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High-optical-quality single crystals of Yb**-doped YAIO, perovskite (Yb%*: YAP) were grown by the Czochralski
(CZ) method and characterized. From polarized absorption and emission spectra, assignment of the Yb3* en-
ergy levels was proposed. Yb®* concentration dependence of experimental decay times allows us to study con-
centration quenching and suggests both strong radiative and nonradiative energy transfers, from Yb?* ions to
impurities, well described by a limited diffusion model. Yb%+:YAP crystal is a potentially useful polarized laser
gain medium in laser-diode-pumped solid-state configurations. 5.7 at. % Yb®* optimum concentration was de-
duced by prediction of laser performances. In addition, thermal properties and figure of merit, which is defined
from our own model taking into account only spectroscopic data, were also compared with those of Yb%*-doped

YAG. © 2008 Optical Society of America

OCIS codes: 140.0140, 140.3580, 140.3615, 160.0160, 300.0300, 300.6250.

1. INTRODUCTION

Over the past decade, thanks to improvements of high-
performance GaAs and InGaAs laser diodes with wave-
lengths between 900 and 1100 nm, interest in ytterbium
doped crystals has been renewed for applications in high-
efficiency (>50%) and high-power (>50W/cm) diode-
pumping laser systems. The trivalent ytterbium is the
most promising ion that can be used in a non- Nd?* laser
in the same range. Its advantage over the Nd3* ion is due
to its very simple two-level energy scheme: the 2F7,2
ground state and the ?Fj, excited state. There is no
excited-state absorption reducing the effective laser cross
section, and no upconversion, and no concentration
quenching. The intense absorption lines are well suited
for laser diode pumping near 980 nm, and the small
Stokes shift between absorption and emission reduces the
thermal loading of the material during laser operation.
The disadvantage of Yb®* is that the final laser level is
thermally populated (quasi-three-level laser), increasing
the threshold.

Our research program was prolonged to include this
study on Yb3*-doped solid-state laser crystals. Oxides
have already been studied as YAG [1,2], GGG [3,4], LuAG
[5], sesquioxides [6] in addition to fluorides as CaFy [7],
LiYF, and LiLuF, [8], and KY3F;, recently published in
this Journal [9]. Next we wish to publish results on an-
other oxide called yttrium aluminate YAIO5 (YAP).
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YAP with a perovskite-type structure is a host for
Nd3+-doped solid-state lasers [10], Ce3*-doped scintilla-
tors [11-13], and neutrino detection in high-energy phys-
ics [14]. Although YAP is a biaxial crystal with an ortho-
rhombic space group, it has slightly weaker mechanical
properties than Y3Al5019 (YAG) cubic crystals [15]. Com-
pared with YAG, single crystals of YAP could be grown
faster at a lower temperature (1850 °C instead of
1950 °C), with smaller cores and more favorable distribu-
tion coefficients for rare-earth dopants [16]. Very recently,
charge transfer (CT) luminescence of Yb®* ions in YAP
was studied, and it showed well-shaped CT luminescence
in the ultraviolet region peaking at 350 nm [17,18]. The
very fast decay time in Yb3*:YAP can be tuned in the
temperature range of 80 to 300 K within two orders of
magnitude (1-100 ns) at least, which could be an advan-
tage in depth-of-interaction monitoring in positron emis-
sion tomography (PET) machines [19].

Indeed, our main approach is to publish undissociated
results on both (1) crystal growth of high-quality single
crystals, characterizations of spectroscopic and thermal
properties, and position of the Yb3*:YAP in the figure-of-
merit we have previously defined, and then (2) the opti-
mization of the gain from the laser model we have
introduced—especially from concentration quenching
analysis. Special efforts will also be made on the compari-
son with the Yb3*:YAG reference.

© 2008 Optical Society of America
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2. GROWTH, COMPOSITION ANALYSIS,
AND STRUCTURAL CHARACTERIZATION

A. Experimental Procedure

Y503, Aly03, and YbyO3 powders of 4N purity were used
as starting materials without preliminary sintering. The
starting melt compositions of Y;.,Yb,AlO3 were varied as
x=0.005, 0.02, 0.1, 0.2, 0.3, and 0.45. The Yb3*-doped YAP
single crystals were grown by the Czochralski method
(CZ) with automatic diameter control and a radio fre-
quency induction heating system using an iridium cru-
cible (inner diameter 40 mm, depth 40 mm), except the
Y0.995Ybg 005A1035, which was grown by the micro-pulling-
down (u-PD) method [20]. During CZ growth, pure dry ar-
gon atmosphere was used both for premelting the raw
materials and for crystal growth. The crystals were grown
on the oriented seeds in the (100) direction at a growth
rate of 0.1 mm/h and a rotation rate of 12—13 rpm. After
growth, the crystals were cooled at a rate of 60 K/h.

The x-ray diffraction (XRD) patterns of Yb3*:YAP pow-
ders were obtained using a Rigaku RINT-V diffractometer
with Cu K, radiation (40 kV, 40 mA). The scan time and
the step size were 2°/min and 0.02°, respectively. The 26
angle examined was 10°-80°.

