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Abstract

:

Single crystals of Ho2O3-doped Y2O3 stabilized ZrO2 (YSZ) with different Y2O3 and Ho2O3 contents were grown by the optical floating zone method. XRD and Raman spectra were measured and showed that crystal samples all had tetragonal structures. Measurements of positron annihilation lifetime spectra indicated that the increase in Y2O3 concentration led to the increases of defects and mean positron lifetime, which enhanced the scattering of light and reduced the luminous intensity and the quantum yield (QY) of the crystal. Under the excitation at 446 nm, photoluminescence (PL) spectra of Ho2O3 -doped YSZ crystals showed emission peaks at 540, 551, 670, and 757 nm corresponding to Ho3+ transitions from 5S2, 5F4, 5F5, and 5I4 excited states to the 5I8 ground state, respectively. At low Ho2O3-doped concentrations (0.10–0.50 mol%), the overall emission intensity increased with Ho2O3 contents, reached the maximum value at 0.50 mol%, then decreased with higher Ho2O3 contents, probably as a result of increased non-radiative relaxation caused by increased interactions between Ho3+ ions. Quenching of the PL occurred at Ho2O3 concentrations > 0.5 mol% and due to the electric dipole–dipole interaction. The calculated chromaticity coordinates (CIE) were approximately (0.307, 0.683) and the color purity achieved 99.6%. The results showed that Ho2O3: YSZ crystals were suitable for green light-emitting devices.
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1. Introduction


Rare-earth doped materials have many valuable properties and have potential applications in display [1], lasers [2], solar cells [3], optical amplifier [4], mid-infrared fiber amplifiers [5], optical communication [6], etc. Rare earth ion Ho3+ has absorption bands in both ultra-violet and visible regions and generates highly intensified emission, especially in the green region [7]. Many studies [8,9,10] have shown that Ho could be used as an element in white light production for its green emission. To investigate the emission characteristics of Ho3+, they must be incorporated into the right host.



Host materials could be in the form of glasses, powders, ceramics, or crystals. Metal oxide crystals have the highest physical and chemical stability and emission efficiency and doped rare-earth (RE) oxide crystals with high optical quality for use in laser physics have been developed over the past half-century [11]. As a host matrix for photonics and industrial applications, zirconia was attracted for its favorable properties, such as high hardness and refractive index, wide optical band gap, low optical loss, and high transparency from near-infrared to visible light [12]. ZrO2 has significant technological applications such as fuel cells [13], catalysis [14], gas sensors [15], and optoelectronic devices [16]. Ho2O3: YSZ crystal has a promising application for visible light emission devices.



ZrO2 could exist in three crystal structures: monoclinic, tetragonal, and cubic. At ambient temperature, the monoclinic phase was the stable form, and it transforms into the tetragonal phase at 1170–2370 °C and the cubic phase at temperatures above 2370 °C to its melting point at 2716 °C [17,18]. There was a transition from the tetragonal phase to the monoclinic phase during the preparation of zirconia from high temperature to room temperature. This transition caused a volume expansion of 4.5%, which caused the crystal to crack [18]. The addition of certain kinds of oxides such as Y2O3, TiO2, CaO, and CeO2 to pure ZrO2 stabilized a cubic or tetragonal phase down to room temperatures [19,20]. Y2O3 was the most common oxide additive. Both Y(III) and Zr (IV) have closed-shell electronic configurations and no transitions that could interfere with those of Ho3+. The tetragonal or cubic phase could be stabilized by adding Y2O3 [21]. High-quality crystals could be grown using the optical floating zone method [22].



Zirconia single crystals stabilized with 6 mol%, 8 mol%, and 10 mol% Y2O3, referred to as 6YSZ, 8YSZ, and 10YSZ, respectively, have been grown by the optical floating zone method by our group. It has been found that the growth quality and light transmittance of 8YSZ and 10YSZ crystals were good, while the 6YSZ crystal was not a transparence material. As RE3+ replaced Zr4+ in YSZ crystals, defects such as oxygen vacancies were created to maintain charge balance and zirconia was stabilized in the tetragonal or cubic phase. The luminescence efficiency depended on the luminescent rare-earth ions and substrates. In addition to luminescent ion concentration, the concentration of the stabilizer also affected the luminescence of the crystal. In the ZrO2 crystal, doping different concentrations of stabilizer Y2O3 would produce defects due to charge compensation, and the defects influenced the luminescence of the crystal. It is very important to study the influence of defects and rare ions on the luminescence properties of the crystals.



