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ABSTRACT

We report on successful preparation of Er** doped transparent alumina (0.1-0.17 at. %)
exhibiting visible light photoluminescence using wet shaping method and hot isostatic
pressing. The effects of dopant amount, type of doping powder and powder pre-treatment on
final microstructure, real in-line transmittance and photoluminescence characteristics were
studied.

The real in-line transmittance ranged between 28-56 %, depending on processing parameters.
The transparency decreased with increased amount of dopant. The decrease is dependent on
the type of doping powder and its pre-treatment.

The photoluminescence spectra measured in both visible and NIR region showed typical
emission bands due to the presence of Er** ions. The decay profiles of the *Szp—*l15/2

transition were fitted with a 2-exponential function, with faster component in the range of



360-700 ns and slower component around 1.6-2.4 ps. The intensity of emissions and lifetime

of the “Sa/» level decrease significantly with increasing concentration of Er®* ions.

1. INTRODUCTION

Transparent polycrystalline alumina ceramics have been studied for decades as a material for
optical applications and a cheaper alternative to sapphire single crystals [1]. Besides the
economic and ecological benefits of such replacement, their applications could be extended
due to better mechanical properties of polycrystalline materials and possibility of production
complex shaped parts.

Moreover, doping with certain elements could lead to new interesting functional properties,
thus expanding the application potential of transparent aluminas even further (e.g. dosimeters,
phosphors for high-brightness LEDs or laser host materials). However, adding the required
amount of dopant (mostly with very low solubility in alumina lattice) inevitably leads to
formation of second phase inclusions, which impair transparency, and make the preparation of
transparent alumina with luminescence properties a challenging topic.

There are only few works dealing with transparent or translucent alumina doped with
optically (photoluminescence - PL) active rare earth (RE) or transition metal (TM) ions. Cr-
doped transparent alumina exhibiting thermoluminescence (TL) and optically stimulated
luminescence was designed as a potential TL dosimetry material [2]. Doping of alumina with
Ti and Mg was proposed for the same purpose [3]. However, the mean grain size of prepared
material is well within the micrometer size range as the result of pressure-less sintering at
relatively high temperature, with adverse impact on transparency.

Penilla et al. [4] prepared by spark plasma sintering (SPS) Th®* doped transparent alumina
with fine-grained microstructure with 75 % of total transmission at a wavelength of 800 nm

and with characteristic Tb3* emission. According to the authors, this was the first instance



when a birefringent (non-cubic) polycrystalline oxide bulk ceramic possessed both high
transparency and induced light emission properties. The authors also suggested that only high
heating and cooling rates accessible by SPS technique and operating out of thermodynamic
balance could result in achieving high concentration of dopant while maintaining the
transparency.

Alvarez-Clemares et al. [5] showed that doping of alumina with up to 0.7 wt. % of ceria
hinders the growth of alumina grains during SPS and enables the preparation of transparent
alumina with total transmission of up to 70 % in the IR-VIS range. Although ceria-doped
alumina exhibits photoluminescent properties [5], no measurement of the photoluminescence
was performed in this work.

Sanamyan et al. [6] reported on preparation of Er - doped alumina powders (0.1 - 0.3 at. % of
Er) subsequently sintered by SPS to transparent ceramics with submicron microstructure. All
samples prepared under optimized conditions exhibited sharp, well-resolved emission lines
characteristic for RE3* ions, indicating predominantly crystalline single-site Er** occupation.
Obtained IR spectra were similar to those previously observed in Er¥*-doped Al.O3 powders
prepared by sol—gel technique [7]. However, the effect of Er concentration on the PL intensity
was not discussed, and no data of optical transmission were provided.

Wang et al. [8] studied the influence of the phase structure and the amount of dopant on PL
intensity of alumina powders. The strongest emission intensity was detected at the lowest
examined concentrations (0.5 and 1 mol % Er). Dramatic concentration quenching effect took
place above 1.5 mol % Er** doping concentration. At 1 mol. % Er** doping, the PL intensity
of the Er¥*-doped Al.O3 powders increased with the phase structure changed in the sequence y
— 0 — a-(Al, Er)20s. These findings indicate that relatively low amount of Er with
controllable impact on the transparency are sufficient for obtaining adequate PL intensity of

doped transparent Er¥*-doped alumina (a-(Al, Er)203).



