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Abstract

In the framework of the development of new laser materials at the lowest limit of the mid-IR range,
the cubic YsNbO7; matrix has been doped by trivalent holmium. Fine powders were prepared through
a liquid phase synthesis and highly densified using a two-stage sintering process: i) natural sintering
was performed in air to reach relative density higher than 95 %; ii) Hot Isostatic Pressure was applied
to obtain fully dense and, consequently, transparent ceramics. The resulting microstructures were
examined and then related to sintering parameters such as temperature and pressure. Refractive
index, transmission and luminescence properties were measured and presented for the first time on a
bulk material. These encouraging results showed that the Ho**-doped Y3sNbO; compound is a promising

potential candidate as a new laser material.
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1-Introduction

The REsNbO- (RE = rare earth elements) niobate family presents versatile crystal structures depending
on the RE cationic radius [1]-[6]. They are studied for their magnetic [7]-[12], ionic conductivity [13],
[14], thermal properties [15] as well as for their luminescent properties [16], [17]. Among them, the
yttrium phase presents high interests as a potential candidate for laser properties. The substitution of
yttrium by holmium on its site, coupled with the existence of a local disorder caused by oxygen
vacancies, induces a large spectral emission from the visible range to the mid infrared [18]—[20]. This
large spectral distribution can be a great advantage regarding the absorption or laser range tuning
capability in a LASER configuration. The high stability of the yttrium cubic host lattice at high
temperature could lead to fully dense and transparent ceramics after sintering. First results concerning
a non-doped phase have been recently reported by Huang et al. [21], after An et al. [22]. These authors
mentioned the manufacturing of niobate transparent ceramics whose chemical compositions

crystallize in a similar way to the LusNbO7 phase.



However, the preparation of transparent ceramics, especially in the niobate family, is not trivial. The
main limitation concerns light scattering due to residual porosity. Different methods promote the
elimination of porosity in ceramics, such as using pressure-assisted sintering techniques. Among them,
Hot Isostatic Pressing (HIP) is usually used to obtain highly transparent ceramics of different materials
such as MgAl,04[23], YAG [24]-[26], Y.03 [27], Al,O3 [28] or LuyO3 [29]. This technique consists of
performing sintering in an inert atmosphere at a given temperature under high pressure of 200 to
400 MPa. Compared to usual Hot Pressing (HP) or Spark Plasma Sintering (SPS), HIP allows not only
decreasing the sintering temperature due to the applied pressure but also limiting carbon
contamination due to glass-encapsulation technique for instance [30]. This ensures high optical quality
for a wide variety of transparent ceramics. Transparent ceramics of niobate have been already
obtained by SPS [22]. Nevertheless, due to the high ionic conductivity of this phase, ionic mobility can
be activated by the applied electric field during SPS, leading to untimely decomposition of the desired
phase [31]. To our knowledge, HIP was never reported for the preparation of doped-Y3;NbO;
transparent ceramics.

In this study, we propose to investigate the shaping and the optical properties of Ho** doped YsNbO;
compound. The HIP sintering parameters have been studied in order to reach a high density of this
doped compound, which is a primordial criterion for obtaining maximum transmission rates. The
microstructure of sintered bodies were analyzed as a function of the sintering temperature and
pressure. Optical properties such as refractive index, transmission, absorption, emission and decay

times are reported for the first time.

2- Materials and methods

2.1 Particle syntheses and shaping

Ho**-doped Y3NbO; powders were prepared by a co-precipitation method using NbCls (99.9% purity,
Aldrich), HoCl3.6H,0 (99.99% purity, Merck), and YCl3.6H,0 (99.99% purity, Alfa Aesar) as reactants for
the synthesis. The experimental procedure is described elsewhere [32]. The holmium content in the
holmium chlorine powder was evaluated by chemical analysis (ICP/OES). A 0.6% molar content of
holmium was selected on the basis of a previous investigation which indicated that this concentration

is a good compromise between emission intensity and energy transfer

The powders were ball-milled for 2 hours (400 rpm), sieved and dry-pressed by Cold Isostatic Pressing
(CIP) at 150 MPa into a green body. The obtained pellets were heat—treated at 1600°C during 2, 4 or 6
hours in air to obtain dense samples (> 95 % di) without residual open porosities. An example of

microstructure is illustrated in supplementary information Figure SI1. Then, Hot Isostatic Pressing (HIP)



was performed on each pellet during 1 hour at 1600°C, 1650°C or 1700°C in a pressure of 190 MPa

[31]. After HIP, a re-oxidation step was applied during 2 hours at 1100°C in flowing oxygen (O,).

