO powders [17]
as starting materials were performed at 7.7 GPa and 800 K. In all cases, rs-ZnO without
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w-ZnO impurity was recovered. It was established that single-phase rock-salt zinc oxide
can be quenched if two conditions are met: (i) w-ZnO nanopowder should be synthesized
by “chemically route” and (ii) the crystallite size in initial w-ZnO powder should be less
than 45 nm [17] (see Figure 5). If initial w-ZnO powder contains a fraction with a larger
particle size, the result is likely to be a mixture of two phases, w-ZnO and rs-ZnO.

7.7 GPa & 800 K

w-ZnO nano, <45 nm rs-ZnO nanobulks

Large-volume
high-pressure apparatus

Figure 5. Synthesis scheme for single-phase rs-ZnO nanobulks.

Usually, as-synthesized rs-ZnO samples have a white nacreous color. In some cases (if
initial nanocrystalline w-ZnO preliminary annealed in vacuum, etc.), yellowish translucent
samples are obtained. The possibilities of the proposed method of synthesis of nanocrys-
talline rs-ZnO were tested for the production of single-phase rs-ZnO samples that were
doped with 5-10 mol% MgO [40], 1% Fe;O3, 1% EuyO3 and 1% Cr;O3. The color of the
samples changed to snow-white, orange, purple and bright green, respectively. Thus, the
proposed technique of the HP and HT synthesis of nanocrystalline cubic zinc oxide, allows
the acquisition of doped rs-ZnO nanobulks as well.

The synthesis of rs-ZnO nanocrystalline bulks in large-volume high-pressure
apparatuses [17] made it possible to experimentally study its properties at ambient
pressure [75-77]. Low-temperature heat capacities (Cp) of rs-ZnO and w-ZnO nanob-
ulks were measured in the 2-315 K temperature range [75]. No significant influence of
nanostructuring on Cp, of w-ZnO was observed. The measured C;, of rock-salt ZnO is lower
than that of wurtzite ZnO below 100 K and higher above this temperature. The thermal
expansion of rs-ZnO in the 10-300 K temperature range was also studied [76]. No phase
transition was observed down to 10 K. The shape of the reduced thermal expansion curve
of rs-ZnO is like those of other metal monoxides with a rock-salt structure, i.e., CaO, MgO
and BaO [76]. The thermal stability of rs-ZnO nanobulks was studied by DSC [12,77] and
powder X-ray diffraction [12]. It was shown that pure rs-ZnO is kinetically stable up to
~370 K. When doped with magnesium, the thermal stability of rs-ZnO nanobulks increases
up to 500 K [40].

According to our estimation, the standard enthalpy of the w-ZnO-to-rs-ZnO phase
transition (AxH?(298.15 K) = 11.7 4 0.3 k] mol~!) derived from experimental data [77] is
two times lower than the “recommended” value (AyH%(298.15 K) = 23.93 + 3.11 k] mol 1)
suggested in [78] under the unfounded suggestion that Pi; = 9.6 GPa. Indeed, it is known
that w-ZnO starts to transform to rs-ZnO that is already at pressures above 5 GPa [79].
At room temperature, this transition is very sluggish due to the existence of a strong
kinetic barrier which hinders the nucleation of a new phase [79]. The obtained results have
shown that below 1000 K the wurtzite-to-rock-salt phase transition in ZnO has pronounced
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diffusionless features. At the same time, due to the intensification of solid-state self-
diffusion ZnO recrystallization has been observed already at 800 K [79]. Thus, the most
reasonable choice for the transition pressure at 300 K is ~5.8 GPa.

Another important aspect concerning the thermodynamics of w-ZnO is the sign of
the Clausius-Clapeyron slope (see Equation (1)). From the available literature data, one
can confidently predict that the w-ZnO melting temperature will decrease under pressure
(dT/dP < 0). The specific volume of the hypothetical liquid phase of ZnO (Vijg,is) was
estimated to be 13.5(5) or 13.8(5) cm?®/mol at 1500 K [80], whereas the specific volume
of solid w-ZnO (V) which can be estimated from the thermal expansion data [81] is
14.8(1) cm?/mol at 1500 K. The zinc oxide melting enthalpy (AH peiting) at pressures close to
0.1 MPa is 38 [82], 52.3 [83], 70 £ 10 [84] or 75.3 [85] k] /mol which gives a variation of the
dT /dP slope value from —32 to —100 K/GPa.

aTr Tmelting
gl _ _Tmelting (v oy ) 1
dP AHmelting( liquid solid ( )

2.5. Melting and Crystallization of Zinc Oxide under Pressure—Growth of Single Crystals

Consider the possibility of using high pressure for the growth of ZnO single crystals.
As is known from the literature, the triple point of zinc oxide is located at 2248(25) K
and 1.06 bar [18]. To prevent the evaporation and dissociation of this compound at high
temperatures it is necessary to maintain an oxygen overpressure. The approach suggested
in [86] is essentially different from all previously used methods of zinc oxide single-crystal
growth and implies crystallization from the melt at 4.2 GPa and ~1700 K. The method is
based on the discovered decrease in ZnO melting point under pressure [86]. As was shown
by synchrotron X-ray diffraction, at 4.2 GPa starting from 1600 K the temperature increase
is accompanied by a decrease in the intensity of ZnO diffraction lines, and their complete
disappearance is observed at 1713 K which is indicative of the melting. Thus, the melting
temperature of ZnO was estimated as 1700 £ 10 K which is 550 K less than that at ambient
pressure. The melting is of a congruent nature. These data made it possible to justify the
use of high pressures to significantly reduce the melting temperature of zinc oxide and
carry out the growth of ZnO single crystals by rapid spontaneous crystallization from the
melt in a large-volume high-pressure apparatus [86].