The present study follows and extends our recent work dealing with rare-earth doped
transparent alumina [9], with the aim to enhance important material properties significantly
(real in-line transmission, PL intensity) by modifying of the processing parameters. More
precisely, it is aimed at alternative way of producing Er®*-doped transparent and
photoluminescent alumina, combining colloidal processing (slip casting) for green body
preparation, advanced pre-sintering in a conventional electric furnace and subsequent hot
isostatic pressing. Our approach differs from all cited works concerned on preparation of
transparent alumina with PL properties where spark plasma sintering was applied to achieve
full densification. Transparent alumina ceramics prepared in this study are characterized in
terms of their microstructure (mean grain size, presence and size of secondary phase(s)
inclusions), real in-line transmittance and photoluminescence properties. Contrary to all
mentioned studies dealing with transparent PL alumina, the present work examines also the
effect of dopant concentration and pre-treatment of doping powder on all studied

characteristics.

2. EXPERIMENTAL

High purity 99.99 % commercial alumina powder (Taimicron TM-DAR, Taimei Chemicals
Co., Ltd., Tokyo, Japan), with the primary particle size of 150 nm and specific surface area of
13.7 m? g~ was used as a starting material (the values were determined by the producer from
SEM micrographs and by BET analysis, respectively).

Aqueous suspensions with the solid content of 45 vol. % of Al.O3z were stabilized
electrosterically with the use of a commercial dispersant Darvan CN. De-ionized water with
room temperature electric conductivity 25 + 5.107* S m was used as a dispersion medium.

The optically active dopant (Er) in the amount equivalent to 0.1 - 0.17 at. % of Er with respect



to Al,O3 was added in the form of oxide powders. Two different Er.Os powders were used as
starting materials.

First, a commercial coarse-grained Er.Oz powder (Treibacher Industrie AG, Austria) was
used. In order to obtain a nano-powder, the commercial powder was dissolved in 65 % HNOa.
Citric acid dissolved in deionized water and ethylene glycol was added to the nitrate solution
and heated in oil bath for 2 h at 85-90 °C. The solvent was evaporated under continuous
stirring. The product was dried and calcined at 800 °C for 1h to remove organic residua. The
powder was then milled in planetary mill (vessel and grinding balls from alumina) in order to
reduce the number of aggregates. Residual aggregates were removed from diluted water
suspension by centrifugal sedimentation at 800 rpm for 2 min. Only the particles, which
remained in the suspension were dried and further used as dopants. This type of doping
powder was further throughout the text denoted as P_S powder. Doped samples are denoted
as P_S_x, The abbreviations are explained in Table 1.

The nano-Er.O3 powder (purity 99.9 %, particle size 20-30 nm, GNM — Getnanomaterials,
USA) was used as received. Part of the nano-powder was also centrifugated, under the
conditions described above, to remove aggregates. These types of doping powder were further
throughout the text denoted as C and C_S powder, respectively. The samples doped with
untreated commercial nano-powder were denoted as C_x and the samples doped with
centrifuged commercial nano-powder were denoted as C_S_x.

The suspensions with added Er,Os were homogenized on rollers for 24 h. 40 g of alumina
milling balls with diameter 4 mm were added to 10 ml of the suspension. After
homogenization, the suspensions were poured into PVC dishes and allowed to dry at ambient
conditions for three days. Green bodies were then dried at 80°C for 5 h.

The samples were pre-sintered to 95-96 % of the theoretical density, which means only

closed porosity was present [10, 11]. The samples doped with the P_S powder were pre-



sintered using two different regimes: single step pre-sintering (SSP) — and two-step pre-
sintering (TSP) in order to establish more appropriate pre-sintering regime. Due to superior
results achieved by the TSP regime only TSP was used in later experiments.

