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Abstract 

The structure of multiphase transparent glass-ceramics prepared from glasses by controlled 

crystallization and of optical ceramics prepared by uniaxial recrystallization hot pressing are 

compared. Glass-ceramics and ceramics were doped with rare-earth (RE) and transition metal 

(TM) ions.  

In the course of the glass-ceramics development, regions of structural inhomogeneity enriched in 

ZnO are formed in the initial glass. Their composition depends on the type and concentration of 

the TM and RE ion and determines the difference in phase assemblage of glass-ceramics. In optical 

ceramics, cobalt ion enter the structure of ZnO and form the CoO phase. RE ions do not enter the 

structure of ZnO crystals, but are located on their surface and form the RE2O3 phase. ZnO optical 

ceramics doped with cobalt and RE ions should also be considered as multiphase materials.  
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Introduction 

Zinc oxide powders, films, single crystals, ceramics and glass-ceramics, either undoped or 

doped with transition metal (TM) and rare-earth (RE) ions, are among the most actively studied 

materials [1-5]. This is due to the unique combination of their physical and chemical properties, 

such as a wide bandgap (3.37 eV), large exciton binding energy of 60 meV, high chemical, thermal 



and mechanical stability, low toxicity, biocompatibility and biodegradability. Moreover, the 

properties of ZnO materials are tunable.  

Zinc oxide is an efficient phosphor [6]. Various zinc oxide materials, as a rule, demonstrate 

two luminescence bands, i.e., a narrow band, which is located near the absorption edge of the ZnO 

crystal, so-called the near-band (NBE) emission, and a broad longer wavelength band, the 

maximum of which is usually in the green spectral range [6] but can be shifted to yellow and even 

red range. The latter band is called the deep band emission (DBE), or green luminescence (GL). 

The NBE luminescence with the decay time of about ns has an excitonic nature [7], while the GL 

with a much longer decay time has a defect nature [6]. UV light-emitters, scintillators, varistors, 

phosphors, piezoelectric transducers, gas-sensors, etc., have been developed on the base of these 

materials [3,5,6, 8,9]]. ZnO is also used in pharmaceutical, cosmetics, textile and rubber branches 

of industry [9-11]. 

ZnO normally crystallizes in the hexagonal (wurtzite) crystal structure with lattice 

parameters a=3.25 Å and c= 5.21 Å. The Zn2+ ions are tetrahedrally coordinated by four O2- ions. 

The hexagonal prism, positive and negative pedions and the hexagonal pyramid are simple forms 

characteristic of ZnO crystals [12,13]. The polar planes of pedions have an increased reactivity, 

which plays an important role in interaction of crystals with doping ions. It was demonstrated that 

the optical and luminescence characteristics of ZnO largely depend on the choice of the 

corresponding doping ions and the synthesis conditions and subsequent secondary treatments of 

the samples [6]. 

Growth of large ZnO single crystals of high optical quality is time-consuming and a 

laborious process [6]. The use of ZnO powder with typical particle agglomeration is complicated 

for many optical applications. The reproducibility of their properties is challenging. The usage of 

ZnO-based films is limited by optical losses in the substrate material, at the substrate-film interface 

and within the film. Therefore, the development of nanophase transparent glass-ceramics and 

optical ceramics based on ZnO crystals doped with transition metal (TM) and rare-earth (RE) ions 

for optoelectronics is important.  

Preparation of transparent glass-ceramics by the melt-quenching technique with 

subsequent controlled crystallization and preparation of ceramics by the recrystallization 

mechanism during hot pressing, respectively, is not only much cheaper and technologically 

advanced than the growth of single crystals, but it also provides high uniformity of properties for 

relatively large-sized products. However, there is a difficulty in preparing transparent highly dense 

polycrystalline ZnO ceramics with anisotropic crystals of hexagonal symmetry. Anisotropic grains 

in the ceramics cause considerable light scattering at randomly oriented grain boundaries resulting 

in light losses in the bulk [6]. That is why such researches are limited [6,14-18].  



Numerous attempts were made to create ZnO nanostructures (quantum dots, nanocrystals) 

in glasses of different systems. In [19], the authors observed a broad emission band around 396 

nm in initial and heat-treated X-ray amorphous glass of the SiO2–B2O3–ZnO ternary system where 

the concentration of ZnO reached 60 mol%. The authors suggested this emission belongs to a ZnO 

nanophase not detected by XRD method, most probably to a trap-related emission situated at the 

aggregate–host interface and tried to prove it providing the XRD pattern of a sample crystallized 

after heating under the extreme conditions. The authors concluded that all the peaks of this material 

belong to ZnO crystals in different orientations (Fig. 1b of the ref. [19]. Meanwhile, the presented 

XRD pattern demonstrated peaks not of ZnO but of β- and α-willemite. Thus, the ZnO aggregation 

in the glass was not proven. In [20,21], the authors registered the UV emission in ZnO containing 

glasses of barium silicate [20,21], barium borate and barium germanate [20] systems and assumed 

it originated from ZnO aggregation. No experimental evidence of ZnO aggregation was provided. 

In [22], formation of “free ZnO” [22] was suggested in glasses of the SiO2–ZnO–BaO and the 

SiO2–ZnO–BaO–BaF2 systems based on their photoluminescence spectra. The authors tried to 

confirm formation of “free ZnO” by the XRD pattern of the crystallized sample. The authors 

suggested the XRD pattern of the crystallized sample 7 (Fig. 4 of  ref. [22] presents ZnO while 

there is a mixture of β- and α-willemite. So, structural evidence of “free ZnO” formation was not 

provided. In [23], amorphous nanoscale ZnO clusters in oxynitride zinc phosphate glass were 

detected using TEM. 

Surface crystallization of ZnO was demonstrated in [24-28] for materials based on the 

borate glass of the CaO–B2O3–ZnO–Al2O3–K2O–SiO2 system. Surface crystallization of ZnO was 

also obtained in [29,30] in similar glasses. In [31], surface crystallization of willemite and zinc 

oxide was achieved. In [32], surface crystallization of ZnO in zinc-boro-oxy-fluoride was 

demonstrated. Thus, we came to conclusion that in all mentioned above systems volume 

crystallization of zinc oxide was not achieved.  

There are several studies devoted to ZnO nanoparticles with size of about 3-6 nm obtained 

in SiO2 matrix via a sol-gel route [33-36].  

Partially crystallized samples with ZnO crystals were obtained in supercooled melts 

consisting of 70-80 mol% ZnO, up to 20 mol% B2O3 and SiO2 by Dimitriev et al. [37].  

ZnO nanocrystals formed on the surface of glass of the ZnO–B2O3–SiO2–Sm2O3 system 

by laser pattering were reported in [38]. In [39], the CO2 laser-treated glasses of the CaO–B2O3–

ZnO–Al2O3–K2O system demonstrated surface crystallization of Ag and ZnO nanocrystals. 



Transparent glass-ceramics based on volume crystallized zincite (ZnO) nanocrystals were 

first obtained by L. Pinckney [40] in the K2O- ZnO-Al2O3-SiO2 system. The compositions were 

designed as the ZnO component in a stoichiometric to subsiliceous leucite (K2O·Al2O3·4SiO2) 

residual glass. L. Pinckney revealed that gallium can be substituted in part for aluminium and 

sodium in part for potassium without deteriorating properties and that contents of SiO2 higher than 

50 wt% or Na2O higher than 12 wt% tend to promote the crystallization of willemite (Zn2SiO4) 

rather than ZnO [40]. The technique used by Pinckney is phase separation induced between alkali 

aluminosilicate and lower silica, high - zinc glasses. The low - silica phase extremely rich in ZnO, 

yields zincite from 5 to 20 nm in size upon heat-treatment to 750 °C [41]. In [40], the main features 

of the ZnO crystallization were revealed and doping of these glass-ceramics with TM and RE ions 

was discussed.  

Up to now, in studies on volume crystallization of ZnO and spectroscopic properties of 

ZnO-containing transparent glass-ceramics, the authors [42-55] use the ideas and glass 

compositions suggested by L. Pinckney in ref. [40]. Space-selective precipitation of ZnO crystals 

by using high repetition rate femtosecond laser irradiation was reported in [56] for the glass with 

the composition of 45SiO2-15Al2O3-25ZnO-15K2O (mol%), which belongs to the system 

developed by L. Pinckney [40]. 

We have found only one excellent paper [57] wherein glass-ceramics containing ZnO 

nanosized crystals were obtained in a different system. Though it was formaly the same potassium 

zinc aluminosilicate system, the difference with compositions presented in [40] was in the 

substitution of zinc oxide with zinc fluoride, which resulted in glass of the oxifluoride composition. 

It produced a significant difference in the phase composition of glass-ceramics: a mixture of ZnO 

and β-Zn2SiO4 precipitated simultaneously at the initial stage of heat-treatment, whereas sole 

crystallization of ZnO occurred when heat-treatments were performed at a higher temperature. 

This sequence of phase transformations is opposite to that presented in [40] and probably 

originates from the different mechanism of phase separation in the oxifluoride potassium zinc 

aluminosilicate system as compared with the oxide one.  