The sintered pellets were polished on both sides using Al,O3 (30 um, 10 um) and CeO; (2 um) particles

dispersed in water. The final thickness of the pellets ranged between 0.7 and 1 mm.

2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) analysis was performed using a TESCAN Vega Il SBH SEM to
characterize the main microstructural features (grain size and morphology, and porosity) of the
densified ceramics. Average grain size was determined by the intercept method [33] by counting the
number of grains traversed by straight lines of known length. In order to obtain a satisfying statistical
result, the method was applied to at least three micrographs per sample. The grain size is taken as the

intercept length (no corrective factor).
2.3 Transmission analyses

Transmission spectra were obtained using an Agilent Cary 5000 equipment operating in the UV to IR

range.
2.4 Refractive index

The determination of the experimental refractive index of the best optical quality pellet was performed
by ellipsometry in the visible range on a JA Wollam-2000 (acquisition range: 200 to 1700 nm) and on a
J.A. Wollam IR-VASE Mark Il (acquisition range from 1700 nm to 8000 nm).

2.5 Luminescence spectroscopy and decay time measurements

The emission spectra were obtained using a Horiba Jobin Yvon HR 640 monochromator equipped with
a PbSe detectors. A 455 nm laser diode was used as the excitation source. All the measurements were
performed at room temperature. The luminescence spectra were corrected for the sensitivity of the
detectors and response of grating (600 lines).

Lifetime measurements were realized in the desired range with a 10 nm step-by for each wavelength
using as a pumping source an Optical Parametric Oscillator (OPO) centered at 525 or 980 nm. Bandpass
filters were used in order to eliminate the second harmonics. Infrared lifetime measurements were
carried out using an Edinburgh FLS1000 spectrometer coupled with a digital Tektronix oscilloscope to
record the time-dependent decay. During the measurements, all the samples were carefully placed in
the same position to ensure good comparability between the spectra. All the measurements

mentioned above were made at room temperature.

3- Results and discussion



Optical micrographs of the nine sintered pellets are presented on Figure 1. All these ceramics present

a transparent aspect. Some of them broke during the re-oxidation process suggesting the presence of

internal stress and/or microstructural heterogeneities.

Figure 1- Optical micrographs of YsNbO;:Ho*" transparent ceramics after HIP and reoxidation as a
function of sintering conditions. The temperature of the 1 hour HIP treatment is indicated on the top
of the picture. 2h, 4h and 6h indicate the dwell times of the natural sintering step at 1600°C, applied

after shaping by CIP.

As mentioned previously, the relative density of the heat-treated pellets reaches 95%. Unfortunately,
due to the small size of the pellets, broken after HIP, and the large uncertainty associated with the
measurement of their volume, the experimental densities of the final HIPed bodies are not given here.
However, the corresponding microstructures, observed by SEM, are illustrated in Figure 2. All samples
appear almost fully dense with little inter- or intragranular residual porosity. Whatever the duration of
the first sintering treatment at 1600°C, all pellets HIP-treated at 1600°C (Fig. 2 (a-c)) present similar
aspects. A significant grain growth is observed as the HIP temperature increases, regardless of the pre-
sintering protocol. For the 1600°C HIP heat-treatment, the grain size is about 3 um. It increases up to
an average value of 5-6 um and finally 9-10 um for 1650°C and 1700°C, respectively. The diameter of
pores remains less than 1 um and small with respect to the grain size. These first results demonstrate
that two-stage sintering including a pre-sintering step in air and a post-densification step by HIP,
appears as a very efficient way to fully densify this niobate material at limited temperature (i.e. 1600°C)
and isostatic pressure (i.e. 190 MPa). A better control of the HIP parameters should make possible the
complete removal of the intergranular porosity and should avoid the occurrence of intragranular

porosity.



) 1600 °C - 2 h - HIP 1600 °C 1600 °C - 4 h - HIP 1600 °C

c) 1600 °C - 6 h - HIP 1600 °C 1600 °C - 4 h - HIP 1650 °C

< HIP temperature
e)  1600°C-2h-HIP 1700 °C [RiBeg ” wesmen
5 u- | 1650 °C
4 m 1700 °C
8_
£ ]
T ]
'g <r: + *
& ¥ . . .
o~
o . , : , .