In this paper, a series of (ZrO2)90(Y2O3)10−x(Ho2O3) x (x = 0.00, 0.10, 0.20, 0.30, 0.50, 0.75, 1.00, 1.20), (ZrO2)92(Y2O3)8, and (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 single crystals were grown by optical floating zone method. The microstructures and optical properties of the crystals were investigated by a variety of physical techniques, including X-ray diffraction (XRD), Raman spectroscopy, positron annihilation lifetime spectroscopy (PALS), UV-Visible Spectrophotometry (UV-Vis), photoluminescence (PL), and photoluminescence excitation (PLE).




2. Materials and Methods


2.1. Ceramic Rods Preparation


High purity oxide powders of Ho2O3 (99.99%), Y2O3 (99.99%), and ZrO2 (99.99%) were mixed in molar percentage composition of (ZrO2)90(Y2O3)10−x(Ho2O3)x (x = 0.00, 0.10, 0.20, 0.30, 0.50, 0.75, 1.00, 1.20). For comparison, (ZrO2)92(Y2O3)8 and (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 samples were also prepared. The chemical compositions of Ho2O3-doped YSZ samples were shown in Table 1. Powders were put in ethanol and stirred with a magnetic stirrer for 24 h to ensure the various components in homogenization. Dry powder was obtained by drying suspension for 24 h and pouring into an agate mortar to ground thoroughly. The dried powder was formed into cylinders in a mold and then sintered at 1500 °C in a muffle furnace to produce ceramic rods.




2.2. Crystal Growth


For crystal production, the sintered ceramic rods were used as a raw material in an optical floating zone furnace (model: FZ-T-12000-X-VII-VPO-GU-PC, Crystal Systems Co., Kobchisawa, Japan).



Two ceramic rods with the same chemical composition but different lengths were used as feed and seed rods during crystal growth. The furnace consists of four 3-kilowatt Xe lamps that were focused by four polished elliptical mirrors to form a molten zone between the feed and the seed rods. The power was adjusted to produce a stable melting zone. In the process of crystal growth, the feed and seed rods were rotated in opposite directions to improve uniformity, and then they were moved down at a speed of 5 mm/h for crystallization. The crystals rods grown by this method are shown in Figure 1. They were transparent, large, and uniform, with no obvious cracks or impurity phases. Discs of 1 mm thickness were cut using a crystal cutter from the crystals. The surfaces of the discs were polished with a single shaft polisher for investigations of optical properties. The XRD powder samples were ground from the crystals.



Analytical measurements were made on a (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal disc using energy-dispersive X-ray (EDX) spectroscopy on our SEM instrument. The SEM–EDS measurements showed that all Zr, Y, Ho, and O elements were evenly distributed, and thus the doping elements were well dispersed in the crystal, as shown in Figure 2.




2.3. Sample Measurements


XRD patterns of the powder samples at room temperature were obtained with an X-ray diffractometer (Rigaku, Japan) using Cu Kα radiation (λ = 0.15406 nm) as the light source, and with 0.6°/s scan rate, and 0.02° step size within the scan range 20°–80° 2θ diffraction angles. Raman spectra in the range 100–800 cm−1 were obtained with a laser Raman spectrometer (Finder One, Zhuoli Hanguang Company, Beijing, China). Absorption spectra were obtained using a Shimadzu UV-2700 spectrometer. Positron annihilation lifetime spectra were acquired using an ORTEC fast-fast coincidence system with a time resolution of 250 ps. A 22Na positron source (with an activity of about 3.7 × 105 Bq) was sandwiched between 2 polished disks. 1.28 MeV and 511 keVγ-rays as signals of positron produced and their annihilation. 106 counts were accumulated to produce a time-dependent spectrum. The POSITRONFIT extended software program was used to analyze the positron lifetime spectra. The PL and PLE spectra were obtained by a photoluminescence spectrometry (ZLF-325 type, Beijing Zhuoli Hanguang Optical Instrument) at room temperature, using a 150 W Xe lamp as the excitation source.