Transparent glass-ceramics based on semiconducting ZnO crystals are self-nucleating 

materials due to liquid-liquid phase separation [40], which makes the sequence of phase 

transformations of initial glasses and properties of glass-ceramics extremely dependent on the 

preparation conditions (batch weight, crucible material, glass melting temperature, cooling rate, 

heat-treatment schedule) and purity of the raw materials. Optical properties of transparent glass-

ceramics based on ZnO crystals are largely determined by the defect chemistry of the ZnO crystals 

that have relatively open structure and plenty of sites to accommodate intrinsic defects and 

extrinsic dopants. Optical properties of glass-ceramics are also determined by the preparation 



conditions and purity of the raw materials. We would just like to state that in ref. [40] the batch 

weight was to yield about 1000 g of glass, glasses were melted in platinum crucibles at 1600 °C 

for 6 h, cast into patties about 1 cm thick, annealed at 575°C for 1 h and crystallized at temperatures 

of 700–800°C for 1–2 h. Later on, other researches used different preparation techniques to 

produce glass-ceramics of similar compositions. In [45] for a similar glass composition, quite a 

different preparation technique was used: the batch weight was 20 g, glasses were melted in 

alumina crucibles at 1500 °C for 2 h, subsequently quenched on a steel plate and crystallized at 

temperature of 750 °C for 3, 5, 10, 30, 60 and 120 min. In [53], the batch weight was 100 g, glasses 

were melted in alumina crucibles at 1580 °C for 2 h, subsequently quenched onto the preheated 

steel plate, annealed in a muffle furnace at 500 °C and crystallized at temperature of 730 °C for 0, 

5, 8, 15, 30, 60 min. Thus, it is extremely important to analyze the preparation conditions while 

analizing the properties of ZnO-based glass-ceramics prepared by different research groups. 

The present work aims at comparing the structure of multiphase transparent glass-ceramics 

based on ZnO nanocrystals prepared from glasses of the K2O- ZnO-Al2O3-SiO2 system by 

controlled crystallization and of ZnO optical ceramics produced by recrystallization high-

temperature pressing and doped with RE and TM ions. 

This paper is a tribute to Linda Pinckney. 

 

2. Experimental 

2.1. Preparation of glasses and glass-ceramics 

We used initial glasses of two different compositions of the K2O – ZnO - Al2O3 - SiO2 

system. The first composition (mol%) 12 K2O, 28 ZnO, 12 Al2O3, 48 SiO2, is similar to the 

composition Z4 listed in Table 1, Compositions of transparent ZnO glass-ceramics, of the ref. 

[40]. The second composition is (mol%) 14 K2O, 32 ZnO, 14 Al2O3, 40 SiO2. Batches of the first 

composition (Zn1) 200 g in weight were melted in a platinum crucible. Batches of the second 

composition (Zn2) 400 g in weight were melted in crucibles made of quartz ceramics.  

The glass batches were prepared of reagent grade K2CO3, ZnO, Al2O3 and SiO2. TM oxides 

(Co3O4, Cr2O3, Ni2O3, CuO), and RE oxides (Tm2O3, Er2O3, Yb2O3, Eu2O3, (Er2O3+Yb2O3), 

(Eu2O3+ Yb2O3) were added above 100 mol% of the base components. All the components were 

carefully mixed and placed into the crucible. Glasses were melted in a laboratory electric furnace 

at 1590 °C for 3 h with stirring, poured onto a cold metal plate and annealed at 500 or 550 °C. All 

glass-ceramics, undoped and doped with RE and TM oxides in concentration of 0.01-2.0 mol%, 

were prepared by secondary heat treatments of initial glasses in the temperature range from 680 to 

1300 °C for 2 to 100 hours. The examples of transparent ZnO glass-ceramics, undoped and doped 

with TM and RE ions, are shown in Fig. 1.  
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Fig. 1. The images of transparent ZnO glass-ceramics, undoped and doped with TM and RE oxides. 

Numbers on the photographs denote heat-treatment schedule (°C/ h). 

       

2.2. Preparation of ceramics 

The undoped, Co-, Er-, Yb-doped and Er, Yb co-doped ZnO optical ceramics with the RE ions 

concentration of 0.1-5.0 wt% were fabricated from commercial reagent grade ZnO (purity: 3N, 

Zinsa, Peru), Co3O4 and RE oxides of the same purity. The weighted portions of reagents were 

thoroughly mixed. The ceramics were prepared by uniaxial hot pressing (HPing) in vacuum at 

1150 to 1220 oC. Both sides of the as-sintered ceramic disks were mirror polished using diamond 

slurry. After polishing, the disks had a diameter of 25 mm and a thickness of about 0.5 mm. The 

undoped ceramic is of yellow-green color. With Er3+ and Yb3+ doping, the color changed to rose 

and grey, respectively. The examples of transparent undoped, Er- and Yb-doped ZnO ceramics are 

shown in Fig. 2. The cobalt-doped ceramics are emerald-green colored. The colore intensity 

increases with increasing the cobalt concentration in such a manner that the sample doped with 

5%CoO is black.  



(a) (b) (c) (d)     

      

  

Figure 2. Photographs of (a) undoped and (b-e) ZnO transparent ceramics with different Yb and 

Er doping levels (indicated by labels, in wt%).  

 

2.3. Characterization methods 

2.3.1. Differential scanning calorimetry (DSC) 

Glasses were characterized by differential scanning calorimetry (DSC) measurements 

performed on a simultaneous thermal analyzer NETZSCH STA 449 F3 Jupiter. The glass 

transition and crystallization temperatures were determined from about 15 mg bulk samples, using 

argon as a purging gas and a platinum crucible, with a heating rate of 10 °C/min, at the temperature 

range between room temperature and 1250 °C. 

 

2.3.2. X-ray diffraction (XRD) 

XRD patterns of finely powdered initial glasses and glass-ceramics were measured using a 

Shimadzu XRD-6000 diffractometer with Cu Kα radiation and a Ni filter (1.54056 Å). Taking into 

account that phase assemblage on the surface and in the volume of glass-ceramics can differ, XRD 

patterns, if necessary, were taken not only from the volume of the sample, but also from its surface. 

In this case, the volume and the surface of the sample were carefully separated. The XRD patterns 

were collected in a fixed time scan, sampling pitch: 0.02◦, preset time: 6 s. We performed Rietveld 

refinement of the structure, phase compositions, volume fraction and sizes of nanocrystals using 

the Maud program [58]. Pure cubic Y2O3 powder standard sample was used to correct the data for 

instrumental broadening. For modeling the residual glass [59], we used the leucite, KAlSi2O6. The 

mean crystal size and volume fraction of ZnO were determined. The error in the estimation of the 

mean crystal size is about ±2 nm for DXRD of about 20–30 nm [60]. The error in the estimation of 

the volume fraction of ZnO depends on the volume fraction and was estimated according to Ref. 

[59]. Parts of XRD patterns of the glass-ceramics after heat-treatments at 1200 and 1300 °C for 2 



and 24 h were recorded in a scanning mode (2θ=27.6–29.8°) with a sampling pitch of 0.04° and a 

100 s preset time. 

The XRD patterns of ceramic disks were measured using the same Shimadzu XRD-6000 

diffractometer with a Ni-filtered Cu Kα radiation. The samples were scanned according to a 

following mode: fixed time scan, scan speed 2.0 deg/min, sampling pitch: 0.02°, preset time: 3.0 

s. To check whether crystals of rare-earth oxides were formed during sintering, additional XRD 

patterns were recorded in a special mode (fixed time scan, sampling pitch: 0.01°, preset time: 100 

s) in an angular range of 2θ = 29.0-30.3°, where the main diffraction peaks of cubic Yb2O3 and 

Er2O3 are located. With the aim to find the cobalt-containing crystalline phase, additional XRD 

patterns were also recorded in another special mode (fixed time scan, sampling pitch: 0.03°, preset 

time: 60 s) in the angular ranges of 2θ = 42.0-42.99° and 2θ = 61.0-61.99°, where the diffraction 

peaks of cubic CoO with Miller’s indices (hkl) (200) and (220), respectively, are located. The The 

Rietveld refinement was performed using the Maud software [57]. 

For evaluating the preferred orientation of ZnO samples, the texture coefficient Tc(hkl) was 

used. It was calculated by the equation (1): 
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where (hkl) is the crystalline plane, I is the measured XRD intensity, I0 is the standard intensity of 

randomly oriented crystals according to a reference XRD card and N is the number of diffraction 

peaks [61]. From Eq. (1) it follows that Tc is close to unity for randomly oriented crystals, and it 

is greater than 1 when a certain (hkl) plane is preferentially oriented. 

 

2.3.3. Small angle X-ray scattering  

Plane-parallel polished samples with thickness of 0.2 mm were studied by small angle X-

ray scattering (SAXS) method. The SAXS intensity I(φ) was measured with a home-made 

instrument in the range of scattering angles φ from 6 to 450 arc min which corresponds to scattering 

vector range (Q) from 8·10-3 Å-1 to 0.5 Å-1 where Q = (4π/λ)sin(φ/2), λ is the X-ray wavelength 

and φ is a scattering angle. CuKα radiation (λ =1.54 Å) was used with an “infinitely” high primary 

beam (“infinitely” high slit). 