6

Dwell time duration of the 1%t treatment (hours)

Figure 2- (a-e) SEM micrographs of polished and thermally revealed surfaces of Y3NbO7:Ho>* ceramics
and (f) evolution of the grain size as a function of the sintering conditions (temperature and time of

pressureless sintering and post-HIP temperature with a dwell time of 1 h).

The transmission spectra are given in Figure 3, together with the theoretical maximum transmission

values due to specular reflection of the material, calculated with equation (1).

Trnax (ﬂ) = Zn) (1)

[n(D2+1]




The refractive index, n(4), was determined using experimental ellipsometry measurements (described
in supplementary information Figure SI2). A value of 1.99 + 0.01 at around 2 um was obtained, in good
agreement with the values reported by Huang et al. [21]. The Ho**-doped compound presents a large
optical window between 310 nm and 8 um. This corresponds to the bandgap mainly due to the
niobium oxygen charge transfer (value close to the one reported in the literature [34]) and the IR
absorption edge, respectively. The absorption lines detected from the visible to infrared range

confirms the doping of the YsNbO; compound by Ho*" cations.
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Figure 3- (a) Transmission spectra of YsNbO;:Ho** transparent ceramics according to sintering
conditions (HIP dwell time was 1 h); (b) evolution of the maximum transmission levels at 2 um as a

function of grain size.
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Figure 4- X-Ray diffraction pattern of the (1600°C-6hours, HIP 1700°C) pellet for which the lowest
transmission is observed. This pattern confirms the absence of phase decomposition as all the peaks

are attributed to the Y3sNbO; compound (indexation with the 00-036-1353 JCPDS file).



Post-HIP sintering temperature seems to have more influence on the transmission values than the
pressureless sintering duration itself, meaning that this first pre-sintering step is not so crucial. The
best transmission levels correspond to the pellets HIPed at 1600°C, which was the lowest HIP sintering
temperature. Among these samples, the pellet treated 4 hours has the highest transmission value,
equal to about 69 % at a wavelength of 2 um. The increase of the temperature of the HIP treatment
up to 1700°C is strongly detrimental to the optical properties, as the maximum transmission at 2 um
drops to 48 % for the 4 hours pre-treated pellet. As we have discarded by X-Ray Diffraction the
presence of a secondary phase (Figure 4), this loss in transmission could be a consequence of several
parameters. First, an increase of the grain size is observed, since an increase of the HIP temperature
results in a grain growth (Figure 3). The second reason relies on the change in size and distribution of
the residual porosity (i.e. coalescence of pores), accelerated by the increase of the HIP temperature.
Third, a higher reduction of the pellets is expected for the longest duration for HIP treatments. But a
similar post-re-oxidation step was applied on all of them. This may stabilize Nb** cations as absorbing
centers. Finally, as a primary result and using such a sintering process, an average grain size of 3.5 um
yielding maximum transmission seems suitable for a mid-IR application.

In complement, microluminescence mappings were conducted in the visible range to detect potential
segregation of the doping element at the grain boundaries. To avoid surface artefacts, the intensity
was recorded below the surface at different depths. A good homogeneity of the spectral distribution
and intensity was observed in a probed surface of about 40 um? (Figure SI3), which tends to confirm a

lack of Ho®* ions segregation within the pellets at a 1 um? scale.

Photoluminescence spectroscopy was performed on the pellets post-sintered by HIP at temperatures
ranging between 1600°C and 1700°C, under excitation in the °Ge,°F1 levels at 450 nm (Figure 5 (a)). The
global luminescence intensity in the 1800-2200 nm range is promoted by the increase of the crystallites
size, the maximum being reached for the samples HIPed at 1650°C and 1700°C for which the intensity
is nearly equivalent. The effective bandwidth of the *l;—°I5 transition was calculated according to the

following equation (2) [35]:

fzzoo 1(A)

1800 Ipqx

Aﬂ'eff =

di (2)

where /(1) is the value of the emission intensity and Imq., the maximum of the emission intensity. A
value of 172 nm is obtained whatever the pellet, which is twice the value calculated for Ho**-doped
YAG [36]. This enlargement of the emission peaks in this niobate host lattice is a direct consequence
of the more disordered crystalline structure and coordination polyhedra of the holmium cations

compared to YAG for example, as discussed in references [18]-[20].