Quantitative analysis of the Yb?* ion content along the
pulled crystal was performed by electron probe mi-
croanalysis (EPMA). The density of Yb3*:YAP
(Y1_xYb,)AlO3) single crystals increased with the increase
of the Yb3* concentration. As for the density, from YAlO;
(YAP)=5.498 g/cm® and YbAIO; (YbAP)=8.243 g/cm?,
the dependence of Yb3* concentration is calculated as
5.52 g/cm?® for x=0.02 to 6.733 g/cm?® for x=0.45 doped
one, and the difference between 0.02% and 45% is
(6.733-5.498)/5.498=0.225 (22.5%).

B. Composition Analysis

The Y;.,Yb AlO;3 crystals (with x=0.3) were transparent,
crack free, and did not contain any visible defects or in-
clusions. As an example, a photo of the grown
Yo.95Ybg 02AlO5 single crystal is shown in Figure 1. The
colorless crystal was transparent with a smooth, flat sur-
face and the diameter was almost constant (~20 mm). To
investigate the composition homogeneity of the grown
crystals, Yb3* and Y?* distributions along the crystals
were analyzed using the EPMA method, and the values of

Fig. 1. (Color online) (a) Photo of Cz-grown Y, ,Yb,AlO; (with
x=0.3) single crystal and (b) its cross section along the ¢ axis.
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the effective segregation coefficients (kg for the Yb%* ion
were calculated to be close to the unity like in the refer-
ence [21]:

C/Cy= k(1 - g)k1 o,

Cy and C, represent ion concentration in the starting melt
and in the crystal at the solidification fraction (g), respec-
tively. As an example, in 0.1%Yb%*:YAP, k. (Yb3*)
=0.965 and kq{(Y3+)=1.078.

Figure 2 shows that Yb3*: YAP single crystals present a
good composition along the growth axis on which the mea-
surements were carried out. It can be seen that the con-
centration of the Yb3* and Y®* is almost identical to the
initial composition with an experimental error of ~10% in
the melt.

C. Structural Characterization

Evolution of the powder x-ray diffraction as a function of
the ytterbium concentration has already been reported
[21,22]. A continuous solid solution was formed in the case
of Yb3*:YAP in the range of x=0.0 to 0.45. As the ytter-
bium concentration increased, the lattice constant along
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Fig. 2. (Color online) Variation of the chemical composition of
Y,.4Yb,AlO; [with (a) x=0.1 and (b) x=0.2] single crystals ob-
served on planes parallel to the growth axis. C, and C, represent
ion concentration in the starting melt and in the crystal at the
solidification fraction (g), respectively.
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the a and ¢ axes decreased slightly, while along the b axis
it increased to reach 5.3308 A at 20% of Yb3* and re-
mained constant for higher Yb%* concentrations (see Fig.
3). The unit-cell volume decreased, and the material den-
sity increased proportionally to the increase of Yb%* con-
centration [21]. The crystal quality of the grown crystals
was characterized by x-ray rocking curve measurements.
o scan was carried out for the reflection from the (004)
plane corresponding to the (001) direction. The spectrum
for Y 95Ybg 02AlO3 is shown in Fig. 4. It is shown that the
full width at half maximum (FWHM) was measured to be
around 57 arcsec. According to this result, we can suggest
that Yb3*:YAP single crystals, grown by the CZ method,
show a good crystallinity and, naturally, Yb®* can easily
substitute Y+ ions.

3. SPECTROSCOPIC PROPERTIES

A. Procedure of Spectroscopic Characterizations
Absorption spectra were measured with a Lambda 900
spectrophotometer equipped with a continuous flow he-
lium refrigerator. Emission spectra were acquired by ex-
citing the samples with a QUANTEL Nd3*:YAG laser
pumped dye laser using a mixture of the LD700 and DCM
dyes. The dye laser light was converted to the
930-980 nm region by way of an Hy Raman shift cell. The
laser beam spot was about 500 um in size, and the energy
was about 0.8 mdJ. The infrared emission was detected to
be perpendicular to the excited beam with a Jobin—Yvon
HRS1 monochromator equipped with a 1000 nm blazed
grating, with a cooled Ge-detector, and the signal was pro-
cessed with a STANFORD boxcar SRS 250. The visible
emission was detected by an ORIEL spectrometer coupled
with a gated intensified CCD camera (ANDOR/ORIEL
INTASPEC V ICCD). The decay curves were recorded
with a Lecroy LT 342 digital oscilloscope. The Raman
spectrum was measured by a Dylor XY triple spectrom-
eter using the 514.5 nm line of an ionized argon laser.