SAXS curves of phase-separated glasses and glass-ceramics often exhibit maximum. It 

appears due to the regularity in a distribution of scattering regions in the glass volume. The value 

of Q corresponding to the maximum on the I(Q) curve (Q0) and the distance between centers of 



regularly distributed particle (L) are related as  

L  (3.3÷3.5)103Q0
-1          (2) 

where L (in Å) is a distance between centers of regularly distributed particle [62]. The position of 

the maximum Qm on the Q dependence of QI(Q) corresponds to the inverse radius of the scattering 

regions. For the monodisperse system of spherical particles with radius R, in condition of validity 

of Guineir equation [63]  

             (3). 

 

2.3.4. Electron microscopy  

The structure of the initial glass and glass-ceramics was studied by the transmission 

electron microscopy (TEM) with the JEOL TEM-1011 microscope (100 kV acceleration voltage, 

0.4 nm point resolution). For this study, fine powdered materials were dispersed in ethanol, and a 

drop containing a small amount of material in suspension was deposited onto a carbon-coated 

copper grid. 

The morphology of ceramics was characterized by scanning electron microscopy (SEM) 

using Carl Zeiss EVO, TESCAN LYRAS and Carl Zeiss MERLIN microscopes. For this study, 

the surface of ceramics was preliminary etched in a mixture of hydrochloric and hydrofluoric 

acids. The same MERLIN microscope equipped with an Inca Energy X-Max analyzer was 

employed for energy dispersive X-ray (EDX) based element mapping. The grain size distribution 

was analyzed with the ImageJ software.  

 

2.3.5. Raman spectroscopy 

The Raman spectra were measured with a Renishaw inVia confocal Raman microscope 

equipped with the multichannel detector cooled down to −70 °С using a Leica x50 objective (N.A. 

= 0.75). The accumulation time was 10 s and the number of accumulations was 30. The spatial 

resolution was about 2 cm−1. The Raman spectra of glasses and glass-ceramics were recorded using 

the excitation wavelength λexc of 488 nm (Ar+ laser line). An edge filter was used.  

The Raman spectra of ceramics were measured using the excitation wavelength λexc of 514 

nm (Ar+ laser line).  

 

2.3.6. Optical spectroscopy 

The optical absorption spectra of glasses, glass-ceramics and ceramics were measured in 

the spectral range from 300 to 3300 nm with a Shimadzu UV 3600 spectrophotometer with a 

spectral resolution of 1 nm (0.2 nm for the range of absorption bands of RE ions).  

1

2

5 −= mQR



It should be taken into account that glass-ceramics are inhomogeneous materials (crystals in 

glass matrix) and scatter light. Thus, the measurement of optical density of a glass-ceramic sample 

is accompanied by falling the scattered light into a detector of the spectrophotometer that leads to 

an error in optical density measurement. The error depends on scattering characteristics and the 

acceptance angle of the spectrophotometer. We studied the problem of measuring optical density 

of nanostructured glass-ceramics samples by the spectrophotometer Shimadzu UV 3600 [64] and 

concluded that the error is negligible if the internal optical density of the sample caused by 

scattering, 𝐷s, satisfies the condition 

𝐷s ≲ 2 .                                                                             (4) 

We checked the fulfilment of this condition in all our measurements of optical density of glass-

ceramic samples.  

 

3. Results  

3.1. Glasses and glass-ceramics 

3.1.1. The ZnO-based glass-ceramics are self-nucleating due to liquid-liquid phase separation 

and require no added nucleating agents [40].  

 SAXS is a powerful tool to study early stages of formation of inhomogeneity regions in 

glasses inclined to phase separation [63]. The potentiality of SAXS in the study of glass-ceramic 

structure was described in detail (for example, see [65] and references therein) The structure of the 

initial glass Zn1 doped by 0.05% CoO and ZnO-based glass-ceramics prepared from this glass by 

heat-treatments at 680 °C for 24 h and at 720 °C for 2 h was studied by SAXS. Fig. 3(a) shows 

SAXS intensity I as a function of the magnitude of scattering vector Q. 
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Fig. 3. SAXS curves and XRD patterns for the initial glass Zn1 doped with 0.05% CoO and glass-

ceramics: (a) dependences of the SAXS intensity on Q; (b) dependences of Q·I(Q) on Q; (c) 

corresponding XRD patterns. The dashed lines mark the positions of the maxima on the curves. 

The heat-treatment schedules are shown in figures. 

 

According to SAXS (Fig. 3(a,b)) and XRD findings (Fig. 3(c)), the initial glass is 

inhomogeneous and X-ray amorphous. After heat-treatments, the SAXS intensity increases. The 

angular dependences of the SAXS intensity by the initial glass and the glasses heat-treated at 680 

and 720 °C demonstrate pronounced maxima, see Fig. 3(a). After the heat-treatment of the initial 

glass at 680 °C for 24 h, the position of the maximum remains practically unchanged. According 

to Eq. (2), from the position of the maximum it follows that the mean interparticle distance is about 

180 Å both in the initial glass and in glass-ceramics prepared by the heat-treatment at 680 °C for 

24 h. The presence of a maximum on the angular dependence of the SAXS intensity by the initial 

glass can be considered as an evidence of spinodal phase decomposition that occurs during cooling 

of the glass melt [65]. The invariability of the position of this maximum after the heat-treatment 

at 680 °C for 24 h means that the space distribution of inhomogeneous regions formed in the glass 

during its casting and annealing is not changed during this heat-treatment. Heat-treatment at 720 

°C for 2 h leads to a shift of the maximum on the SAXS curve to smaller angles, and the 

interparticle distance increases to 210 Å. 

Fig. 3(b) shows the dependences of QI(Q) versus Q for the initial glass and glass-ceramics. 

The position of the maximum on the QI(Q) curve by the glass remains near constant after its heat-

treatment at 680 oC for 24 h, i.e., the dimensions of the scattering regions formed in the initial 

glass remain unchanged and equal to ~70 Å. Consequently, the increase in the SAXS intensity 

should be related to crystallization of ZnO within these inhomogeneous regions occurring during 

heat-treatment, see Fig. 3(c). When the glass was heat-treated at 680 °C for 24 h, the number of 

inhomogeneous regions did not change. The Ostwald ripening was not observed. Thus, the liquid 
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phase separation was actually completed during cooling of the melt. Crystallization occurs within 

the liquid phase-separated regions. The spinodal character of decomposition at melt quenching and 

annealing does not exclude the formation of a droplet structure at later stages of phase 

transformation during subsequent heat-treatments [66]. Crystallization occurs independently in 

each droplet.  

 

 

3.1.2. The compositions can be approximated as the ZnO component in a stoichiometric to 

subsiliceous leucite host glass… The microstructure of the transparent glass-ceramic comprises 

5–20 nm crystals of ZnO dispersed uniformly throughout a continuous aluminosilicate glass [40]. 

 Fig. 4 shows Raman spectra of the initial and heat-treated glass Zn1 doped with 0.05% 

CoO. Note that their XRD patterns are listed in Fig. 3(c). Similar Raman spectra were presented 

by Du et al. in [56]. The Raman spectrum of the initial glass consists of the main band with peaks 

at 484, 572 and 714 cm-1 and the high-frequency envelope with the maxima at ~872, and ~1000 

cm-1. According to [67], the band near 484 cm-1 indicates Si-O-Al linkages, while the shoulder 

resolved at 572 cm-1 implies the presence of Al-O-Al bridges [67,68], while the high-frequency 

envelope is due to the antisymmetric-stretching modes of O atoms and network-forming cations 

in the three-dimensional aluminosilicate framework [67,69]. After heat-treatment of the initial 

glass at 680 oC for 24 h, the new peaks appear at 96 and 438 cm-1 that are assigned to the E2
low and 

E2
high modes of hexagonal ZnO crystals [70,71]. The shape of the high-frequency envelope in the 

spectrum of the sample is changed. Instead of the unresolved band at ~872 cm-1, the peak at 867 

cm-1 appears. The higher frequency band broadens, see Fig. 4. After heat-treatment at 720 °C for 

2 h, in addition to the peaks at 96 and 438 cm-1 the tiny peak appears at 332 cm-1. This peak is 

assigned to E2
low and E2

high modes difference in Raman spectrum of ZnO crystals [70]. The 

appearance of small peaks at 166 and 310 cm-1 as well as narrowing and intensification of the peak 

at 867 cm-1 manifests the continuation of structure ordering within the silicate regions enriched in 

zinc. With further increasing the heat-treatment temperature, this ordering will result in additional 

crystallization of β-willemite, β-Zn2SiO4 [72]. The high frequency envelope in the Raman 

spectrum becomes broader due to appearance of the maximum at ~1054 cm-1. This change can be 

explained by the increased connectivity of the aluminosilicate network caused by the ZnO 

crystallization [71,72]. We did not find the spectrum of glass with leucite composition in the 

literature, however, there is the spectrum of amorphous leucite obtained at high pressure [73] and 

its high-frequency envelope is consistent with those of the glass-ceramics obtained presented in 

Fig. 4. The Raman spectra of the SiO2–KAlSi3O8 glass series [67] also demonstrate similar 

features.  



 

Fig. 4. Raman spectra (a) and XRD patterns (b) for the glass Zn1 doped with 0.05% CoO and 

glass-ceramics. The heat-treatment schedules are shown in figure. 