The decay curve of the °1;-°Is transition (Figure 5 (b)) was performed on the most transparent pellet
(pre-sintered 4 h at 1600°C/HIP 1 h at 1600°C). It has been fitted with a single exponential law and a T
value equal to 8.09 ms is obtained. This value is comparable to the experimental one reported for Ho**-

doped YAG laser materials containing a similar Ho** ions volume density [37].
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Figure 5- (a) Luminescent characterizations of YsNbO7:Ho®* emission as function of the HIP
temperature (same pre-sintering at 1600°C-4 h). (b) Decay curve of the maximal emission. (c)
Estimated absorption cross section and (d) calculated emission cross section of the sample. These last

characterizations were performed on the sample pre-sintered 4 h at 1600°C.

Afirst absorption cross section estimation in the wavelength range 1800-2100 nm is proposed in Figure
4 (c). To avoid the contribution of light scattering linked to the presence of residual porosity, the
baseline of the experimental transmission curve has been shifted to fit to the expected maximum value

at a given wavelength (estimation based on the refractive index value). The absorption cross section
was calculated using equation (3).

oDIn(10
O-abs(ﬂv) = obin(19)

Nl (3)



where OD is the Optical Density calculated from the transmission curve, OD = —log,, (IL) with 7 the
0
incident beam and /p the transmitted one; NV (ions.cm) the number of Ho®* ions per cm® and / (cm)

the pellet thickness. A maximum is observed at a wavelength of 1925 nm (E = 5200 cm™).

A first calculation of the spontaneous radiative lifetime T4 is proposed in Figure SI4. But as the value
obtained is not satisfying due to the low quality of the experimental transmission graph, we have
decided to propose a possibly underestimated emission cross section, based on the experimental
decay time value (Figure 4 (d)), according to equation (4).

A4 1(%)

2 2200
8mn“ct f1800 I(D)dA

Oem(D) = (4)

with /(A) (a.u.) emission intensity at A; n the experimental refractive index; ¢ (3.10% m.s%);  (s) was
taken as the experimental lifetime and not the 7,4 value. At this first stage, we expect a value of the
emission cross section much higher than 4.10%'cm? in the laser range at around 2.1 um which is about
26 % of an equivalent Ho**-doped YAG crystal.

These first spectroscopic characterizations tend to confirm that the Ho**-doped compound presents
interesting spectral characteristics. First, a large absorption range makes possible the use of several
excitation wavelengths. Second, for LASER applications, a wide emission range could also be associated
to a wider laser tuning capability than other materials. But the optical quality of ceramics has to be

improved to generate a gain effect.

Conclusion

Optical Ho**-doped Y3NbO; transparent ceramics have been obtained. A two-stage sintering process
coupling both pressureless sintering and HIP, appears as a promising method to fully densify this
compound. However, intragranular residual porosity is detrimental to a good transmission value. So
the preparation process including post-treatment has still to be improved. This will help to avoid light
scattering or potential stabilization of absorbing centers which may result from point defects such as
Nb* cations. The spectroscopic characteristics of the densified Ho**-doped YsNbO; are investigated for
the first time. The wide emission band at 2 micrometers and its corresponding decay time appear to
be competitive with the Ho**-doped YAG compounds which is one of the most investigated material

for LASER applications in the Mid-IR range.
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Supplementary informations

SI1- Example of microstructure before HIP treatment

The Ho3"-doped YsNbO; heat —treated at 1600°C during 4h is illustrated below. The lack of intragrain porosity and the small size grain are targeted
before the HIP treatment.

1600 °C -4 h

Figure SI1- Ho**-doped Y:NbO; heat -treated at 1600°C during 4h microstructure



SI2- Refractive index n and attenuation coefficient k measurements of Y3:NO7:Ho3*
transparent ceramic

An ellipsommetry measurement consists of using polarized radiation at different angles of incidence on the
surface of a sample.

Ellipsommetry measures the quantity p: p = tampeiA

with A the difference in phase between the incident and reflected radiation and { the decrease in field
strength.