SSP was performed by heating the samples at the rate of 20 °C-min~t up to the maximal
temperature 1480 °C without isothermal dwell, with subsequent cooling at the same rate.
When the two-step pre-sintering (TSP) was applied, the specimens were first heated to a
temperature T1 (1430-1440 °C) without isothermal dwell whereby achieving the relative
density of 88 - 90 %, and subsequently cooled down to a temperature T2 (1280 °C) at the rate
of 20 °C-min~1. The isothermal dwell at the temperature T2 was 10 h.

The samples pre-sintered to closed porosity were hot isostatically pressed (HIP ABRA Shirp,
Switzerland) at the temperature of 1280 °C for 3 h and the pressure of 200 MPa with argon
used as a pressure medium. Molybdenum heating and shielding enables sintering without
carbon contamination, which is usual in furnaces with graphite heating elements.

The density of sintered specimens was determined according to the Archimedes’ principle.
The theoretical density for all samples was calculated from the theoretical density of Al>Os
and Er.Oz by the rule of mixtures.

The microstructures were examined by scanning electron microscopy on polished and
thermally etched cross sections (Lyra 3, Tescan, Czech Republic). The mean grain size was
determined using the linear intercept method with a correction factor of 1.56. Minimum of
200 grains were measured in order to obtain statistically robust set of data. Distribution of Er
in sintered alumina was determined using a high resolution (scanning) Transmission Electron
Microscope FEI Titan Themis 60-300 (FEI, Czech Republic) equipped by Quantax EDS
(Bruker Nano, Germany).

The real in-line transmission (RIT) of polished samples was measured with a non-polarized

He—Ne laser (A = 632.8 nm). The distance from the sample to the detector was 860 mm, with



an opening angle of 0.5°. The real in-line transmission was measured in at least five different
positions on each sample and was recalculated to constant thickness of 0.8 mm.

The absorption spectra in the visible and NIR spectral range were recorded in the reflection
mode using the Cary 5000 spectrometer equipped with the integrating sphere (module DRA-
2500). The excitation and emission fluorescence spectra were measured using Fluorolog FL3-
21 spectrometer (Horiba Jobin Yvon) with Xe-lamp (450 W) as an excitation source. For
luminescence detection in visible and NIR spectral range, the PMT (R928) and InGaAs
detector cooled with liquid nitrogen were used, respectively. The luminescence spectra of
studied samples were recorded at room temperature. The luminescence decay curves were
recorded at RT with the same instrument using time correlated single photon counting

technique (TCSPC) with the pulsed laser diode at excitation wavelength 375 nm.

3. RESULTS

Pre-sintering regime

Green bodies of Er¥*-doped alumina were prepared by mixing fine alumina powder with two
types of Er.Os nano-powders, in some cases further pre-treated by centrifugation in order to
decrease the amount of aggregates present in starting Er.Os powder. The designation of
individual samples is related to the preparation process and is explained in Table 1. Green
bodies were pre-sintered using two different regimes: single step pre-sintering (SSP) — and
two-step pre-sintering (TSP) in order to establish more appropriate pre-sintering regime. For
full densification hot isostatic pressing (HIP) was performed.

Polycrystalline alumina exhibits strong dependence of optical transmittance on grain size due
to its birefrigent nature [12]. Therefore, the thorough optimization of all processing
parameters is needed, with special emphasis on sintering conditions. Erbium oxide was

observed to retard significantly the densification of alumina: the effect was more pronounced



at higher dopant concentrations. Fig. 1 shows the comparison of sintered densities of Er®*-
doped samples with samples doped with negligible amount of Zr prepared in the same way in
dependence on sintering temperature. The differences resulting from various amounts of the
dopant were amplified at lower relative densities (RD); above 96 % of the theoretical density
(TD) the sintering behavior was almost identical. This allows the use of similar sintering
regimes irrespective of the amount of the dopant.

Porosity in polycrystalline alumina ceramics is usually considered to be closed if the relative
density exceeds 95 % of the theoretical density [10, 11]. In order to minimize the grain size
the samples pre-sintered to relative densities ranging between 95.8 and 97.8 % of TD were
selected for HIP experiments. The used pre-sintering regimes and achieved relative densities
are summarized in Table 2.