 

An analysis of the position of the amorphous halo in the XRD patterns of the samples under 

study confirms these findings, see Fig. 3(c). The maximum of the diffuse X-ray scattering by the 

initial glass is at 2θ ≈ 30.5°. All components of the initial glass contribute to this scattering. During 

heat-treatments at 680 °C for 24 h and 720 °C for 2 h, ZnO crystals are formed in the glass. 

Crystallization of ZnO  is accompanied by a change in the composition of the residual glass phase, 

as evidenced by the shift of the diffuse maximum to 2θ ≈ 29.2° and then to 28.7°. The main 

contribution to this scattering is made by potassium aluminosilicates. Note that the strongest 

diffraction peak in the XRD pattern of kalsilite is located at 2θ ≈ 28.6; other potassium feldspars 

also have strong lines in this anglular range. 

 

3.1.3. Zinc oxide is the first phase to crystallise as temperature increases, followed by the 

crystallisation and growth of willemite at the expense of ZnO and eventually to the surface 

crystallization of leucite (KAlSi2O6) at the expense of the residual glass [40].  

 Fig. 5 shows a typical DSC curve by the example of the Z1 initial glass doped with 0.05% 

CoO. For this glass, Tg is at ~660 °C, the ZnO onset crystallization temperature is ~760 °C. The 

peak connected with crystallization of β-willemite (β-Zn2SiO4) appears at higher temperature of 
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about 800 °C but its onset crystallization temperature is difficult to determine because this peak 

superimposes on the peak of ZnO. The onset crystallization temperature of α-willemite (α-

Zn2SiO4) is ~989 °C and that of leucite (K2O·Al2O3·4SiO2) is ~1120 °C. 

 This crystallization sequence is demonstrated in Fig. 5(a) by the example of the same Z1 

glass doped with 0.05% CoO. No diffraction peaks are found in the XRD pattern of the initial glass 

indicating that it is X-ray amorphous. The first phase to crystallize is ZnO; it appears during heat-

treatments at temperature of 680 - 720 °C. The mean ZnO crystal sizes determined using the 

Scherrer equation are about 10 - 11 nm. Heat-treatments in the temperature range of 750 – 900 °C 

resulted in crystallization of a mixture of ZnO and β-Zn2SiO4 nanocrystals. Their mean sizes 

determined with the Scherrer equation are about 10 - 12 nm and 11-14 nm, respectively, depending 

on the heat-treatment temperature [69]. α-willemite crystallizes at 950 °C at the expense of ZnO 

and β-Zn2SiO4. During heat-treatment at 1000 °C, leucite (K2O·Al2O3·4SiO2) additionally 

crystallizes from the surface, while kalsilite (K2O·Al2O3·2SiO2) crystallizes in the volume of 

glass-ceramic, see Fig. 4(b). At elevated temperatures, the main crystalline phases are α-willemite 

and leucite while the traces of kalsilite are still observed, see Fig. 4(a). 

 

Fig. 5. DSC curve for the glass Zn1 doped with 0.05% CoO. 
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Fig. 6. XRD patterns of the glass Zn1 doped with 0.05% CoO. Heat-treatment temperatures are 

listed in the figure. Heat-treatment time is 2 h. 

 

3.1.4. Transition metal ions do partition into the tetrahedral sites of ZnO in these glass-ceramics 

[40]. 

 

Cobalt-doped glass-ceramics 

 

  

Fig. 7. Absorption spectra (a) and corresponding XRD patterns (b) of the initial and heat-treated 

glass Zn1 doped with 0.1% CoO. Heat-treatment temperatures are listed in the figure. Heat-

treatment time is 2 h. 

 

Fig. 7(a,b) presents absorption spectra and corresponding XRD patterns of the initial and 

heat-treated glass Zn1 doped with 0.1 mol% CoO. The spectrum of the initial glass, see Fig. 7(a), 

contains two broad absorption bands, one with maxima at 525, 590, and 640 nm, and the other in 
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the range of 1100–1700 nm. It is characteristic of Co2+ ions in a mixture of coordination sites: in 

octahedral, in distorted tetrahedral coordination, and possibly in five-fold coordinated sites. This 

type of spectrum is typical for Co2+ ions in aluminosilicate glasses [71]. A change in the absorption 

spectrum of the sample is observed after its heat-treatment at 700 °C for 2 h. There is a reduction 

of absorption at ∼525 nm and appearance of a shoulder at ∼565 nm and absorption bands at 607 

and 643 nm while the broad band in the 1.2–1.7 μm range becomes narrower and demonstrates 

peaks located at ∼1.29, 1.42, 1.49, and 1.64 μm. This change is caused by crystallization of ZnO 

and entering the tetrahedral sites in these nanocrystals by the Co2+ ions. The observed absorption 

bands match those for Co2+:ZnO [74-76] and they are attributed to d–d transitions of Co2+ ions 

with 3d7 high-spin configuration in a tetrahedral ligand field formed by neighboring oxygen ions 

in ZnO nanocrystals [71,72]. The absorption peaks in the visible range are assigned to 4A2(F) → 

2E(G), 4A2(F) → 4T1(P), and 4A2(F) → 2A1(G) transitions. The absorption band in the infrared is 

associated with the electronic transitions from the 4A2(F) ground-state to the 4T1(F) excited 

multiplet. Intensities of these peaks constantly increase with heat-treatments at temperatures up to 

860 °C and correspond to increasing the volume fraction of ZnO nanocrystals. Appearance of the 

peak at 523 nm in the spectrum of the glass-ceramic prepared by the heat-treatment at 900 °C is 

connected with Co2+ absorption both in octahedral and in distorted tetrahedral sites in β-willemite 

crystals [72]. 

 

Nickel-doped glass-ceramics 
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Fig. 8. Absorption spectra (a,b) and corresponding XRD patterns (c) of the initial and heat-treated 

glass Zn1 doped with 0.2 mol% NiO. Heat-treatment temperatures are listed in the figure. Heat-

treatment time is 2 h. 

 

The absorption peaks coincide with those reported by Pappalardo et al for tetrahedrally 

coordinated Ni2+ in ZnO, indicating that at least some of the Ni2+ ions have partitioned into the 

ZnO crystals [40]. 

Fig. 8(a-c) presents absorption spectra and corresponding XRD patterns of the initial and 

heat-treated glass Zn1 doped with 0.2 mol% NiO. The absorption spectrum of the initial glass 

presents three broad asymmetric absorption bands centered at about 439, 870 and 1830 nm, which 

is typical for Ni-doped aluminosilicate glasses and can be assigned to absorption of trigonal 

bipyramid fivefold Ni2+[V] and tetrahedral fourfold species [77] with the predominance of Ni2+[V] 

species. A change in the absorption spectrum of the sample is observed after its heat-treatment at 

720 °C for 2 h. The absorption edge is shifted to longer wavelengths in such a manner that the 

absorption band with the maximum at 439 nm becomes partly concealed, new bands appear at 

566, 614, 658, 742, ~920 nm, and ~1199, the raise of absorption at wavelengths longer than 1000 

nm is revealed. Maximum of this IR absorption is not detected up to 3300 nm, which is the 

measurement limit of the spectrophotometer. These spectral changes are connected with 

crystallization of ZnO, see Fig. 8(c), and partition of Ni2+ ions in these crystals [40]. Indeed, 

Pappalardo et al. [78] suggested that in ZnO, the Ni2+ impurity ions are present in sites possessing 

tetrahedral symmetry with a slight axial deformation. The crystal field parameter Dqtet≈380 cm-1. 

The absorption peaks of Ni2+ ions in ZnO are located at 576, 616, 656, 742, and 1192 nm [79]. 

These peak positions are very similar to those in spectrum of the glass-ceramic sample, see Fig. 

8(b). The raise of absorption in the IR is related to the presence of free carriers in semiconductor 

ZnO nanocrystals [80]. Thus, the spectrum is a superposition of spectra of Ni2+ ions in ZnO 

crystals, in the residual glass and of the ZnO spectral features.  
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It confirms the statement that all glass-ceramics doped with TM ions exhibit a significant 

colour change upon crystallisation consistent with a change in crystal field environment of the 

dopant ions, although part of the color change can be attributed to the crystallisation of ZnO itself 

[40]. 

Absorption spectrum of glass-ceramic changes after heat-treatment of the glass at 750 °C. 

The absorption edge is shifted to even longer wavelengths, intensity of absoption bands with 

maxima at 566, 614 and 658 nm increases, intensity of the peak with maxium at ~920 nm remains 

near constant, and the peak appears at 1185 nm, see Fig. 8(a,b). IR absorption caused by the 

presence of free carriers in ZnO pronouncedly decreases. We assign these spectral changes to some 

increase in the ZnO crystallinity fraction and, to the larger extent, to crystallization of β-willemite, 

see Fig. 8(c). In literature, information about the reflectance spectrum of Ni2+: Zn2SiO4, α-

willemite, is evaluable [80]. The spectrum exhibits a wide, intense band in the range of 480-760 

nm with absorption maxima at 540, 584, and 633 nm, which corresponds to 3T1(F) →3T1(P) d-d 

transition in the tetrahedral environment. We cannot exclude the presence of these peaks in broad 

absorption bands of glass-ceramic prepared by heat-treatment at 750 °C. It should be taken into 

account that in β-willemite Ni2+ ions can enter both octahedral and in distorted tetrahedral sites 

crystals. We can find the attributes of [VI]Ni2+ in the spectrum of glass-ceramics. According to 

Pappalardo, the crystal field parameter Dqoct≈860 cm-1 [78]. Previously, we built the Tanabe-

Sugano diagram for [VI]Ni2+  ion in the assumption that Dq= 860 cm-1 and B=890 cm-1 [81]. The 

following maximum positions were presented: less than 400 cm-1, 690, 790, and 1160 nm. Thus, 

the spectrum can be assigned to [IV]Ni2+ species in ZnO and β-willemite crystals, to [VI]Ni2+  in β-

willemite crystals, and to [V]Ni2 species in the residual glass. A decrease of the IR absorption could 

be related to a beginning of β-willemite crystallization at the expence of ZnO. 
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Fig. 9. Absorption spectra (a,b) and corresponding XRD patterns (c) of the initial and heat-treated 

glass Zn1 doped with 0.1 mol% Cr2O3. Heat-treatment temperatures are listed in the figure. Heat-

treatment time is 2 h. 