B. Absorption and Emission Spectra, Cross Sections,

and Energy-Level Diagram

The room-temperature absorption and emission of polar-
ized //a-axis spectrum Y(g95Ybggo5A103 crystals are
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Fig. 3. (Color online) Yb3* concentration dependence of the lat-
tice constant along the a, b, and ¢ axes of Y; ,Yb,AlO;.
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Fig. 4. (Color online) X-ray rocking curve of Y, ,Yb,AlO3 (with
x=0.1).

shown in Fig. 5. We chose one sample doped by the lowest
(0.5mol.%) concentration of Yb3* ions to avoid cross-
section calculation errors caused by a reabsorption effect
mainly of resonant transitions. The emission cross-section
value was calculated using the Fiichtbauer-Ladenburg
equation [23]. The *F,,« °F, lowest energy resonant
transition line was located at 980 nm. Other transitions
between Stark levels were located from 920nm to
1060 nm. The shapes of absorption and emission spectra
are relatively broad for Yb%* in substitution of the only
Y3+ cation. The stimulated emission cross section at
around 1010 nm was estimated to be 20X 1072!cm?,
which is a value identical to that of the highest intensity
emission line of Yb3*:YAG, which is, however, shifted at
1030 nm.

The assignment of Yb?* Stark levels is known to have
problems, since the appearance of a strong electron-
phonon mixes both electronic and vibronic transitions of
the main site. The electronic absorption transitions (1
—5, 1—-6, 1—-7) and the resonant 5—1 and non-
resonant (5—2, 5—3, 5—4) electronic emission transi-
tions were observed as mentioned in the insert of Fig. 5.
Additional vibronic lines can be also seen around 950 and
1030 nm. To identify electronic and vibronic peaks, our
own experimental approach was also applied as with the
previous crystals we have studied by comparing absorp-
tion, emission, and Raman spectra [1-9]. Finally, Stark
level energies of the Yb3* site in YAP are summarized in
Table 1.

To verify our interpretation of Yb®* energy levels, we
applied the barycenter plot method, introduced by Antic—
Fidancev [24], based on the fact that the spin orbit split-
ting between *F,, and 2Fj,, is host independent and
equal to the free-ion energy separation. For rare-earth
ions, it was shown that the 25*1L, 7 level barycenter, as a
function of any other barycenter of isolated levels in the
4f" ground configuration, exhibits a linear dependence
within the experimental errors. Especially for Yb®*-doped
crystals, when taking the lowest Stark level as the origin
of energy and plotting the 2F5/2 manifold energy bary-
center versus the 2F7/2 one, the representative points gen-
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erally describe a straight line characterized by a slope of
unity. In the case of ytterbium, the energy separation be-
tween the two manifolds is about 10,200 cm™~!. We can ne-
glect the J mixing to a good approximation and consider
this energy as constant whatever the host. The *F, level
barycenter as a function of the 2F7/2 level barycenter for
several hosts is presented in Fig. 6. According to the as-
signment of Stark levels of Yb3*: YAP, we have placed val-
ues on the barycenter plot to confirm the accuracy of our
results, as already discussed, in oxides [1,3,5] and fluo-
rides [7-9]. Stark levels are well positioned on the theo-
retical slope for this crystal. An important observation
can be made: the total splitting of the 2F7,2 manifold is
smaller (590 cm-1) than the Yb%*-doped YAG one
(786 cm-1) that is consequently more favorable for obtain-
ing the population inversion.

C. Concentration-Quenching Analysis

Identifying the origin of the experimental decay concen-
tration dependence allows excited-state dynamics to be
understood. Such mechanisms have been studied in ox-
ides and fluorides in our research program and also by
different research teams, as it was previously indicated.
Figure 7 shows F;, experimental decay time dependence
on Yb3* concentration in YAP. We found that decay pro-
files had exponential behavior to two orders of magnitude
at all concentrations. The concentration dependence of

(Color online) Room-temperature absorption and emission of polarized (/ a axis) spectra of Y;.,Yb,AlO; (with x=0.005).

Yb3+ decay times can be generally divided into two re-
gimes: self-trapping and self-quenching.

1. Self-Trapping Regime

As it can be seen in Fig. 7, the experimental decay time
increases up to the maximum at 3.5 mol.%. This is due to
the self-trapping or radiative energy transfer between
Yb3* neighbor ions via resonant transitions of
%F 5« *Fyy stark levels. The resonant transitions are
1(-)5 at any temperature, and 2(-)5 at room tempera-
ture. We have to mention a very important feature here:
only small volumes of samples were homogeneously ex-
cited for all concentrations. Because the volume of mate-
rials excited was steady, self-trapping due to a geometri-
cal effect can be supposed to be a constant value for each
concentration. The main reason for discrepancies in the
literature is that decays were analyzed with big samples
showing larger time constants with initial rise times due
to strong reabsorption, as we will see below.

Evaluation of the °Fs,, Radiative Lifetime. An evalua-
tion of the radiative lifetime of Yb3*:YAP may also be at-
tempted. Intrinsic lifetimes have received attention for a
long time in the literature [25—-29]. Measurements of the
Yb3* radiative lifetime in crystals require a lot of precau-
tion. As an example, in YAG, measurements of the room-
temperature effective stimulated emission cross section
have ranged from 1.6X1072°cm? to 2.03X 10720 cm?

Table 1. Stark Levels of Yb%*:YAP

Energy (cm™) 2F,

Barycenter (cm™1)

Energy (cm™) ?F,, Barycenter (cm™)

YAP 0 209 341 590 285 10220

10410 10730 10453
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Fig. 6. (Color online) *Fy,, Stark levels barycenter as a function of 2F,, Stark levels barycenter in different Yb?*-doped hosts.