Based on the results from previous work [10], the temperature 1280 °C and a holding time of
3 h was selected as the most suitable conditions for hot isostatic pressing (allowing full
densification without observable grain growth). All samples sintered to full density (> 99.9 %
of TD); no differences could be recorded using the applied measuring method.

The values of the mean grain size (MGS) of sintered Er®*-doped ceramics after HIP are
summarized in the Table 3. The mean grain size of two-step pre-sintered samples seems to be
slightly lower in comparison to single-step pre-sintered ones, but any difference lies within
the range of the measurement error.

Microstructure of all HIP-ed samples is fine-grained and homogeneous without any second
phase inclusions. Representative microstructure is shown in Fig. 2 and observable also in Fig.
3. However, some imperfections of used doping process resulted in rarely occurring
aggregates of erbium oxide (Fig. 3a). This type of aggregates was found in samples doped
with the P_S powder pre-sintered using single-step regime (the size of 10 — 20 um taking into

account the largest dimension). The aggregates in TSP samples were several fold smaller (3 —



10 um) than in SSP samples (Fig. 3b). In samples doped with commercial nano-powder, SEM
analysis in BSE mode (Fig. 3c) revealed only few grains with high Er content (0.3 — 0.6 um).
No larger aggregates were present. The high resolution TEM combined with EDX analysis
showed enhanced concentration of Er on grain boundaries (Fig. 4), which confirmed
presumed segregation of the dopant at grain boundaries. Based on SEM and TEM analyses of
individual samples it can be assumed that the predominant part of the dopant is segregated at
the grain boundaries. Rarely observed Er-enriched aggregates were probably the remains of

aggregates present in starting powder.

Real in-line transmittance

Since the samples had thickness ranged between 0.8-1.6 mm, the measured values of RIT
were recalculated to the constant thickness of 0.8 mm and are summarized in the Table 4. The
RIT ranged between 28 and 56 %, and was influenced markedly by the level of Er doping.
The comparison between the samples doped with the P-S powder showed that higher
concentration of doping ions resulted in substantial RIT decrease. RIT was also influenced by
the pre-sintering regime in case of higher dopant amount.

On the other hand, the differences between samples doped with commercial nano-powder are
relatively small (Table 4) as evidenced also from macrophotographs in Fig. 5. The decrease of
RIT at higher Er contents was not as sharp as in case of the powder P. However, more
significant decrease of the RIT seems to be related to the way how the commercial nano-
powder was pre-treated. By marginal decrease of the Er content from 0.11 at. % in the
material C_0.11to 0.1 at. % in the sample C_S_0.1 the RIT increased by 6 %, which was

attributed to elimination of the aggregates by sedimentation in the material C_S_0.1.

Absorption spectra



The UV-VIS-NIR spectra of the selected samples were recorded in the reflectance mode and
are depicted in Fig. 6. Characteristic absorption bands identified in the spectra correspond to
intra-configurational 4f'1-4f! electronic transitions from the Er®* ground state *I1s.. The
spectra of Er¥*-doped Al.O3 in the spectral range 300-1700 nm exhibit 12 absorptions.
Particular transitions for Er®* ion were labelled according to the report by Carnal et al. [13].
All the transitions are assumed to be electric dipole in nature, except for that to the *I13/. first
excited state that shows magnetic dipole contribution [14, 15]. The hypersensitive transitions
(sensitive to variation of local structure around RE ions) in Er¥* (*lisiz — 2Huwp;

*l1s1, — *G11r2) are clearly identified by their strong intensity. The intensity of the absorption
bands increases with increasing concentration of the Er3* in the host matrix. The intense band
at around 240 nm, strongly overlapped with the absorbance of the Al,O3 matrix, can be
assigned to the Er¥*—0? charge transfer state, although different 4f1* — 4f1%5d inter-

configurational transition bands of the Er®* ion have also been reported in that region [16].