 

The absorption spectrum of the Zn1 glass doped with 0.1 mol% Cr2O3 contains two broad 

absorption bands with maxima at 427 and 630 nm, see Fig. 9(a,b). This spectrum is typical for 

Cr3+ ions in d3 configuration in octahedral sites in silicate and aluminosilicate glasses and 

corresponds to the interconfigurational transitions from the 4A2 ground state to the 4T1 and 4T2 

excited states, respectively [82]. There is also the inflection at 703 nm which corresponds to spin 

and parity forbidden transitions 4A2→(4T1, 2E). The ligand field strength Dq is ~1590 cm-1, the 

Racah parameter B is ~827 cm-1 [83]. In the IR spectral range there is only a broad assimetric band 

due to absorption of OH-groups dissolved in the melt during glass melting. Appearance of a small 

amount of ZnO nanocrystals, see Fig. 9(c), leads to a pronounced change in the absorption 

spectrum of the sample. Absorption edge is shifted to longer wavelengths, the band with a 

maximum at ~630 nm increases in intensity. A close look at this band allows to reveal two 

additional maxima at 597 and 654 nm, see Fig. 9(b). In the assignment of this absorption spectrum 

we reffered to a paper of B. Babu et al. [84], wherein the optical absorption spectrum of Cr3+ doped 

ZnO nanopowder is presented. The authors confirm the Cr3+ in ZnO crystals are in octahedral site 

symmetry in host ZnO lattice. Two bands observed at 426 nm and 588 nm were assigned to the 

transitions 4A2g(F) → 4T1g(F) and 4A2g(F) → 4T2g(F), respectively. The weak absorption band 

observed at 702 nm was attributed to spin forbidden transition 4A2g(F) → 2Eg(G). The ligand field 

parameters were determined as Dq = 1700 cm-1, and B = 636 cm-1. Based on these findings, we 

assigned the peaks in the spectrum of glass-ceramic prepared at 700 °C for 2 h to absorption of 

Cr3+  ions distributed between the octahedral sites in the ZnO crystals and in the residual glass, see 

Fig. 9(c).  

10 20 30 40 50 60 70 80

• •

 

 




•

•

•

•••

2 (degrees)

 












•

•
 -Zn

2
SiO

4

• ZnO

•

X
R

D
 i
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

•
•••

•

•

 

 

720C

700C

glass

(c)

glass



Glass-ceramic sample prepared by the heat-treatment at 720 °C for 2 h is a three phase 

system as it contains the crystals of ZnO and β-willemite distributed within the residul glass. The 

absorption spectrum of the glass-ceramics changes pronouncedly, the intensity of the absorption 

band rapidly increases while its shape changes. band see Fig. 9(b). There are two peaks with 

maxima at 597 and 654 nm, the inflection at ~730 nm and a weak peak at 1178 nm, see Fig. 9(a,b). 

This spectrum is also assigned to Cr3+ ions in octahedral site symmetryand shows the two bands 

centered at 420 nm (concealed behind the absorption edge) and 590 nm that arise from the spin 

allowed electronic transitions from 4A2→4T1 and 4A2→4T2, respectively and the spin forbidden 

transitions from 4A2→2T1(t3) and 4A2→2E at 654 nm  and 730 nm, respectively [85]. B Babu et 

al. calculated the ligand field parameters Dq =1725.3 cm-1, and the Racah parameter B = 696.2 

cm-1. It should be mentioned that the spectra of Cr3+ in ZnO- and β-willemite-based glass-ceramics 

closely resemble those in Cr3+-doped MgAl2O4 [86] and Cr3+-doped ZnAl2O4 [87], wherein Cr3+ 

ions are six-fold coordinated. In ref. [85] it was stated that Cr3+ has a very low solubility in Zn2SiO4 

and that additional spinel phases are easily formed. So we demonstrated difficulty in incorporation 

of octahedrally coordinated TM ions into the structure of ZnO crystals. In future, the detailed XRD 

analysis shoule be conducted to reveal the secondary spinel phases, if any. 

. 

Large rare earth ions are unlikely to enter the ZnO crystals and would remain in the residual glass 

phase after crystallization [40]. 

Initial Zn2 glasses co-doped with Er2O3 and Yb2O3 are rose colored, coloration intensifies 

with increasing the Er doping concentration. The center of the glass co-doped with 0.2% Er2O3 

and 0.2% Yb2O3 has a slightly yellow coloration, see Fig. 10. 

 

 

Fig. 10. 8. Images of the initial Zn2 glasses doped with (a) 0.1% Er2O3 and 0.1% Yb2O3; (b) 0.2% 

Er2O3 and 0.2% Yb2O3; (c) 0.3% Er2O3 and 0.3% Yb2O3. 

 



 

 

 

Fig. 119. TEM images of the initial Zn2 glasses doped with (a) 0.1% Er2O3 and 0.1% Yb2O3; (b) 

0.2% Er2O3 and 0.2% Yb2O3; (c) 0.3% Er2O3 and 0.3% Yb2O3. 

 

The TEM images (Fig. 11) of these glasses reveal a near-uniform distribution of dark 

regions of inhomogeneity, which confirms the phase separation for all examined initial glasses. 

From the comparison of their XRD patterns and absorptions spectra it follows that the doping level 

of RE3+ 

 
 

Fig. 1210. XRD patterns (a) and absorption spectra (b) of the initial Zn2 glasses co-doped with 

Er2O3 and Yb2O3. The Er2O3 and Yb2O3 doping level is indicated in figure. 

 

ions drastically influences the glass structure. An addition of 0.2/0.2 mol% Er2O3/Yb2O3 provokes 

crystallization of ZnO, which causes the location of the absorption edge at about 380 nm. The 

glasses co-doped with 0.1/0.1 and 0.3/0.3 mol% Er2O3/Yb2O3 are amorphous and liquid phase 

separated, see Fig. 12(a). However, a striking difference in the position of absorption edges in their 

absorption spectra reflects different compositions of these regions. We speculate that in the glass 
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doped with 0.1/0.1 mol% Er2O3/Yb2O3 amorphous regions of inhomogeneity are enriched in ZnO 

while the introduction of 0.3/0.3 mol% Er2O3/Yb2O3 leads to segregation of RE3+ ions into the 

phase-separated regions that results in deluting the Zn content and retarding the ZnO 

crystallization. Doping of the glass with different concentrations of Er2O3 and Yb2O3 modifies the 

kinetics of crystallization of ZnO. Transparent glass-ceramics obtained by the heat-treatment at 

720 °C contain ZnO nanocrystals, the sample doped with 0.2/0.2 mol% Er2O3/Yb2O3 has the 

highest fraction of ZnO.  

To estimate the effect of crystallization on spectral properties of ZnO-based glass-ceramics 

doped with RE2O3, we analyzed the difference between optical densities of samples of the heat-

treated and initial glass with approximately the same thickness ℎ for a number of heat treatments. 

The analysis of the difference allowed us to exclude the reflection losses because the change in 

reflection caused by crystallization was estimated to be negligible. The difference between the 

optical density 𝐷GC of the heat-treated (glass-ceramic, GC) sample and the optical density 𝐷IG of 

the initial glass sample was used for the estimation of the extinction coefficient 

𝛼ZnO = (𝐷GC − 𝐷IG)/(ℎ log10 𝑒) ≅ 2.3026 (𝐷GC − 𝐷IG)/ℎ                                             (5) 

related to scattering and absorption originated from ZnO nanocrystals. 

Three effects of ZnO crystallization on extinction coefficient 𝛼ZnO of glass-ceramics doped 

with RE ions were demonstrated. First, ZnO nanocrystals cause a significant scattering of visible 

light. Second, the absorption band at long wavelengths (𝜆 > 1000 nm) was observed which is 

related to the presence of free carriers in semiconductor ZnO nanocrystals [80] and is generally 

discussed in terms of localized surface plasmon resonance (LSPR). Finally, a fine effect of the 

changes in intensities and positions of Er3+ and Yb3+ absorption peaks was demonstrated for the 

first time using the analysis of difference of optical densities (Eq. (5)). Namely, we found that the 

changes in intensities and positions of Er3+ and Yb3+ absorption peaks in the course of the ZnO 

crystallization are observed for a number of concentrations of Er2O3 and Yb2O3 additions in the 

interval 0.05−2 mol% (including mixed compositions x(Er2O3 + Yb2O3), x=0.2−1 mol%). This 

means that that the surrounding of RE ions slightly differ in the initial glass and the glass-ceramics 

based on ZnO nanocrystals.  