3. Results and Discussion


3.1. X-ray Diffraction (XRD)


The XRD patterns of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 powders ground from the crystals were shown in Figure 3, respectively. All samples had peaks at 30.14°, 35.02°, 50.21°, 59.70°, 62.61°, and 73.66° that corresponded to either the tetragonal or cubic phase. No additional peaks of a secondary phase were observed in the patterns, indicating that Ho3+ and Y3+ come into the ZrO2 lattice successfully.




3.2. Raman Spectroscopy


Because of the high degree of similarity in the XRD patterns from the tetragonal and cubic structures, additional measurements were needed to conclusively identify the phase composition of the Ho3+ doped YSZ samples. This could be achieved by Raman spectroscopy because the tetragonal phase produced six peaks (A1g + 2B1g + 3Eg), while the cubic phase had only one active mode (F2g) [23]. The Raman spectra of all crystal samples were shown in Figure 4a,b; all contained peaks at about 237, 295, 406, 609, and 680 cm−1, and, thus, they were consistent with the tetragonal structure [24]. Therefore, the Ho3+ doped YSZ single crystal was a tetragonal structure.



Combined with the XRD pattern, the results from the two crystals were very similar and indicative of a tetragonal structure. The crystal structure of the Ho2O3 doped YSZ sample did not change with different concentrations of Y2O3 and Ho2O3.




3.3. Positron Annihilation Lifetime Spectroscopy (PALS)


The type, size, and concentration of defects in the crystal could be analyzed according to positron lifetime parameters [25,26]. Positron annihilation lifetime spectra of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals were shown in Figure S1 (see Supplementary Materials). After source correction (τs = 380 ps, Is = 8.0%) and background subtraction, the fitting results of PALS for Ho2O3-doped YSZ crystals were obtained with three decay components, τ1, τ2, and τ3 and relative intensities I1′, I2′ and I3′. The third component τ3 in each spectrum with intensity I3′ (<1%) resulted from the positron that was annihilated on the surface of the specimens. This was disregarded in our discussion. Let I1 = I1′/(I1′ + I2′), I2 = I2′/(I1′ + I2′) for renormalization of the intensities. The second component τ2 was the lifetime of positron annihilated at microdefects. According to the standard trapping model [27,28], one could obtain the positron annihilation rate and the positron lifetime in the bulk (λb and τb): λb = I1/τ1 + I2/τ2, τb = 1/λb. The mean lifetime τm was calculated by equation τm = I1τ1 + I2τ2 reflected the properties of all positron annihilation of the Ho2O3:YSZ sample. The positron lifetime parameters of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals were listed in Table 2.



Except interstitial defects, open volume defects normally included vacancies, dislocations, grain boundaries, and bubbles. In comparison to the interstitial defects, open volume defects were more sensitive to positron annihilation techniques [29,30]. The bulk positron lifetime τb > 200 ps represented the low electron densities in the bulk of the crystals. It was obvious that the mean lifetime τm and the I2 of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal were larger than those of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal. This meant that the concentration of open volume defects of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was higher than that of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal. When some of the Zr4+ ions in the crystal lattice were replaced by trivalent rare-earth ions (Y3+ or Ho3+), defects such as oxygen vacancies were created to maintain charge balance. Obviously, (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal had a higher Y2O3 concentration, thus, it contained more defects.




3.4. The Luminescence Spectra of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 Crystals


Room temperature PLE spectrum of (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal in the 300–500 nm range monitored at 551 nm was shown in Figure 5. It had seven peaks located at 356, 381, 415, 446, 452, 461, and 481 nm corresponding to the transitions from Ho3+ 5I8 ground state to the 5G2, 5G4 + 3K7, 5G5 + 3G5, 5G6, 5F1, 5F2, and 5F3 energy levels states, respectively [31]. The sample produced spectrum with the band at 446 nm having the highest intensity. This wavelength was then used to excite the sample to produce the down-conversion PL spectrum.