Photoluminescence spectra

The photoluminescence spectra of the Er®*-doped Al,Os3 at the doping level ranging between
0.1 and 0.17 at. % are shown in Fig. 7. The measured excitation spectra monitored at 548 nm
(spectrum not shown) and 1529 nm were almost identical. The excitation spectra (shown in
Fig. 7a) monitored at 1529 nm exhibited ten bands with barycenters at 358, 365, 379, 407,
442, 450, 487, 520, 540, and 653 nm corresponding to the excited levels Gz, “Gorz, “Gi1s,
2Horz, “Farz, *Fsi2, *F712, 2Hi1r2, *Sarz, and *Fopz, respectively. The strongest band at 379 nm
corresponded to the *l1s;2 — *G11/2 hypersensitive transition. The broad band, centered at
284 nm, can be assigned to the Er**—0?% charge transfer state. The excitation spectra provide
different possibilities of excitation to obtain green, red and near infrared (NIR) luminescence

from the studied Er®*-doped Al,Os.



The emission spectra (excited at 379 nm by Xe lamp) exhibited two green emission lines: one
weaker green emission line centered at 524 nm (*Hi12—*l152) and one strong emission
centered at 549 nm (*Saz—*l1512). Only weak red emission band corresponding to *Forz—*l1s/2
transition was observed at about 668 nm. In the near infrared (NIR) spectral region (900-
1600 nm), the emissions corresponding to *l112—*l15:2 (centered at 980 nm) and *l1a2—*l15/2
(centered at 1530 nm) transitions were observed, respectively. The broad emission band from
the #1132 multiplet to the *I1s2 ground state is of special interest for optical amplification and
laser application.

The intensity of the of green emissions in the group of samples denoted as C_S decreases with
increasing concentration of Er®* ions (Fig. 7b) while the intensity of the red emission only
very slightly increases (i.e. no quenching of the red luminescence is observed); the relative
intensity of the weak “Fo2—*115/2 red emission compared to green one increases. For the group
of samples denoted as P_S both the green and red emission decrease with the doping
concentration. The only exception is the sample C_0.11. When compared with the samples
C_S 0.1and P_S 0.1, i.e. these containing almost the same Er®* doping concentration, the
intensity of green emissions drops down significantly. This is most likely due to the presence
of Er,O3 aggregates when the sedimentation step was not included during the sample
preparation. The similar influence of Er®* concentration on emission was observed also for
emissions in NIR spectral region (Fig. 7c); the intensity of the *l13,—*l15/2 transition
decreases, while the intensity of the *l112—*1152 transition slightly increases with increasing

Er3* concentration.

Lifetime
For all samples studied the lifetime measurements have been performed in the visible spectral

region for the strongest green emission centered at about 545 nm. The normalized decay



profiles of the *Ss2—*l152 (green) transition are shown in Fig. 8. The decay curves were fitted
with double exponential equation and the average lifetime from decay curves was calculated

using the Equation 1:

[oe]
T — Jo_tlat — ATE 44,75
ave foooldt A1T1+A2T2

1)

where Az and A; are the weight factors of lifetimes t1 and t2, respectively. The corresponding
lifetimes for all samples studied are summarized in Table 5.

The faster component of the decay was found to be in the range of 360-700 ns while the
slower one in the range of 1.6-2.4 ps. However, in decays of the green emission the faster
component dominates. The lifetime of the Sz, level decreases quite significantly with
increasing concentration of Er®* ions in the samples studied. The lifetime of the *Fo/2 energy
level could not be accurately measured under laser diode excitation due to the weak red

emission from this level.

4. DISCUSSION

The effect of parameters of doping on final microstructure and RIT

It was demonstrated that Er inhibits densification of alumina. However, the mean grain size of
all fully dense HIP-ed samples was nearly identical (~ 350 nm) with differences falling within
the standard deviation of the measurement. This indicates that the optimized conditions of
sintering applied in the study were appropriate in terms of minimizing the grain growth while
maximizing densification during sintering.

Due to almost identical values of the mean grain size of all prepared samples, the influence of

other than sintering parameters, e.g. the content and the way of pre-treatment of the Er.Os



powders on the RIT could be traced. Generally, with increasing Er doping the RIT decreased.
However, the extent of the decrease was strongly dependent on the type of used powder and
its pre-treatment (performed by centrifugal sedimentation). The highest level of RIT and the
smallest decrease with increasing amount of the dopant were achieved using commercial
nano-powder further treated by sedimentation and denoted as C-S (Fig. 9). Careful
elimination and removal of powder aggregates, which are always present even in commercial
nano-powders, could reduce the decrease of RIT observed at higher concentrations of dopant
in transparent ceramics.