For illustration, the full absorption spectra and the extinction coefficients 𝛼ZnO in vicinity of 

two absorption peaks of glass-ceramics containing (0.3 mol% Er2O3 + 0.3 mol% Yb2O3) are 

presented in Fig. 13(a-c). The corresponding XRD patterns are demonstrated in Fig. 11(d). The 

unit cell parameters a and c and average sizes of ZnO crystals in glass-ceramics obtained by 

different heat-treatments are listed in Table 1. 

 

Table 1. The unit cell parameters and average sizes of ZnO crystals in glass-ceramics containing 



(0.3 mol% Er2O3 + 0.3 mol%Yb2O3) and obtained by different heat-treatments. 

Heat-treatment 

schedule, °C / h 

The ZnO unit cell parameters (Å) The average 

size of ZnO 

crystals (nm) 

a (±0.003) c (±0.003) 

680/12 traces traces 10.0 

680/48 3.255 5.229 13.5 

700/2 3.256 5.227 17.0 

720/2 3.256 5.227 17.0 

 

Fig. 13(b) shows that crystallization does not significantly change the position of of Er3+ 

absorption peak at 𝜆 ≅ 520 nm whereas it appreciably reduces the intensity of this peak for all 

heat treatments. The intensity of the absorption peak of Yb3+ (𝜆 ≅ 978 nm) does not change 

significantly due to crystallization while this peak is shifted to short wavelengths (Fig. 11(c)) for 

all heat treatments.  
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Fig. 1311. Absorption spectra (a), the extinction coefficient 𝛼ZnO in some spectral ranges around 

the absorption peaks of Er3+ (𝜆 ≅ 520 nm) (b) and Yb3+ (𝜆 ≅ 978 nm) (c); the corresponding XRD 

patterns (c) of the initial and heat-treated glasses containing (0.3 mol% Er2O3 + 0.3 mol%Yb2O3). 

 

The spectra of visible Er3+ luminescence of the initial glass doped with 0.1/0.1 mol% 

Er2O3/Yb2O3 and glass-ceramics based on ZnO nanocrystals and obtained by its heat-treatments 

at 700–800 °C were presented in [66]. The excitation wavelength was 488 nm. With the heat-

treatment, the luminescence intensity gradually decreased while the shape of the emission bands 

did not change. This indicates that the Er3+ ions do not enter into the ZnO nanocrystals and remain 

in the residual glassy phase until the heat-treatment temperature of at least 800 °C. The observed 

decrease of the luminescence intensity can be explained by quenching of Er3+ luminescence in the 

residual glassy phase which volume decreases with the heat-treatment. The conclusion about 

location of RE ions in the residual glass is confirmed by the XRD pattern of the glass-ceramic 

prepared by heat-treatment at 1300 °C for 2 h (Fig. 14). The XRD pattern exhibits diffraction 

maxima at 2θ=28.20° and 28.80° with almost similar intensities and a maximum at ~ 28.5° with a 

low intensity. Their appearance is connected with crystallization of RE silicate, orthorhombic 

phase (Er,Yb)2Si2O7 (space group: Pna21), which corresponds to the ICDD card No. 82-0732.  

 

Fig. 1412. The part of XRD pattern of the glass-ceramic doped with 0.1% Er2O3 and 0.1% 

Yb2O3 after heat-treatments at 1300 °C for 2 h recorded in a scanning mode (2θ=27.6–29.8°) 

with 100 s exposure time. 

 

3.2. Ceramics 

3.2.1. Ceramics doped with RE ions 

3.2.1.1. XRD analysis of ceramics 
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A typical XRD pattern of RE-doped ZnO ceramic is shown in Figure 15 by an example of 

the ZnO:5% Er sample. All the XRD patterns of the ZnO:Yb, ZnO:Er and ZnO:(Er,Yb) transparent 

ceramics evidence crystallization of hexagonal (sp. gr. P63mc) phase of ZnO with wurtzite 

structure and RE2O3 with a cubic (sp. gr. Ia3¯) C-type bixbyite structure. The calculated ZnO unit 

cell parameters for the ZnO:Yb, ZnO:Er and ZnO:(Er,Yb) ceramics nearly coincide with those for 

undoped ZnO (a = 3.249 Å, c = 5.205 Å, ISDD card No. 5-0664). They do not change with 

increasing the RE content from 0.2 to 5 wt%, which indicates that RE3+ ions do not enter the ZnO 

structure under the conditions used for the manufacture of ceramics (HPing of mechanically mixed 

powders of reagents at temperatures of 1150 - 1180 °C).  

The fragment of the XRD pattern in the range of diffraction angles 2θ of 29.0 - 30.3° 

contains intense diffraction peaks of Er2O3 and Yb2O3 with the Miller’s index (hkl) = (222), 

Fig. 16(a). The volume fraction of RE2O3 crystals in ceramics gradually increases with RE content, 

Figure 16(b). The calculated unit cell parameters of RE2O3 are independent of the RE content in 

ceramics. The unit cell parameter of Yb2O3 а = 10.441±0.003 Å, that of Er2O3, а = 10.545±0.003 

Å. The size of RE2O3 crystals in ZnO:RE ceramics is also independent of the dopant concentration; 

the average size of Yb2O3 crystals is ~70 nm, the average size of Er2O3 crystals is ~76 nm.  

 

Fig. 1513. XRD pattern of ZnO:5% Er optical ceramic. 
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Fig. 1614. (a) XRD patterns of ZnO:RE ceramics with different Er and Yb doping levels in the 2θ 

range of 28.9–30.3° corresponding to (222) peaks of Er2O3 and Yb2O3; (b) dependence of the 

corresponding peak diffraction intensity at 2θ of 29.33° and 29.63° on the RE content. 

  

Fig. 1715 (a) XRD pattern of ZnO:1/4 wt% Er/Yb; (b) XRD pattern of ZnO:1% Er /4% Yb ceramic 

with different Er and Yb doping level in the 2θ range of 28.9–30.3° corresponding to (222) peaks 

of of Er2O3 and Yb2O3. 

 

3.2.1.2. Texture characterization of ceramics 

The uniaxial pressing conditions used for the manufacturing of ZnO transparent ceramics 

inevitably result to texture appearance, i.e., in a predominant orientation of crystal grains. The 

texture coefficient is a parameter that allows estimating the contribution of different planes of ZnO 

crystals to the texture formation, see Eq. (1). The reflections from the planes of a hexagonal prism 

have Miller’s indices (100) and (110), the reflections from a pedion have the (002) indices, and 

those from a hexagonal pyramid have the (101) and (102) indices. For the undoped ZnO ceramic, 

the texture is dominated by the (100) and (110) prism planes of the ZnO crystals [88]. For the 

ceramics containing RE ions, the prism planes with (hkl) = (100) and (110) and the shallow 
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pyramid (101) dominate. These texture changes can be assigned to localization of RE ions on the 

active faces of the ZnO crystals [89]. 

 

3.2.1.3. Morphological characterization of ceramics 

The surface morphology of ceramics was characterized by SEM, see Fig. 18, that shows 

typical SEM images of an etched polished surface of the 0.4 wt% Er-doped transparent ZnO 

ceramic as an example. 

  

Fig. 1816. SEM images of the polished surface of 0.4 wt% Er-doped ZnO ceramic. The scale 

bars are (a) 10 μm and (b) 2 μm. 

 

The powder HIPing occurs along thermodynamically favorable crystal planes. The images 

demonstrate grain surfaces with different orientations. They are the faces of the prism and pedions 

with characteristic growth hillocks in the form of hexagonal pyramids [89]. The microstructure of 

the ZnO:0.4 wt% Er ceramic presented in Fig. 18(a,b) is characteristic of all the ceramics under 

study. The sizes of the resulting grains are not uniform. It is reasonable to assume that larger grains 

are built of ZnO, while the small grains can be attributed to RE2O3 crystals. The variation of the 

type of RE element Er or Yb), its concentration, the source of the RE2O3 reagent and the HPing 

temperature do not influence the surface morphology of ZnO:RE crystals. Note that synthetic ZnO 

single crystals demonstrate similar morphology as the hexagonal prism, the pedion, and the 

hexagonal pyramid are simple forms characteristic for hexagonal ZnO crystals belonging to the 

6mm point group [11,12]. Located on the crystal faces, and not entering the zinc oxide structure, 

Er and Yb doping ions have an inhibitory effect on the grain growth of ZnO ceramics. The addition 

of RE ions significantly, (almost 4 times, from 23.0 to 7 μm) reduces the average grain size of 

ZnO ceramics prepared at the same HPing temperature of 1150 °C [89].  

 

3.2.1.4. The microstructure and compositional analysis of the ZnO and ZnO:Er,Yb ceramics 

 



(a) SEM image of 

ZnO:5wt% Yb ceramic. 

 
(b) Zn (Lα) mapping. 

 
(c) Yb (Mα) mapping. 

 
(d) SEM image of ZnО:2 

wt% Er ceramic 
(e) Zn (Lα) mapping. 