[1,26]. Depending on the concentration and size of
Yb3*-doped samples, we have already observed that the
self-trapping process is more or less involved. The intrin-
sic, or radiative, lifetime can be read by following the con-
centration dependence to the lowest values in Fig. 7 and
has been estimated at 0.60 ms.

The direct calculation of the spontaneous emission
probability from the integrated absorption intensity is
adapted to confirm the radiative lifetime value. Radiative
lifetime can be deduced from the absorption spectrum ac-
cording to the classical formula:

4

1/ A ngﬂ'nch‘ d 1
=Ayp=——— | ox(\)d),
Trad f g )\0 o-f( ) ( )

where the g’s are the degeneracies of the initial and final
states (gg=4 for 2F7,2 and g;=3 for 2F5,2), n is the refrac-
tive index (n=1.95), ¢ is the light velocity, A\ is the mean
wavelength of the absorption peak (980 nm), o(\) is the
absorption cross section at wavelength \. The radiative
lifetime was calculated as 7aqtheo)=0.6 ms by Eq. (1),
quite similar to the experimental value of T7qeexp)
=0.6 ms, thus explaining our measurements.

In Yb3*:YAP, the Yb%* radiative lifetimes have not
been measured by the combinatorial method, which has
been used for YAG [1], Y203 [6], CaF2 [7] and KY3F10
[9]. Just to compare, the radiative lifetime has been found
at 0.950ms in Yb%*:YAG—much higher than in
Yb3*:YAP. A recent paper [30] has to be mentioned on
Yb3*:YAG showing the lifetimes of Yb3* performed as a
function of the pinhole size in the annealed YbAG crystal
and an Yb(60%):YAG crystal. The intrinsic lifetime is ob-
tained by extrapolating to zero aperture of the pinhole
leading to Yb?*-lifetimes of 862+15 and 949+30 us, re-

spectively, making sense with our data. In Yb3*:YAP all
measurements have been done on bulky samples, grown
by the CZ technique and taking into account the small ex-
cited volume, yielding 0.6 ms for the radiative lifetime.

Discussion and comparison of self-trapping with
Yb?*:YAG. The difference between Yb3*:YAP and
Yb3+:YAG is so surprisingly high. The experimental de-
cay of Yb?*:YAP in Fig. 7 largely increases from 0.60 ms
to 0.90 ms below 6 at Yb3*%, whereas the experimental
decay of Yb3*:YAG in Fig. 8 increases only slightly by
self-trapping from 0.950 ms to 0.988 ms below 6 at Yb®*%.
At higher concentrations, decays decrease mainly due to
self-quenching [1]. It is clear that self-trapping is much
stronger in Yb%*:YAP than in Yb3*:YAG. Consequently
self-absorption should be much more efficient in
Yb3*:YAP than in Yb?*: YAG. Such conclusion is reached
by taking into account the Yb%* concentration difference
between the two samples.

Previous results have already been published on
15 at. % Yb3*:YAP and 15 at. % Yb?*:YAG crystals that
have been grown using the CZ method [31]. Results indi-
cate that a 15 at. % Yb3*: YAP crystal is a potential can-
didate for compact, efficient thin-chip lasers when the la-
ser output wavelength is 1012 or 1038 nm through the
comparison of the spectroscopic parameters of Yb3*:YAP
and Yb®*:YAG. However, concerning decay measure-
ments, there is a large discrepancy between decays pub-
lished in [31] and results shown in this paper. At 15 at. %
Yb3+:YAP for A\y=10121nm, a decay of 1.50 ms has been
reported, whereas we have measured 0.4 ms using a small
volume of the sample. The factor almost equal to 4 be-
tween 1.50 ms and 0.4 ms is probably due to an unavoid-
able strong self-trapping effect in Yb%*:YAP for all the
measurements with a greater volume of samples [27]. In
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the 15 at. % Yb3*:YAG, the same discrepancy by factor 2
is also observed. That is, less than 0.6 ms in our measure-
ments (see Fig. 8), instead of 1.2ms as reported at
1029 nm. We think that only measurements of small vol-
umes of matter have physical meaning. This result shows
also the limit of the laser spectroscopy technique used to
report data.

Wang et al. published a recent paper that deals with
comparison of fluorescence spectra of Yb3*:YAG and
Yb3*: YAP single crystals [32]. The fluorescence spectra of
these crystals and the effects of self-absorption on the
shape of the fluorescence spectra were studied. All results
indicate that the effects of self-absorption on the fluores-
cence spectra of Yb3*: YAP are remarkably stronger than
that of Yb3*:YAG at the same Yb3* concentration. This
totally confirms our results described here from decay
analysis, which appears as a complementary method of
those of the emission spectra concentration dependence.
Finally, the comparison of the self-absorption effect from
both decays and emission spectrum techniques are consis-
tent.

2. Second Regime: Self-Quenching Process

The second regime, related to the self-quenching effect,
corresponds to the higher concentration range of Fig. 7 in
which the experimental decay time decreases when the
doping rate increases up to 30 mol. %. This is the usual
quenching process by energy transfer to defects and other
impurities in the host. In the case of Yb%*-doped crystals,
because of the presence of only one excited level, we can-

not expect an excited-state mechanism as a cross-
relaxation process inside Yb3* ions. Research of the main
impurities that play the most important role in fluores-
cence quenching is still very active. Several types of
quenching sites, such as other rare-earth impurity ions,
OH- groups, Yb3* pairs, transition metal ions, Yb%*, and
color centers in Yb®*-doped crystals, have been reported
and will be analyzed.