The PL spectra for (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals under the excitation at 446 nm were shown in Figure 6. Their spectral shape did not change with Y2O3 concentration. As we know, the symmetry of the main material was an important factor affecting the luminescence intensity [32,33]. XRD and Raman spectra indicated that both crystal samples were tetragonal structures. In addition, the concentration of defects also affected the luminescence intensity of RE3+ [34].



The luminescence intensity of (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was weaker than that of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal, which was due to the higher concentration of Y2O3. As a result, the luminescence intensity of (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was lower than that of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal.




3.5. The Quantum Yields of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 Crystals


Figure 5 demonstrated that there was an absorption peak at 446 nm in the PLE spectrum of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal. And a green light emission peak at 551 nm was found in the PL spectra of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals under the excitation at 446 nm as shown in Figure 6.



To measure the quantum yields of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals, luminescence spectra in the 425–600 nm range of the (ZrO2)90(Y2O3)10, (ZrO2)92(Y2O3)8, (ZrO2)92(Y2O3)7.25(Ho2O3)0.75, and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals under the excitation at 446 nm were collected, as shown in Figure 7. The (ZrO2)92(Y2O3)8 and (ZrO2)90(Y2O3)10 crystals were the reference samples of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals, respectively.



Figure 7 indicated that there was an absorption band from 434 to 460 nm and a green light emission band from 521 to 575 nm in the luminescence spectra of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals.



QY (quantum yield) could be calculated by Equation (1) [35,36]:


  QY =    N  e m      N  a b s      



(1)




where Nabs was the number of photons absorbed by a sample and Nem was the number of photons emitted from a sample. The quantum yields of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals could be obtained by Formula (2) and (3), respectively.


    QY         ZrO  2      92        Y 2   O 3      7.25         Ho  2   O 3      0.75     =    N  e m      N  a b s     =     ∫   521   575    N  e m   s a m    λ  d  λ  −   ∫   521   575    N  e m   r e f    λ  d  λ      ∫   434   460    N  e x   r e f    λ  d  λ  −   ∫   434   460    N  e x   s a m    λ  d  λ     



(2)






    QY         ZrO  2      90        Y 2   O 3      9.25         Ho  2   O 3      0.75     =    N  e m      N  a b s     =     ∫   521   575    N  e m   s a m ′    λ  d  λ  −   ∫   521   575    N  e m   r e f ′    λ  d  λ      ∫   434   460    N  e x   r e f ′    λ  d  λ  −   ∫   434   460    N  e x   s a m ′    λ  d  λ     



(3)




where    N  e m   s a m     and    N  e m   s a m ′     were the integrated intensities of the emission light of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals.    N  e m   r e f     and    N  e m   r e f ′     represented the integrated intensities of the emission light of the (ZrO2)92(Y2O3)8 and (ZrO2)90(Y2O3)10 crystals.    N  e x   r e f     and    N  e x   r e f ′     were the integrated intensities of the excitation light of the (ZrO2)92(Y2O3)8 and (ZrO2)90(Y2O3)10 crystal.    N  e x   s a m     and    N  e x   s a m ′     represented the integrated intensities of the excitation light of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals, respectively. The quantum yields of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals were listed in Table 3.



It was known that the defects in the crystals reduced the quantum yields [36,37]. The quantum yield of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was less than that of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal, which was due to the higher concentration of Y2O3, more defects were generated, thus enhanced the scattering of light and decreased the probability of the light emission. As a result, the quantum yield of (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was lower than that of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 crystal. The results were consistent with that from Figure 6.




3.6. The Luminescence Properties of (ZrO2)90(Y2O3)10−x(Ho2O3)x


3.6.1. Absorption Spectrum


The absorption spectrum of (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal was shown in Figure 8.