The nano-powder prepared by modified Pechini method and then centrifugally treated (P-S)
yielded lower values of RIT than commercial nano-powder (C-S) and stronger decrease of
RIT values with increasing Er concentration (Fig. 9). On the other hand, the sedimented nano-
powder P prepared by modified Pechini method (P-S) yields, in terms of the RIT, results
similar to those of unsedimented commercial nano-powder (C) (Fig. 9). Although not clearly
documented by SEM, this indicates certain level of aggregation of doping powder, especially

in case of the powder C.

The effect of pre-sintering on final microstructure and RIT

The experiments made with P-S powder showed that pre-sintering regime has some effect on
the RIT values of fully dense samples after HIP. As it can be seen from Table 4, prolonged
TSP regime was beneficial for increase of transparency in comparison to conventional SSP
pre-sintering. Since the final grain size of the samples were not statistically different (see
Table 3) and the above mentioned results indicated the importance of dopant aggregation, we
concerned our attention on microstructure of sintered samples.

The aggregates present in samples pre-sintered by prolonged TSP regime (Fig. 3) were

considerably smaller (3 — 10 um) than aggregates found in sample pre-sintered without dwell



(10 — 20 wm). This confirmed the conclusions in our recently published paper [9] that long
isothermal dwell (albeit at lower temperature) during two-step pre-sintering facilitates better
redistribution of dopants along grain boundaries, thus decreasing the size and/or number of
second phase inclusions.

Since no practical doping process allows for removal of absolutely all aggregates, the

prolonged pre-sintering can be recommended for minimizing of their size.

Photoluminescence spectra

The emission spectra of the Er®* doped Al.O3 samples both in the visible and NIR spectral
range exhibit relatively broad emissions and the emission bands are inhomogeneously
broadened. For some transitions, e.g. from #Sa/z *For2, *l11/2 and #1137 this indicates that the
band structure is due to the Stark splitting. This effect was found to be typical for highly
disordered crystalline or amorphous materials, where optical centers experience quite
different local environments that result in large inhomogeneous linewidths, in some cases
approaching 100 cm™ or even more for 4f-4f transitions [17]. Since the optical transition
frequency of an ion depends on the strain, as well as local electric and magnetic fields
affecting the ion, these environmental differences lead to a distribution of these frequencies
for particular type of ion; the distribution of these frequencies produce an inhomogeneously
broadened line. The broadened emissions were also found for the Er®*-doped Al>Os thin films
with relatively higher concentration of the Er®* ions (2.10%°- 4.10%° cm®) in the host matrix
[18]. In contrast, very well resolved and sharp structured (Stark sublevels) emissions due to
the Stark or crystal field splitting were observed for lower doping levels of Er** in Al,O3
matrix (0.026 at. %), as reported by Sanamyan et al. [6]. Similar results were found for other
Er**-doped matrixes in which the Er®* ions are incorporated into the structure of the host

matrix [19], and Er®* ion occupies defined positions in the structure. This, together with the



fact that the emission intensity decreases with increasing concentration, point to the fact that
local environment around the Er3* ions is relatively disordered. The Er®* ions aggregates are
also possibly formed during the sample preparation that lead to the concentration quenching

of luminescence due the direct interaction among Er®* ions in the Al.O3 matrix.

Lifetime

The lifetime corresponding to *Sayz level (*Sz2 — *l1s/2 transition) exhibits strong dependence
on the Er®* concentration in Al2O3 host matrix (see Fig. 8, Table 5). All decay curves show
non-mono-exponential profiles, even for the lowest concentrating sample containing 0.1 at. %
of Er** ions (2.38.10'° cm3), and were well fitted with double exponential decay function. It
is well known that at very low concentrations of optically active ions, with negligible
interactions between them, the decay of the luminescence can be described by a single
exponential [20]. However, at higher concentrations the distances between active ions are
shorter and the energy transfer processes become more efficient, resulting in a non-
exponential decay [21]. All decay profiles thus exhibit a fast exponential decay in the initial
part with a decay time of about 500 ns, followed by a slower decay with a decay time of

~ 2 us. Similar double-exponential behavior of Sz, level decay was observed and reported by
Agazzi [18] for Er**-doped Al.Oj3 films with dopant concentration in the range of 2.10%°-
4.10%° cm3, with the lifetimes of 12.6 ps for faster and 30.8 ps for shorter decay process,
respectively.