Evidence of Yb>* Pairs. Only pair emission, either from
two Yb?* neighbor ions or Yb®* aggregates, also called co-
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4 6 8

1000 =

self-trapping

Toyp (1S)
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800 -

750 4
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Fig. 8. Concentration dependence of ?F,, experimental decay
time in Yb%*:YAG.
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operative emission, can occur in the visible spectrum de-
pending on the shortest distances between Yb?* ions. In
Yb3*: YAP crystals, the smallest Yb3*—Yb3* pair distance
is 3.6 A, considering that such a low value is a primary
factor for efficient Yb3*—YDb3* pairs.

Figure 9 shows upconversion-visible emission spectra
of Y 80 Ybg 20AlO3 crystals under =932 nm excitation. As
can be seen, emission from pairs around 480—-510 nm
have been effectively detected with time-resolved spec-
troscopy to avoid strong overlapping of the highest inten-
sity, which is observable at longer time from Er3* and
Tm?* rare-earth impurities. The convolution spectrum
from the infrared emission spectra has been drawn, as al-
ready explained, and we can say that theoretical convolu-
tion matches well with the experimental spectra recorded
at short time. Consequently, detection of Yb3* pairs is
clearly seen in this crystal.

Figure 10 shows the decay curve of Y, ,Yb,AlO5 (with
x=0.2) in the spectral range corresponding to a Yb3* pair
at around 500 nm. The 500 nm emission exhibits an expo-
nential decay curve characterized by 7=0.20 ms without
any rise time. This value is not exactly half of the ?F,
decay time (7=0.30 ms) as expected for Yb%* pair emis-
sions [33,34]. Higher registered value of the Yb%* pair de-
cay time (0.20 ms instead of 0.15 ms) might be due to an
equivalent self-trapping diffusion among pairs, as for the
0-phonon resonant transition, which should increase the
decay time.

We would like to add that cooperative luminescence of
Yb3*:YAP single crystal has also been recently assigned
in the range of 480-520nm to the cooperative de-
excitation of two Yb?* ions but without clear distinction of
the difference between pairs’ signal and upconversion
spectra due to energy transfer between Yb®* and rare-
earth impurity ions [35]. In fact, to clearly see pairs, a
convolution spectrum of the isolated Yb3* ions emitting in
the IR should be compared with time-resolved spectra as
was done in Fig. 9. We think that only the remaining up-
converted emission bands containing various sharp peaks
can be claimed in [35] as the result of Yb3*— Ho®*, Yb3*
—Er3* and Yb?*—Tm?3* energy transfers.

0.5
"upconversion"
Pairs as convolution of the from Yb*' to Er*
0.41yh*IR emission spectrum as impurity
3
8 0.3-
z "upconversion"
E from Yb* to Tm"*
o 024 . .
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0.1 l
T ¥ T % ] 4 1 L) ]
440 480 520 560 600

Wavelength (nm)

Fig. 9. Time-resolved upconversion visible emission spectrum of
Y,,Yb,AlOs (with x=0.2) crystals under A=932 nm IR excitation
of isolated Yb?* ions. Pairs are clearly detected at short time by
convolution of the IR emission spectrum. The Er®* green transi-
tion is *Sy,— *I;5,. The Tm?* blue transition is G, — *Hj.
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Fig. 10. Decay times of Yb’* pair (500nm) and Er’* ‘S,,

—*1,5, (540 nm), *Fgj, — *1;, (655 nm) emissions of Y;_,Yb AlOg
(with x=0.2).

Unlike in the referenced work, Ho®* impurities have
not been detected in this analysis, showing the impor-
tance of the initial raw materials on the growth quality of
such laser crystals.

Evidence of unwanted rare-earth impurity ions. In
samples, the presence of rare-earth impurities was really
observed in Fig. 9, even though we started with materials
that had a purity of 99.99%. Because rare-earth elements
are indeed chemically related, it is difficult to separate
them from each other. Thus, impurities are inevitable.
The presence of rare-earth impurities was also proven by
high-resolution glow discharge mass spectrometry
(HR-GDMS), analyzed by Shiva Tec. Europe as the follow-
ing values in 20% Yb?*:YAP and also in 5% Yb>*:YAG,
for comparison (see Table 2).