The absorption spectrum of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal contained eight peaks, at 245, 359, 382, 416, 446, 484, 537, and 635 nm. The absorption peak at 245 nm was considered as the charge transfer transition from the valence to the conduction band in the zirconia matrix [38,39,40,41]. However, the other 7 peaks were the results of the transitions from the 5I8 ground state to the 5G2, 5G4 + 3K7, 5G5, 3K8 + 5F1 + 5G6, 5F3, 5F4 + 5S2, and 5F5 excited states of the Ho3+ ions [42,43]. An absorption band was found at 446 nm corresponding to the transition from 5I8 to 3K8 + 5G6 + 5F1 due to hypersensitivity, which obeyed the selection rules     Δ s   = 0  ,     Δ l   ≤ 2  , and     Δ j   ≤ 2  . This represented the sensitivity around Ho3+ in the matrix [44]. The absorption intensity was influenced by the concentrations of Ho3+. Figure S2 (see Supplementary Materials) indicated that the absorption intensity was influenced by the concentrations of Ho3+.



The optical band gap (Eg) for the sample was calculated using the following formula [45]:


    ( α h ν )  2  = B ( h ν −  E g  )  



(4)




where α was the absorption coefficient of the crystal sample, B was the constant, and hν was the energy of the absorbed photon. A plot of hν against (αhν)2 was shown in Figure 9 and the point of intersection of the linear region with the X-axis gave an assessment of Eg. Values for the slopes, interceptions, regressions, and the optical band gaps Eg were presented in Table 4, which showed that the Eg of the (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals were about 4.86 eV, and the crystals were wide bandgap materials. The optical band gaps of the Ho2O3:YSZ crystals were different from those in Dy2O3:YSZ crystals, where the optical band gap energy of the Dy2O3:YSZ crystals increased with Dy2O3 contents [46].




3.6.2. PL Spectra


The PL spectra of the (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals under the excitation at 446 nm were shown in Figure 10.



The emission peaks at 540, 551, 670, and 757 nm correspond to the transitions from 5S2, 5F4, 5F5, and 5I4 excited states to the 5I8 ground state Ho3+, respectively [47]. Although their relative intensities varied, the emission peaks positions were independent of Ho2O3 concentrations. For Ho2O3 concentrations were between 0.30 and 1.20 mol%, the strongest green emission peak was at 551 nm (5S2 → 5I8), whereas the strongest green emission was at 540 nm (5F4 → 5I8) for the (ZrO2)90(Y2O3)9.90(Ho2O3)0.10 sample.



At low Ho2O3-doped concentrations (0.10−0.50 mol%), the emission intensity increased with Ho2O3 contents and reached the maximum at 0.50 mol%, then decreased with higher Ho2O3 contents (0.50−1.20 mol%) due to the concentration quenching effect.



The energy diagram of Ho3+ in Ho2O3 doped YSZ crystals with the radiative and non-radiative transitions were shown in Figure 11. The probability of non-radiative relaxation from 5F4 to 5S2 increased with Ho3+ concentration. Therefore, for samples with Ho2O3 concentrations higher than 0.30 mol%, the emission peak at 551 nm (5S2 → 5I8) was higher than that at 540 nm (5F4 → 5I8).



Based on the Dexter theory [48], the concentration quenching effect via an electric multipole moment interaction was given by the formula [49]:


   I y  = k     1 + β  y   θ 3        − 1    



(5)






  log (  I y  ) = −  θ 3  log ( y ) + k  



(6)




where I was the luminous intensity, k was a constant, x and y were the concentrations of Ho2O3 and Ho3+, respectively. It was obvious that y = 2x. The values for θ of 3, 6, 8, and 10 represented exchange, electric dipole–dipole interaction, dipole–quadrupole, and quadrupole–quadrupole interactions, respectively [49]. The slope of the fitted line in Figure 12 was −1.95, or θ ≈ 6, this suggested that the quenching effect occurred via an electric dipole–dipole interaction between closest neighbor Ho3+ ions.




3.6.3. Color Coordinate


The measurement of color coordinates of a light source was an important method for characterizing its quality. In general, the overall emitted color was represented by the CIE chromaticity coordinate (x, y) [50,51].