 
(f) Er (Mα) mapping 

 
(g) SEM image of ZnО: 

0.6/0.8 wt% Er/Yb 

ceramic 

 
(h) Zn (Lα) mapping. 

 
 

(i) Er (Mα) 

mapping. 

 

(j) Yb (Mα) 

mapping. 

 

Fig. 1917. (a,d,g) SEM images of the polished and etched surface of the ZnO:RE ceramics; 

(b,c,e,f,h-j) EDX element mapping of (b,e,h) Zn (Lα), (c,j) Yb (Mα) and (f,i) Er (Mα). (a-c) the 

ZnO:5Yb ceramic; (d-f) ZnО:2 wt% Er ceramic; (g-j) ZnO:0.6 wt% Er/0.8wt% Yb ceramic. 

 

It has been shown [78,79.] that the efficient energy transfer from ZnO to Yb 3+ ions in the 

nanocomposites is due to the formation of a tight contact between the Yb2O3 and ZnO 

nanoparticles (i.e., the Yb2O3-ZnO heterojunction) and it arises mainly from the quantum cutting 

mechanism [1]. 

 

3.2.2. Ceramics doped with cobalt ions 



3.2.2.1. XRD analysis of ceramics 

We made the first attempts to prepare ZnO ceramics doped with cobalt ions. The selected 

Co concentrations were 0.1, 0.5, 1.0 and 5.0 wt%. A typical XRD pattern is shown in the example 

of the ZnO:1 wt% Co ceramic, see Fig. 20(a). The pattern demonstrates diffraction peaks 

corresponding to all the planes of the hexagonal phase of ZnO, ISDD #5-0664, and additional 

peaks located at 2θ = 42.30, 61.42, and 73.99°, see Fig. 18(b,c). These peaks correspond, 

respectively, to (200), (220), and (311) planes of face-centered cubic CoO, Fm3m, JCPDS #78-

0431.   

 

Table 2. The unit cell parameters ZnO and CoO crystals in ceramics containing 1.0 wt% CoO 

CoO content, 

wt% 

The ZnO unit cell parameters (Å) The CoO unit cell parameter (Å) 

a (±0.003) a (±0.003) c (±0.003) 

0.5 3.253 5.204  

1.0 3.251 5.203 4.267 

5.0 3.254 5.207 4.267 

 

 With increasing the cobalt concentration, the unit cell parameters of ZnO crystals remain 

near unchanged, and their values practically coincide with those indicated in the literature (a = 

3.249 Å, c = 5.205 Å, ISDD card No. 5-0664). The fraction of CoO in ZnO:Co ceramics increases 

in proportion to the concentration of the Co reagent, Co3O4. It is possible to trace the growth of 

the CoO crystal fraction by an increase of intensity of the diffraction peak located at 2θ = 42.30° 

and corresponding to the (200) plane of the CoO crystal. At doping with 0.5 wt% Co, the peak 

(200) on the XRD pattern is not detected. It appears when the Co content is 1.0 wt%, and it 

increases in the XRD pattern of ZnO: 5.0 wt% Co ceramic. The CoO unit cell parameter a in 

ceramics does not change with increasing the Co doping level, see Table 2. The value of the 

parameter a = 4.267 Å is similar to that of pure CoO (a=4.262 Å, JCPDS #78-0431) though it is 

possible to expect the formation of solid solution between CoO and cubic ZnO with the rock salt 

structure (S.G. Fm3m, a=4.280 Å, JCPDS #77-0191). 

 

 



 

 
 

Fig. 2018. (a) XRD pattern of the ZnO: 1 wt% Co ceramic; (b) XRD pattern of ZnO: 1 wt% Co 

ceramic in the 2θ range of 42.0 - 42.6° corresponding to the (200) peak of CoO; (c) XRD pattern 

of ZnO: 1 wt% Co ceramic in the 2θ range of 61.0 - 62.0° corresponding to the (220) peak of CoO.  

 

3.2.2.2. The microstructure and compositional analysis of the ZnO:Co ceramics 

 

The microstructure of ZnO:Co ceramics is composed of grains of various shapes and sizes, 

see Fig. 21(a) as a typical image. Along with isometric grains, which are characteristic for undoped 

ZnO ceramic, the grains of rectangular shape are observed. The length of grains somewhat 

increases with the Co doping level. The grain size varies from 5-7 to 25-30 μm.  

Fig. 21(b) presents the backscattered electron image (at low accelerating voltage) of the 

surface of ZnO:0.5 wt% Co ceramic. The numbers 1-3 mark the dark regions of irregular shape 

with sizes of 10 to 20 μm. According to SEM-EDX data, these three regions as well as other dark 

regions not shown here have the same composition and contain ~36 at% Co, 20 at% Zn, and 44 
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at% O. The composition of the main part of the ceramic was determined in different regions of the 

sample. The content of Zn and O is found to be near constant when analized in diferent parts of the 

sample, while the Co content varies from 0.05 to 0.2 at%. For instance, the region denoted by the 

number 4 has the composition of ~54 at% Zn, ~46% O and contains 0.03 at% Co.  

These findings are confirmed by the SEM-EDX element mapping, see Fig. 21(c,d), where 

two types of cobalt ions localization are observed, i.e., the homogeneous distribution of Co atoms 

along the ZnO sample as well as their localization within the regions enriched in cobalt ions.  

 

  

  

Fig. 2119. (a,b) Micrograph of the etched surface(a) and the backscattered electron image (b) of 

the ZnO:0.5 wt% Co ceramic; (c,d) EDX Zn, O, and Co element mapping (c) and Co element 

mapping (d) of the ZnO:1 wt% Co ceramic. 

 

3.2.2.3. Optical properties of the ZnO:Co ceramics 

Figure 22(a,b) shows the absorption spectra of of ZnO:Co ceramics with different doping 

concentrations. Absorption spectrum of ZnO:1 wt% Co ceramic in the spectral range of 300 – 

3300 nm presents the characteristic features of Co2+ ions and ZnO crystals: there are the broad 

structured absorption bands of Co2+ ion in tetrahedral site symmetry position characteristic of these 

ions in ZnO crystals [74-76], and the absorption band at longer wavelengths (𝜆 > 1800 nm) which 

is connected with the presence of free carriers in semiconductor ZnO crystals [80], see Fig. 22(a). 



Figure 22(b) shows that the absorption edge in the spectrum shifts to longer wavelengths, 

intensities of cobalt absorption bands increase, and the raise of absorption connected with the 

presence of free carriers shifts to longer wavelengths with the increase of doping concentration. 

The detailed analisys of the Co2+ spectrum was done based on the paper of R. Pappalardo et al. 

[74] and refs [75,76]. The dominant absorption bands in the visible spectral range at 566, 610 and 

 

 

  

Fig. 2220. Absorption spectrum of ZnO:1 wt% Co ceramic in the spectral range of 300 – 3300 nm 

(a); absorption spectra of ZnO: Co ceramics doped with 0.1 – 5.0 wt.% Co in the spectral range of 

300 – 2050 nm (b); the dependence of the the peak optical density at 566, 610, 653, 1306, 1416, 

and 1644 nm on the Co content (c). The thickness of the samples is ~0.5 mm. 

 

653 nm were assigned as 4A2(4F) → 4T1(4P) and the bands in the IR at 1306, 1416, 1519, and 1644 

nm were assigned as 4A2(4F) → 4T1(4F) transition due to the high spin d7 electron configuration of 

the tetrahedrally coordinated Co2+ ions. We should bear in mind that according to XRD data 

presented above, ZnO:Co ceramics contain CoO crystals. Co2+ ions have octahedral coordination 

in CoO crystals with the rock salt structure [90]. The absorption spectrum of CoO is presented in 
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Fig. 5 of ref. [91]. It contains three bands, i.e. the rather narrow band at 357 nm attributed to ligand-

metal charge transfer from O(II) to Co(II), the absorption centered at 550 nm and ascribed to Co(II) 

transitions in octahedral crystal field, and a very broad absorption in the near infrared centered at 

about 1000 nm and spanning up to 1200 nm. The absorption spectrum of octahedrally coordinated 

Co2+ ions in MgO [74] presents absorption bands in the visible and in the near infrared. R. 

Pappalardo et al. mention [74] that “a comparison of the absorption bands of MgO: Co and ZnO: 

Co shows that the ZnO: Co spectrum is markedly shifted towards lower energies and that the shape 

of the bands in the infrared region is markedly different for the two systems. On the contrary, the 

shape of the bands in the visible region of the spectrum does not show the drastic difference. The 

oscillator strength in tetrahedral coordination (ZnO:Co) is greater by a factor ~103 than for 

MgO:Co.” Therefore, absorption caused by Co2+ ions in octahedrally coordinated CoO crystals 

come annoticed in absorption spectra of ZnO:Co ceramic. According to Figure 20(c), the Beer’s 

law, i.e., a linear dependence between the concentration of Co2+ ions and the peak optical density 

(after subtracting the background losses), is fulfilled for all Co2+ peaks in the absorption spectra 

of ceramics. It indicates that with increasing the Co concentration, new species do not appear, 

which allows us to conclude that the distribution of cobalt ions between the ZnO and CoO crystals 

is almost independent of the Co2+ concentration. 

 

3.3. Comparison of glass-ceramics and ceramics 

 In this section, we compare the structure of glass-ceramics and ceramics based on ZnO. 