Moreover, the Dieke diagram in Fig. 11 shows that
many resonant energy transfers are possible between
trivalent rare-earth ions. In particular, in the 10,000 cm™!
energy range, matching with the excited state of Yh®*
ions, resonant energy transfer is allowed with the 4111,2
excited level of Er®* ions, and nonresonant energy trans-
fer is also known with the 3H5 excited level of Tm3* ions
followed by several upconversion processes. The emission
spectrum in Fig. 9 can be assigned as follows:

e The highest intensity between 525 and 575 nm cor-
responds to the upconversion energy transfer from 2F7/2
—2F,, Yb3 absorption transition to Er3*l;,,—*F,,
excited-state absorption followed by the *Sg,— *I;5,
green emission [32] and also by *Fg,—*I,5, weak emis-
sion at 655 nm.

e The weakest intensity around 480 nm corresponds to
Tm3* 3H5— 3F4 nonradiative relaxation followed by both
3F4—3F2 upconversion transition, nonradiative relax-
ation 3F2—3H4, another 3H4— 1G4 upconversion pro-
cess, and finally, 1G4 — 3H6 blue emission. Comparison of
the intensities means the Tm?®* impurity concentration is

Table 2. Impurities in (1) 20% Yb%*:YAP (ppm/wt)
and (2) in 5% Yb3*:YAG (ppm/wt)

Ce Er Tm
(1) 0.40 0.16 <0.05
(2) 0.31 0.06 <0.05
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Fig. 11. Energy transfer between Yb3*, Tm?3*, and Er3* rare-earth ions according to the Dieke diagram.

weaker in YAP than is that of the Er3* impurity, which ex-
plains the analysis in Table 2.

Figure 10 shows decay curve forms of Y;_,Yb,AlO3 (with
x=0.2) under Yb%* ion pumping at 932 nm and after en-
ergy transfer Yb3* — Er3* between two neighbor ions for
the corresponding wavelengths of Er?* in the green spec-
tral range *Sy, — *I,5 5 at 540 nm (7=0.50 ms for the *S,),
excited state) and the red spectral range *Fg,— *I;5, at
655 nm (7=0.57 ms for *Fy, excited state).

Consequently, decays in the high-dopant-concentration
region confirms both the presence of Yb3* pairs, which are
characterized by roughly half-decay time of those of 2F5/2
Yb3* isolated ions and the energy transfer by upconver-
sion from Yb3?* ions to neighbor impurities, leading to de-
excitation of mainly, in this case, the Er3* emitting levels
according to the model drawn in Fig. 10. As the 540 nm
emission from Er®* ions is characterized by an energy
transfer, the decay shows an initial rise-time, so that such
emission is only observed by time-resolved spectroscopy
when we apply a long gate width. Unlike other
Yb3*+-doped oxides, Tm?3* ions were detected only with a
very weak intensity in this host, which was confirmed by
chemical analysis (<0.05 ppm/wt), then Tm3* decay was
not recordable. This result is interesting by itself, since it
shows the limit of the laser spectroscopy technique to
point out traces of rare-earth impurities.

As a matter of fact, such processes promote a self-
quenching phenomenon. This process was observed as
concentration quenching in almost all Yb?*-doped oxides
we have analyzed [1-9] with probably some little differ-
ences caused by the crystal-quality dependence (4N) of
each sample. The comparison between 20% Yb3*:YAP
and 5% Yb?*:YAG in Table 2 clearly shows higher Er®*
impurity concentration in the Yb®* highest concentration.
Such difference might also have some weak influence in
the lifetime measurements.

Nonradiative energy transfer between Yb** and un-
wanted OH™ impurities. The occurrence of OH™ is very of-
ten involved in quenching mechanisms. In oxides OH~

have been shown to exist only as a few traces. There are
difficulties in distinguishing the two contributions of both
rare-earth ions and OH~ groups in quenching mecha-
nisms. The presence of OH™ groups as traces is proved in
the YAP oxide host, as can be seen in Fig. 12. Conse-
quently, it might be another reason for the reduced decays
as well as for the strong quenching observed, much stron-
ger than in crystals we have previously studied such as
garnets [1-4].

Nonradiative energy transfer between Yb** and other
types of ions (Yb?*, transition metal ions, color centers). In
addition of the impurities analyzed above, several articles
mention other centers for quenching mechanisms. We can
give mainly two references on this subject [36,30]. As an
example, measurements described in [36] on fluorescence
lifetimes of Yb:YAG with different doping levels demon-
strated that concentration quenching occurs for Yb3* dop-
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Fig. 12. IR absorption spectrum of OH- impurities in 2 at. %
Yb:YAP at around 3300 cm™1.
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ing concentration of more than 10 at. %. This phenom-
enon has been attributed to Yb?*, which results in color
center and lattice distortion in the lattice. After annealing
at 1600°C in oxygen atmosphere for 24 h, there is Yb?*
—YDb3* transformation, and both the color center and the
lattice distortion were eliminated. Trace impurity ions
were detected by means of ICP, which are also responsible
for concentration quenching at high-Yb®* doping level.

Another and much more recent paper investigates also
the transfer processes in the nonannealed Yb:YAG and
YbAG crystals by pointing out the role that might be
played by transition metal ions, Yb%*, and color centers
[30]. In analogy to the Yb3*— Fe transfer, a cooperative
energy transfer has been shown between two excited Yb3*
ions and one nonexcited Yb%* ion. In addition, nonan-
nealed Yb:YAG and YbAG samples grown from rhenium
crucibles indicate that, besides the cooperative quenching
of Yb?*, another quenching center should play a role. This
second quenching center has been identified as F*-center
charge compensated by a divalent Si ion.