The grown ZnO crystals were transparent, pale green or colorless, had a needle-
like shape (2 mm in length and 0.2 mm in diameter) and well-defined coaxial growth
orientation with respect to the compression axis (Figure 6). The wurtzite structure (P63mic)
was confirmed by single-crystal X-ray diffraction which showed narrow line widths and an
absence of twins. The cell parameters (2 = 3.2474(5) A, c=52017(7) A; V = 47.506(7) A%) are
in good agreement with the literature values.

The photoluminescence (PL) spectra of the grown crystals consist of a strong violet
emission peak at 398 nm and a relatively weak and broad green-yellow emission with
maximum at ~600 nm which is typical for w-ZnO single crystals. The violet PL line
corresponds to the near-band-edge emission in w-ZnO, indicating the formation of defect
centers. An interesting feature was the observation of a linear dependence of PL intensity
at 398 nm on the excitation power with a tendency towards saturation. This can be
explained by the processes of the collective recombination of photoexcited charge carriers
or stimulated light emission. This effect is consistent with the elongated and close-to-
cylindrical shape of the studied single crystals. Thus, the w-ZnO single crystals grown at
HP and HT have potential application for short-wavelength light emitting devices.
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Figure 6. Microphotograph of zinc oxide single crystals grown from melt at high pressure (in the
opened graphite heater after extraction from the high-pressure cell; scale value is 0.5 mm).

2.6. Growth of Doped ZnO Single Crystals under Pressure

Since the growth of single crystals occurs through the melt we can expect a homo-
geneous distribution of impurities when the melting temperatures of all introduced com-
ponents are reached. Moreover, an important advantage of such a method of producing
doped semiconductors as compared with solid-phase synthesis is the fact that during
zinc oxide crystallization all excessive impurities will precipitate as an impurity phase
without affecting the properties of grown single crystals. Moreover, the doping level will
depend exclusively on the chemical nature of the introduced dopant. Another important
advantage of this technique is that a high-pressure cell is closed in terms of exchange with
the environment, i.e., there is no interaction with the atmosphere. In addition, there are
no restrictions on any possible combination of several components if this is required. One
example of such a growth of single crystals in the presence of other oxides was the growth
of ZnO:Yb,0j3 single crystals from the melt of a mixture of ZnO and Yb,O3 oxides (2%) at
3.8 GPa and 1700 K [87].

When ytterbium oxide is present in the initial mixture the growth of ZnO single
crystals occurs by another mechanism. When ZnO melts under high pressure the ytterbium
oxide dissolves in the zinc oxide melt. On cooling, the Yb,Oj crystallizes from this melt and
forms many nuclei on which ZnO single crystals start to grow. The dissolution of ytterbium
oxide in the zinc oxide melt and its subsequent prior crystallization clearly follows from the
analysis of SEM microphotographs. The fact that Yb,Oj3 particles are on the surface of zinc
oxide single crystals was confirmed by elemental analysis carried out by energy-dispersive
microanalysis in an electron microscope [88]. Thus, one can conclude that growth of zinc
oxide single crystals from melts containing ytterbium oxide occurs under conditions of
mass nucleation on Yb,O3; nanoparticles, leading to a significant decrease in the size of
Zn0 single crystals, compared to undoped zinc oxide. Similar results were observed in the
presence of magnesium oxide and cadmium oxide.

The problem of producing stable and reproducible p-type ZnO crystals is still a
challenge for experimenters. This difficulty is associated with the self-compensation,
low solubility and high ionization energy of all possible acceptor dopants. Among the
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potential candidates of zinc oxide doping for p-type, the group V elements (P, As, Sb)
attracted particular attention because of the predicted existence of the defect complex
Sb(P,As)zn-2V 7, which is responsible for acceptor properties in ZnO. This was shown in
several works on phosphorus, arsenic and antimony doping [88]. However, the majority
of such doped ZnO materials were produced in the form of thin films, nanorods and
nanobelts. Very recently, ZnO single crystals that were doped with group-V elements (P, As
and Sb) have been grown from the melt at ~4 GPa [89]. Under UV excitation the grown
crystals exhibit photoluminescence in the visible light (a yellow band with the maximum at
565 nm) which originates from Vz,-associated acceptors. The number of Vz, induced per
one atom of dopant is significantly higher than 2 as in the As(Sb)z,-2Vz, complex. Other
Vzn-complexes such as (Vz, )2 are generated as well which does not happen without
doping. These results indicate that such doping indeed creates acceptor centers in ZnO
single crystals.

3. Conclusions

The use of high pressures is an effective tool for solving several problems in the field
of semiconductor material science—particularly, for producing new ZnO solid solutions,
stabilizing metastable cubic zinc oxide and growing both doped and undoped ZnO single
crystals. Solid solutions of zinc oxide with other metal oxides can be applied as ionic
conductors, photocatalysts, thermoelectric materials and semiconductors with magnetic
properties. Zinc oxide phase is a model object for studies of thermodynamics and the
kinetics of phase transitions at high pressure that should result in the construction of an
equilibrium P-T phase diagram of ZnO in a wide pressure- temperature range. Based on
the study of thermodynamic properties, a decrease in the melting temperature of zinc oxide
was discovered and the method of single crystals growth at high pressures was developed.
This method is a unique way to produce single crystals because it allows the introduction
of the desired impurity (or even several in any combination) which opens up the prospect
of controlling the semiconductor (in particular, transport) properties of zinc oxide. This
will enable the construction of devices based on p-n junction, such as LEDs and solar cells.
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