The color coordinates of the (ZrO2)90(Y2O3)10−x(Ho2O3) x crystals were shown in Figure 13 and the color purity of (ZrO2)90(Y2O3)9.50(Ho2O3)0.50 crystal calculated by CIE1931. The overall color coordinates of the emission spectra from the crystal samples were all in the green region near 551 nm and the color coordinates of the (ZrO2)90(Y2O3)9.50(Ho2O3)0.50 crystal were (0.307, 0.683).



Color purity could be calculated by the formula:


  Color   purity =     ( x −  x i   ) 2  +   ( y −  y i  )  2          (  x d  −  x i  )  2  +   (  y d  −  y i  )  2      ×  100 %   



(7)




where (x, y), (xi, yi), and (xd, yd) represented the color coordinates of the emission spectrum of the sample, the coordinates of the light source and the main wavelength of the light source, respectively. The value calculated for the color purity of the (ZrO2)90(Y2O3)9.50(Ho2O3)0.50 crystal sample was 99.6% and thus was suitable for use in green light-emitting devices.



In addition, the relative color temperature (CCT) could be calculated by McCamy’s formula [52]:


  C C T = − 449  n 3  + 3525  n 2  − 6823 n + 5520.33  



(8)




where n = (x − xe)/(y − ye) was the inverse slope of the line. The color coordinates xe = 0.332, ye = 0.186, which was obtained by extending the isochromatic temperature lines on the CIE1931xy chromaticity diagram down to a point. The CCT values, as shown in Table 5, were near 5700 K for each of the crystals. This was close to the color temperature value of household appliance lighting.






4. Conclusions


A series of (ZrO2)90(Y2O3)10−x(Ho2O3)x (x = 0.00, 0.10, 0.20, 0.30, 0.50, 0.75, 1.00, 1.20), (ZrO2)92(Y2O3)8 and (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 single crystals were successfully grown and stabled in tetragonal phase. The results of positron annihilation lifetime spectra indicated that the increase in Y2O3 concentration led to the increases of defects and mean positron lifetime, which enhanced the scattering of light and reduced the luminous intensity and the quantum yields of the crystals. Optical absorption spectra of (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals showed peaks at 359, 382, 416, 446, 484, 537, and 635 nm corresponding to the transitions from the 5I8 ground state to 5G3, 5G4 + 3K7, 5G5, 3K8 + 5F1 + 5G6, 5F3, 5F4 + 5S2, and 5F5 excited states of Ho3+, respectively. The samples all had an optical bandgap of about 4.86 eV. Under excitation with 446 nm, strong green light and weak near-red emissions were observed at 540, 551, 670, and 757 nm. The concentration quenching occurred when the concentration of Ho2O3 was above 0.50 mol%. This suggested that the quenching effect occurred via an electric dipole–dipole interaction between closest neighbor Ho3+ ions. The color purity calculated by CIE1931 was > 99%. All results show the samples have good prospects for applications in green light-emitting devices.
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Figure 1. (ZrO2)90(Y2O3)9.70(Ho2O3)0.30 and (ZrO2)90(Y2O3)9.50(Ho2O3)0.50 crystal rods. 
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Figure 2. EDS image of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 sample. 
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Figure 3. XRD patterns of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 powders ground from the crystals. 
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Figure 4. (a) Raman spectra of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75. (b) Raman spectra of (ZrO2)90(Y2O3)10−x(Ho2O3)x. 






Figure 4. (a) Raman spectra of (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75. (b) Raman spectra of (ZrO2)90(Y2O3)10−x(Ho2O3)x.
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Figure 5. PLE spectrum monitored at 551 nm for (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals. 
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Figure 6. PL spectra for (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals under the excitation at 446 nm. 
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Figure 7. Luminescence spectra for (ZrO2)90(Y2O3)10, (ZrO2)92(Y2O3)8, (ZrO2)92(Y2O3)7.25(Ho2O3)0.75, and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals under the excitation at 446 nm. 
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Figure 8. UV-vis absorption spectrum of the (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystal. 
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Figure 9. Measurements of the optical bandgap in (ZrO2)90(Y2O3)10−x(Ho2O3)x crystal discs. 
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Figure 10. PL spectra of the (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals under the excitation at 446nm. 
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Figure 11. The energy diagram of Ho3+ in Ho2O3 doped YSZ crystals with the radiative and non-radiative transitions. 
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Figure 12. Relationship between log(I/y) vs. log(y) in (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals. 
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Figure 13. Color coordinates of (ZrO2)90(Y2O3)9.50(Ho2O3)0.50 crystal. 
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Table 1. Chemical compositions of Ho2O3-doped YSZ samples.
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Samples