3. Model of Quenching Processes

A model has been submitted to interpret concentration
quenching processes and applied to different Yb®*-doped
crystals [37]. The self-trapping process has been treated
using the approach used for radiation trapping in a gas
medium with “weak opacity.” It is based on a Compton
type spatial diffusion equation containing the Einstein re-
lationships between spontaneous and induced emission
and absorption but neglecting the population inversion.
In the case of “weak opacity” the previous hypotheses lead
to Eq. (2):

7,=71(1+oNI), (2)

where 7, is the measured lifetime in the trapping condi-
tions, 7; is the intrinsic lifetime without trapping, o is the
transition cross section, N is the ion doping concentration,
and / is the average absorption length in the lifetime mea-
surement experiment.

The theoretical aspects have shown that self-quenching
behavior, for a rather large doping range, cannot be ex-
plained by fast diffusion toward intrinsic nonradiative
centers but is well-described by a limited diffusion pro-
cess within the doping ion subsystem toward impurities
analogous to the doping ions themselves. When the
quenching center is an impurity analogous to the active
center levels are in resonance or quasi-resonance with the
considered ion’s first excited state, then the quenching
probability can be of the same order as the transfer prob-
ability for diffusion within the considered ion subsystem.
In such a case, assuming there is an electric dipole—dipole
interaction, let’s remember that the self-quenching be-
havior can be simply derived from the following approach.

The self-quenching behavior for the limited diffusion
case can be described by a “quenching rate,” R, given by
Eq. (3) [38]:

Rq=17-1/1,=KN? (3)

where 7 is the measured lifetime at given concentration
and 7, is the measured lifetime at weak concentration; N
is the considered active ion concentration. In the general
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case of nonradiative energy transfer with diffusion within
the sensitizers, Weber [39] has explicitly given K in a
dipole—dipole hypothesis as

K=8mCY*C¥, (4)

where C is the sensitizer-to-activator transfer constant
and Cg is the sensitizer-to-sensitizer transfer constant.
The general form, for both types of C in Eq. (4), is given by
Dexter-type nonradiative transfer theory [38] as

C = (Ry/R)*/,, (5)

where R is a critical transfer distance proportional to the
spectral integral overlap assuring the energy conserva-
tion during transfer; R is the distance between the two in-
teracting centers; s is the multipolar index (s=6 for
dipole—dipole), 7, is the sensitizer lifetime when isolated.

Then we are prompted to look at Eq. (4) under the form
K=9Ng/2m'w and Eq. (3) becomes

HAN) = 7,0/[ 1 + (9/27)(N/N)] = 7,,/[1 + (9/2)(NIN,)?],
(6)

where 7, = 7;_T;,q is the measured lifetime at weak concen-
tration, which can be adopted as a 7,4 radiative lifetime.

We shall consider N, as a critical sensitizer concentra-
tion for self-quenching. Assuming an homogeneous distri-
bution of sensitizers, it is linked to R by

R0= (3/47TN0)1/3 (7)

Consequently, 7(N) is indeed the multiplication of the
two main processes, as in Eq. (4):

Trad(1 + oNI)

=17 (9/27)(N/N,)?

(8)
It is shown that self-quenching of Yb®*:YAP, for a
rather large doping range, is well described by a limited
diffusion process within at least the doping-ion subsystem
toward impurities. The theoretical fittings are shown in
Figs. 7 and 8 as a continuous line.
The fitting parameters for Yb3+: YAP were found to be

7w =0.60ms; ol=153X 10" cm?®(0.3cm?® % );

and Ny=1.34X10%'ecm™ (6.8 %),

whereas the fitting parameters for Yb3*: YAG were found
to be

7, =0.95ms; ol=19X10"22cm?®(0.025 cm® % );

and N;=2.36 X 102 em™ (17 %) [2].

Since Ny is the parameter of self-quenching for crystals
of 4N purity, smaller N, values than that of Yb%*:YAG
mean stronger self-quenching probability.

4. THEORETICAL APPROACH OF LASER
MATERIAL OPTIMIZATION

From the results of fittings in Section 3, it is now possible

to obtain the experimental points corrected for trapping
by a simple deconvolution of the experimental values by
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the trapping function (2). The corrected experimental
points are shown in Fig. 13(a). On the other hand, by us-
ing the fitting parameters, 7,4 and Ny, the self-quenching
curve simulation as given by Eq. (6) could also be ob-
tained in Fig. 13. As can be seen, the “real” self-quenching
curve corresponds to corrected experimental points.

Now, with the help of this continuous reliable math-
ematical curve for self-quenching, it is possible to deter-
mine the material optimum concentration for its active
optical use in a simple and unambiguous way [37]. From
a steady-state rate equation, the material gain is given by

G = explo,0 N7N)L], (9)

where o, is the gain cross section with respect to the
quasi-three-level situation for lasers between first excited
and ground state, o, is the pump absorption cross section
for the pumping wavelength, whereas N, 7{(N), and [/ have
been defined above.