The observed non-exponential nature of the green luminescence decays, accompanied by
shortening of the lifetimes with increasing Er®* concentration is related to energy transfer
processes (cross-relaxation processes) between Er®* ions at higher concentrations and/or to
different quenching traps (impurities and/or structural defective sites) [22]. During this

process, an excited Er®* ion (donor) is deactivated by transferring a part of its energy to



another neighboring Er®* ion (acceptor). The energy transfer is possible if there is a certain
overlap in the fluorescence emission and absorption spectra of the donor and acceptor, which
is the case of concentrated Er®* systems; this means that there are matching differences in
acceptor and donor energy levels. Some of the possible cross-relaxation channels that
depopulate thermalized “Ss/, level can be described as (denoted as (initial sate Er¥*(1),
Er¥*(I1)—final state Er¥*(1), Er*(I1)): (*Sarz, *lisiz = *l1ziz, 4lorz), (*Sarz, *lisiz = *lorz, *lizr),
(“lorz, “lorz = *a1i2, *For2), (*lorz, *l1arz — *lusr, *Far2) and other [19]. For example, in the case of
(*Sarz, *l1sr2 = *lorz, *l1312) cross-relaxation channel, the donor is deactivated without emitting
green fluorescence light and as a result the intensity and lifetime are diminished. However, as
mentioned above, the structural defects may also play important role in the luminescence

quenching.

5. CONCLUSION

Transparent photoluminescent aluminas doped with 0.1 — 0.17 at. % Er were successfully
prepared by a combination of wet shaping technique (slip casting), pressure-less pre-sintering,
and hot isostatic pressing (HIP). Fully dense samples with grain size less than 400 nm
exhibited the RIT values ranging between 28-56 %. The samples doped with Er.O3 nano-
powder prepared by Pechini method exhibited slightly lower transparency (up to 52 %) due to
presence of Er agglomerates in the microstructure. The RIT value of 56 % established for
sample doped with commercial Er.O3 nano-powder is the highest real in-line transparency so
far reported in the literature for luminescent RE doped aluminas. The positive influence of
suspension centrifugation prior to slip casting on RIT and photoluminescence intensity was
demonstrated. Upon excitation of the Er®* ions in the UV range, intensive green, weak red and
infrared emissions were observed, whose intensities and lifetime were described in

dependence on the processing route. Based on the obtained results, future work to further



improve the optical characteristics of this type of material will be focused on optimization of

dopant concentration below 0.1 at% Er.
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Figure captions
Fig. 1. Dependence of relative density of Er**-doped alumina on the sintering temperature
(pressure-less sintering). For comparison, the densification data of alumina doped with 250

ppm Zr are also present.

Fig. 2. The representative microstructure of HIPed alumina doped by Er.

Fig. 3. The Er-enriched aggregates and grains found in the HIPed samples doped using:
a) P_S powder pre-sintered by single step pre-sintering
b) P_S powder pre-sintered by two-step pre-sintering

c) C_S powder pre-sintered by two-step pre-sintering

Fig. 4. TEM image of Er**-doped alumina (0.1 at. % of Er**) microstructure and EDS

mapping for Al, O and Er elements on the grain boundary.

Fig. 5. Transparent Er®*-doped alumina. The samples are ca 3 cm in diameter and they are

positioned 1 cm above the text.

Fig. 6. Diffuse reflectance spectra of the Al.O3:Er®* ceramics in the UV-VIS-NIR range
recorded at RT (a). The expanded segment of the spectra with corresponding absorption bands

assignment (b). All transitions start from *I1s> ground state to the indicated levels.