Previously, a comparative study of spinel-based ceramics and glass ceramics allowed us to 

elucidates the structural and spectral features of both materials [92,93].  

The XRD pattern of Zn1 glass-ceramic doped with 0.1% CoO reveals a multiphase material 

exhibiting the strongly broadened diffraction peaks of ZnO located at the same positions as for the 

ZnO ceramic, as well as a halo located at 2θ ≈ 29° due to a high content of the residual potassium 

aluminosilicate glass, see Fig. 23(a,b). A small ZnO crystal size and relatively low crystallinity 

fraction become evident in glass-ceramic. ZnO:Co ceramics are two-phase crystalline material, 

composed of ZnO crystals with a tiny fraction of CoO crystals. 



  

Fig. 231. XRD patterns of the Zn1 glass-ceramics doped with 0.1% CoO prepared by the heat-

treatment at 750 °C for 2 h and the ZnO:1 wt% Co (a); a close look on the XRD pattern of the Zn1 

glass-ceramics doped with 0.1% CoO prepared by the heat-treatment at 750 °C for 2 h (b). 

 

 The comparison of absorption spectra of cobalt-doped glass-ceramic and ceramic, Fig. 24, 

clearly indicates the presence of cobalt ions in one oxidation state, Co2+, in the Td (tetrahedral) 

sites. The shape of absorption bands and positions of absorption peaks caused by Co2+ ions in both 

materials coincide which implies that they both originate from Td coordinated Co2+ ions in Zn2+ 

sites in ZnO crystals. The optical losses in the mid IR spectral range in these materials have 

different origin: in glass-ceramic, the broad band with a maximum at about 2800 cm-1 is due to 

absorption of OH-groups dissolved in the glass melt; in ceramic the IR absorption is y related to 

the presence of free carriers in semiconductor ZnO nanocrystals. Quite predictably, the 

transparency of nanophase glass-ceramic is much higher than that of ceramic. 
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Fig. 242. Absorption spectra of the Zn1 glass-ceramics doped with 0.1% CoO prepared by the 

heat-treatment at 750 °C for 2 h and the ZnO:1 wt% Co ceramic. The thickness of the glass-

ceramic sample is 3 mm, that of ceramic sample is 0.5 mm. 

 

 The Raman spectra of the Zn2 glass-ceramics doped with 0.1 mol% Yb2O3 prepared by the 

heat-treatment at 750 °C for 2 h and of the ZnO:0.2 wt% Yb ceramic presented in Fig. 25 allowed 

us to reveal the characteristic features of both materials. In this comparison, we based on our 

interpretations of Raman spectra of glass-ceramics [66] and ceramics [89]. All characteristic 

vibrations of ZnO with wurtzite structure are observed in the Raman spectra of ZnO:0.2Yb 

ceramics at 99, 202, 331, ~379, 409, 437, 482, 539, 578, 663, 723, 743, 776, 812, 980, 1104 and 

1150 cm-1. Their assignment is presented in Table 2 of ref. [89]. Here we only mention that one of 

the most intense modes in the Raman spectrum of ZnO is a very narrow peak E2
low at ∼100 cm−1, 

ascribed to vibrations of the zinc sublattice in ZnO [94], while another intense Raman mode E2
high 

at∼437 cm−1 is assigned to oxygen vibrations [94].  

 In the Raman spectrum of glass-ceramic previously we noticed only the most intense ZnO 

Raman modes. Now we can confirm that other modes are also found in the Raman spectrum of 

glass-ceramic. The most interesting finding is that the broad ZnO Raman modes at 1104 and 1150 

cm-1 do exist in the spectrum of glass-ceramic. Indeed, the broad band with the maximum at 1104 

nm is a result of superposition of vibrations within the aluminosilicate residual glass and the 

2A1(LO), 2E1(LO) and 2LO modes of ZnO. The broad intense peaks at 482 and 578 cm-1 in the 

spectrum og glass-ceramic are assigned to vibrations within the aluminosilicate recsidual glass, 

though the weak modes of ZnO can also participate in these bands. Comparison of Raman spectra 

of glass-ceramics and ceramics elucidates the difference in phase compositions of the materials 

and allows to notice those Raman modes of ZnO crystals in the Raman spectrum that could not be 

found without this comparison.  



 

Fig. 25. Raman spectra of the Zn2 glass-ceramics doped with 0.1 mol% Yb2O3 prepared by the 

heat-treatment at 750 °C for 2 h and of the ZnO:0.2 wt% Yb ceramic. 
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Fig. 26. XRD patterns (a) of the Zn2 glass-ceramics doped with 1.5 mol% Er2O3 prepared by heat-

treatments at 750 °C for 2 h and at 1300 °C for 2 h and of the ZnO:3 wt% Er ceramic; (b) of the 

Zn2 glass-ceramics doped with 1.5 mol% Yb2O3 prepared by heat-treatments at 750 °C for 2 h and 

at 1300 °C for 2 h and of the ZnO:3 wt% Yb ceramic 
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Fig. 27. (a,b) Absorption spectra of the Zn2 glass-ceramics doped with 1.5 mol% Er2O3 prepared 

by the heat-treatment at 750 °C for 2 h and the ZnO:3 wt% Er ceramic in the spectral range of 

300 – 3300 nm (a); in the spectral range of 1400 – 1600 nm (b). The thickness of the glass-

ceramic sample is 1 mm, that of the ceramic sample is 0.5 mm. (c,d) Absorption spectra of the 

Zn2 glass-ceramics doped with 0.1 mol% Yb2O3 prepared by the heat-treatment at 680 °C for 48 

h and the ZnO:3 wt% Yb ceramic in the spectral range of 300 – 3300 nm (c); in the spectral 

range of 850 – 1100 nm (d). The thickness of the glass-ceramic sample is 3 mm, that of the 

ceramic sample is 0.5 mm. 

 

Different origin of absorption peaks in spectra of glass-ceramics and ceramics doped with RE 

ions is revealed by the comparison of XRD patters and absorption pearks of Yb and Er-

containing materials. Absorption spectra of ZnO:Yb and ZnO:Er ceramics are characteristic of 

corresponding RE oxides and demonstrate well-reserved multiplets. The broad peaks of RE ions 

in spectra of glass-ceramic reflect their location in the residual glass phase. 
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The structure and phase transformations in ZnO: glass-ceramics and optical ceramics 

doped with rare-earth and transition-metal ions were studied by small angle X-ray scattering, 

differential scanning calorimetry, X-ray diffraction analysis, transmission electron microscopy, 

and Raman spectroscopy. Morphology of the fracture surface of ceramics was characterized by 

scanning electron microscopy in combination with energy dispersive X-ray analysis. Absorption 

spectra of the materials were recorded. 

In the course of the glass-ceramics development, it was revealed that during the initial glass 

casting and cooling, regions of structural inhomogeneity of various types are formed, depending 

on the type and concentration of the TM and RE ion. The character of the primary phase 

decomposition, which depends on the type and concentration of TM and RE ion, determines the 

kinetics of crystallization of ZnO and the time - temperature ranges of transformations of Zn-

containing phases ZnO → β-willemite (β-Zn2SiO4) → α-willemite (α-Zn2SiO4) → ZnO+ZnAl2O4, 

observed with an increase in the heat-treatment temperature in the range of 680–1200 oС. 

In glass-ceramics, TM ions enter the ZnO and willemite nanocrystals while RE ions do not 

enter the structure of ZnO crystals, but are located both on the surface of these crystals and in the 

volume of the residual glass. As a result of high-temperature treatment, RE ions form their own 

phase of RE silicates. In the case of high concentrations of RE ions, RE2O3 crystals are formed 

along with RE silicates. 

The spectral-luminescent properties of transparent ZnO-based glass-ceramics are 

determined by the properties of both ZnO crystals and rare-earth ions. Glass-ceramics prepared by 

heat-treatments at up to 900 oC are transparent and contain either ZnO or a mixture of ZnO and β-

willemite nanocrystals. 

It was found that in optical ceramics, Co2+ ions enter the structure of ZnO crystals while 

RE ions do not enter their structure, but are located both on the surface of the crystals and form 

their own phase of RE2O3. The RE oxide crystallinity fraction increases in proportion with the RE 

ion doping level. Thus, ZnO optical ceramics doped with RE ions cannot be considered single-

phase materials. Addition of RE ions leads to a significant decrease in the average size of ZnO 

crystals in ceramics from 40 to 5-15 μm. The texture characteristics of ZnO ceramics are changes 

with addition of RE ions, which implies modification of the surface of ZnO particles due to 

selective location of RE ions on certain grain boundaries.  

The development of nanosized transparent glass-ceramics and optical ceramics based on 

ZnO crystals doped with transition metal and rare earth ions is important for photonics and 

optoelectronics. The preparation of these materials by the melt-quenching technique with 

controlled crystallization and by the recrystallization during the uniaxial hot-pressing is not only 



much cheaper and technologically advanced than the growth of single crystals, but also provides 

high uniformity of properties for relatively large-sized products made of these materials. 

The results obtained will be used in the development of novel transparent optical ceramics 

and glass-ceramics based on ZnO doped with RE and TM ions and characterized by low scattering 

losses, high luminescence efficiency and promising for a wide range of optoelectronic devices. 
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