A polarized wave can be described by projection on the orthogonal planes p and s as the addition two orthogonal
plane waves such as:E, + E, = E,e"* + E,e®” with x along the p plane and y along the s plane. Jones' matrix
is used to describe the change in polarization of a wave when it interacts with matter:
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In the case of an isotropic material, ellipsometry measures the ratio of two complex numbers r—f’
S

(Fresnel coefficients) matrix :
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Thus, the corresponding ellipsometry equation is given by :

p = tanpe'® = 2 = 2= 3r and tanp = Land A= §, — &,
Ts Ts Ts

The Fresnel equation alloy the calculation of the complex refractive index value of the materials :
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and 7, =
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The analysis of the experimental data uses the theoretical model of the general oscillator which makes it possible
to take into account the presence of optical absorbers in the wavelength domain considered.

The refinement is done by regression on the values of A and . The model response is generated and compared
to the measurement until a minimum square mean error is obtained. The dielectric function of the material (&1;
€2) then the index (71 = ik = /&, — i, ) are extracted from this model.

The method determines the refractive index value over the entire measurement range (300 nm to 8 um).
Finally, for Eu* ion-doped ceramics, we obtain a refractive index of 2.01 +/-0.01 at 2 um and 1.99 +/-0.01 at 2
um for Ho** ion-doped ceramics.

Note that these data are conditioned by the quality of the ceramic and the quality of the polishing.
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Figure SI2- n refractive index dispersion and k attenuation coefficient of YsNbO7: Ho** ceramics.



S13- Microluminescence characterization of Y3NbO7:Ho3* transparent ceramic

Microluminescence mapping was obtained with a LabRAM 800-HR spectrophotometer (Horiba Jobin-
Yvon) equipped with an Olympus microscope objective. A stabilized 450 nm laser diode beam was
injected to excite the Ho* ions and collect the visible luminescence. These data are reported in

supplementary information
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Figure SI3- Microluminescence mapping obtained under a 450 nm excitation and corresponding to the
integrated °F4,°S;->°lg visible transition: a) 3D mapping of YsNbO;:Ho3" with different z values (3
depths), b) Spectral distribution obtained in the lowest and highest intensity area (blue and red curves

respectively) of the Y3NbO;:Ho*" pellet.

An area revealing a polishing defect is selected to enhance the intensity modulation resulting from the
surface relief (Figure SI2a). The emission spectra are illustrated in the highest and lowest intensity area
as an indicator of the global amplitude of the mapping scale. No modification of the spectral
distribution was observed and a difference of about 68% is obtained between both (Figure SI2b). The
mapping was then normalized between 0 (intensity in the scratch) and 1, maximum intensity outside
this defected zone. Consequently, the scratch (central blue zone) is clearly visible as the Ho®" intensity
drops drastically. As the mapping is performed from z= 2 to z= 8, the Ho*" intensity tends to be more
and more constant with a really light contrast color outside the scratch, for the deepest acquisition at
z=8. This is in agreement with the reduction of the surface topology effect on the collected intensity
and tends to confirm a lack of segregation of the doping element within the grains. But being the spatial

resolution equal to 1um?, the grain boundaries cannot be discriminated.



Sl4- Attempt to calculate the spontaneous radiative lifetime traq

The spontaneous radiative lifetime t..q corresponds to a radiative decay time considering that
spontaneous emission is the only mechanism for depopulating the excited state. It was deduced from
the estimated absorption cross section as following:

1 _ Gf 8ncn2f2100
Trad G; A* -1800

Oabs (ﬂ) da

where Grand G; are the multiplicity of the °I; and °lIg levels, equal to 17 and 15, respectively; c, the light
velocity (3.10% m.s%); A the wavelength at which half the integrated emission area is reached (4 =
2026 nm). The estimated tr.q is about 0.5 ms but it seems to be far too short considering the order of
magnitude reported for other Ho** doped compounds such as YAG [1]. In addition, being the
experimental decay time of the niobate close to that of Ho3*-YAG, one can imagine that the de-
excitation processes between both materials are similar and so there is no reasonable explanation for
such a discrepancy (nearly one order of magnitude) except the high uncertainty introduced by the

calculated absorption cross section.

[1] L. Viers, « Approche des mécanismes de frittage non conventionnel et des propriétés spectroscopiques de
céramiques transparentes dopées holmium pour des lasers émettant dans le moyen infrarouge », 2021,

https://theses.hal.science/tel-03202768.