Fig. 7. Luminescence spectra of the Al.Os:Er®* doped ceramics: (a) The representative

excitation spectrum monitored at 1529 nm with corresponding band assignment; Emission



spectra of the Er®* doped Al2O3 ceramics monitored in VIS (b) and NIR (c) spectral region

after sample excitation at 379 nm.
Fig. 8. Er®" luminescence decay curves of the green emission (2Hu1z, *Ssiz —%l1512) recorded at
RT under laser diode excitation at 375nm: (a) The decay curves were fitted with 2-

exponential decay function. (b) The dependence of tave on Er¥* concentration.

Fig. 9. The real in-line transmittance — Er content dependence.



Table captions

Table 1. Abbreviation in designation of samples

Table 2. Pre-sintering regimes for individual samples and achieved relative densities

Table 3. Mean grain size of rare earth doped alumina after HIP (1280°C / 3 h, 200 MPa)

Table 4. Real in-line transmittance of rare earth doped alumina after HIP (1280°C / 3 h, 200

MPa)

Table 5. Lifetimes of the Sz level at RT obtained under excitation at 375 nm



Table 1

Abbreviation in

designation of samples Meaning in relation to the preparation of samples

Nano-powder prepared by modified Pechini method
Commercial nano-powder

Sedimentation used for removal of the aggregates
at. % of Er with respect to Al>Os

X unO Do




Table 2

SSP — SSP-RD .. TSP -RD
Sample regime [9%] TSP — regime @ %]
P S 01 1480 °C 97.2 1430 °C — 1280°C /10 h 96.9
P S 0.17 1480 °C 96.4 1440 °C — 1280°C/10h 95.8
¢ S.01 : - 1440 °C — 1280°C /10 h 97.4
C S 0.125 i i 1440 °C — 1280 °C/ 10 h 96.9
C_S 0.15 - - 1440 °C — 1280 °C/10h 96.2
C 011 - - 1440 °C — 1280°C/10h 97.8

3 SSP _ without dwell; TSP —without dwell in the first step



Table 3

Sample SSP + HIP TSP + HIP
MGS [nm] SD¥/n® [nm/-] MGS [nm] SD¥/n® [nm/-]

P S 01 450 60/20 390 50/20

PS5 0.17 370 50/ 20 350 40/ 20

C 501 - - 350 40120
C_S 0.125 ; ; 330 30/20

C S 0.15 - - 350 30/20

c 011 ; ; 340 40120

3 SD is the standard deviation; ® n is the number of measurements



Table 4

RIT after RIT after

Sample SSP + HIP TSP + HIP
[%] [%]
PSO0.1 49 52
P S 0.17 28 34
CS 01 - 56
C S 0.125 - 53
C S 0.15 - 53
C 011 - 50




Table 5

Erd*concentration

Sample g " Tave

[at.%] [ns] [us] [us]
Ccso01 0.1 694 (76%) 2.43 (24%) 1.61
C 0.11 0.11 566 (81%) 2.20 (19%) 1.34
C S 0.125 0.125 545 (86%) 2.04 (14%) 1.11
C S 015 0.15 517 (84%) 1.74 (16%) 0.99
P S 0.1 0.1 564 (85%) 2.00 (15%) 1.12
P S 0.17 0.17 360 (91%) 1.64 (9%) 0.75

3 The numbers in parenthesis represent the weight of particular lifetime in the average lifetime value.
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Fig. 6a

100 I L] I L] I L] I L) I L] I L] I L] I T I L] I
90 | Q)
80 |

70 |

R (%)

60 |

50 -

40

30 | ' -
L —C_S_01 -

20 |- ' ——C_S_0.125 -
ol C_S 015 T
B —C_0.11 T

P R RSN RN NN RENNU R R A b
200 400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)



Fig. 6b
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Fig. 7a
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Fig. 7b
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Fig. 7c
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Fig. 8a
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Fig. 8b

Tve (US)

1.7
1.6
1.5
1.4
1.3
1.2
1.1
1.0
0.9

0.8

0.7 |-

0.6

0.09

1 1 77T 7

b)

Do
O VO

m'cn

A

0.10

0.11

012 013 0.14 0.15

Er’* concentration (at.%)

0.16

0.17

0.18



Fig. 9
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