	
Composition mol%




	
ZrO2

	
Y2O3

	
Ho2O3






	
(ZrO2)90(Y2O3)10

	
90.00

	
10.00

	
0.00




	
(ZrO2)90(Y2O3)9.90(Ho2O3)0.10

	
90.00

	
9.90

	
0.10




	
(ZrO2)90(Y2O3)9.80(Ho2O3)0.20

	
90.00

	
9.80

	
0.20




	
(ZrO2)90(Y2O3)9.70(Ho2O3)0.30

	
90.00

	
9.70

	
0.30




	
(ZrO2)90(Y2O3)9.50(Ho2O3)0.50

	
90.00

	
9.50

	
0.50




	
(ZrO2)90(Y2O3)9.25(Ho2O3)0.75

	
90.00

	
9.25

	
0.75




	
(ZrO2)90(Y2O3)9.00(Ho2O3)1.00

	
90.00

	
9.00

	
1.00




	
(ZrO2)90(Y2O3)8.80(Ho2O3)1.20

	
90.00

	
8.80

	
1.20




	
(ZrO2)92(Y2O3)8

	
92.00

	
8.00

	
0.00




	
(ZrO2)92(Y2O3)7.25(Ho2O3)0.75

	
92.00

	
7.25

	
0.75
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Table 2. Positron lifetime parameters of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals.
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	Sample
	τ1 (ps)
	τ2 (ps)
	I1 (%)
	I2 (%)
	λb (ns−1)
	τb (ps)
	τm (ps)





	(ZrO2)92(Y2O3)7.25(Ho2O3)0.75
	193 ± 1
	482 ± 26
	89.2
	10.8
	4.84
	206
	224



	(ZrO2)90(Y2O3)9.25(Ho2O3)0.75
	191 ± 1
	436 ± 14
	82.2
	17.8
	4.71
	212
	234
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Table 3. The quantum yields of the (ZrO2)92(Y2O3)7.25(Ho2O3)0.75 and (ZrO2)90(Y2O3)9.25(Ho2O3)0.75 crystals.
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	Sample
	Nabs (Counts)
	Nem (Counts)
	QY (%)





	(ZrO2)92(Y2O3)7.25(Ho2O3)0.75
	49,204,500
	15,458,581
	31.4



	(ZrO2)90(Y2O3)9.25(Ho2O3)0.75
	48,688,100
	11,318,743
	23.2
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Table 4. Values of intercept, slope, R2, and Eg for (ZrO2)90(Y2O3)10−x(Ho2O3)x.
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	x
	Slope
	Intercept
	R2
	Eg (eV)





	0.10
	477
	−2324
	0.9998
	4.86



	0.30
	557
	−2714
	0.9995
	4.87



	0.50
	561
	−2732
	0.9995
	4.87



	0.75
	577
	−2812
	0.9997
	4.87



	1.00
	596
	−2904
	0.9998
	4.87



	1.20
	611
	−2974
	0.9998
	4.86
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Table 5. Chromaticity coordinates (x, y) for (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals.






Table 5. Chromaticity coordinates (x, y) for (ZrO2)90(Y2O3)10−x(Ho2O3)x crystals.





	x
	CIE x
	CIE y
	CCT





	0.10
	0.2977
	0.6891
	5777



	0.30
	0.3020
	0.6877
	5745



	0.50
	0.3072
	0.6835
	5707



	1.00
	0.3093
	0.6822
	5693



	1.20
	0.3129
	0.6786
	5667
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