From Eq. (9), the product #(IN)N can be optimized eas-
ily. It is plotted in Fig. 13(b) with the axis at right. Since
this maximum value is unique, it has been proposed to
consider such value in cm™ as an absolute scale for self-
quenching characterizing any given host-doping couple.
However, concentration of the impurities should also be
considered, since it is an essential factor for self-
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Yb3* Concentration (at.%)

0.1 1 10
L n L

0i6 Fsssssssaa
0.5 1
0.4 1
~
‘gg 0.3 1
=
0.2 4
0.1 4
0.0 4
T T T
1 10 100
Yb3* Concentration (102%at./cm?3)
(a)
0.6 Max=5.7%
1.5
5 1.0 =
E ><
() L
", o5
0.3
T T T
0.1 1 10 50

Yb Concentration (at.%)
(b)

Fig. 13. (a) Concentration dependence of experimental decay
times in Yb3*: YAP fitted with correction for the self-trapping ef-
fect according to Eq. (6). Two concentration scales have been
mentioned both in at.% (upper axis) and 10%°at./cm? (lower
axis). (b) Concentration dependence of experimental decay times
in Yb?*:YAP fitted with the theoretical curve for limited-
diffusion case according to Eq. (6) compared in the right scale
with the optimization of the optical gain by the product (/N)N.
The Yb3* optimum theoretical concentration can be read at the
maximum: 5.7 at. %.
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quenching behavior. Here, we noticed once again that the
purity of raw materials was 99.99%.

As the N, was found to be equal to 0.83N,, the critical
concentration itself, which from Eq. (3) can be simply de-
fined as the concentration reducing 7,4 to 0.50 7,4, is a
good indication of the self-quenching magnitude and can
also easily provide the optimum concentration.

By correcting the self-trapping effect (and considering
the maximum of the product N7(N), Yb3* optimum con-
centration is found to be 5.7 at. % in YAP. After correcting
the self-trapping effect, the same analysis of the product
N#N) in Yb3*:YAG leads to Yb?* optimum concentration
of 14.3 at. % not so far from 10% as used in thin laser
disks [40,41], which gives some meaning of our own ap-
proach. It means that the optimization will be reached at
a much lower Yb?* rate in YAP than in YAG, at least by a
factor of 3.

Let’s mention here results from the Institute for Opti-
cal Materials and Technologies of the Belarussian Na-
tional Technical University on laser properties of
YDb(0.6%):YAlO3, which are published only on the Inter-
net [42]. Efficient continuous-wave diode-pumped lasing
was demonstrated for the first time. Output power of
1.2W at 1040 nm with slope efficiency of 49% was ob-
tained.

5. FIGURE OF MERIT

According to the evaluation of the new figure of merit de-
veloped over the past few years [43,44], several
Yb3*-doped laser crystals have been compared. This new
evaluation is based on a quasi-three-level laser model
checked to be close to experimental laser data. The model
deals with Gaussian waves, takes into account the satu-
ration of the pump (which occurs for the Yb?* ion because
the 2F5/2 level has a long lifetime up to 0.9 ms and accu-
mulates population), the stimulated emission at the
pump wavelength, the variation of the pump and laser
waists along propagation (important for laser-diode
pumping), and the variation of the laser intensity along
propagation. It is an extension of the model of Risk [45]
and Taira [46]. Our evaluation is based on the laser out-
put power and the differential slope extracted from the
crystals located inside the same laser cavity and calcu-
lated numerically with the model. The pump power has
been fixed to 1 W. The laser waist was 22 um and the
pump waist 29 um. For each crystal we have determined
numerically with the model the crystal length L, and
the reflectivity Ry of the output mirror leading to the
maximum laser output power.

Calculations from this approach have been applied for
both CW oscillator and amplifier regimes and can be vi-
sualized in Fig. 14 in a two-dimensional diagram consid-
ering the laser extracted power and the slope efficiency.
According to this model, which is mainly a comparative
one for Yb3+-doped crystals, a first estimation of the spec-
troscopic potentiality of Yb3*:YAP as a laser material in
the IR is less than the Yb3*:YAG one. However, in
Yb3+:YAP, the laser beam is naturally polarized, the
wavelength at 1010 nm is unusual compared to other ox-
ides such as YAG (1030nm), the stimulated emission
cross-section value is relatively large and, in addition,



894 J. Opt. Soc. Am. B/Vol. 25, No. 5/May 2008

0.90
0.85- seo, @V Favorable
vap |+ KGdw directions

.80 Lu,0
0.80 L] -u2 3 CLYPA

0.75 Y0, m ®4coff
& B

| C-FAP o
0.70 4 S-FAP

0.65 GGG LuAG
- ]

YAP YAG
- =

0.60

Oscillator (output yield)

0.55 1
: " iNB
0.50 T
1 10
Amplifier (small-signal gain)

Fig. 14. Figure of merit for several promising Yb%*-doped hosts,
including Yb%*:YAP, studied in this work.

undoped-doped-YAP thermal conductivities show compa-
rable values with those of YAG, as we shall demonstrate
below, so that a more realistic figure of merit should take
into account combined spectroscopic and thermal proper-
ties.

6. THERMAL PROPERTIES

As YAP is a biaxial crystal, thermal conductivities have to
be measured along a, b, and ¢ axes of the orthorhombic
structure. The value corresponding to undoped YAP has
been reported as 11W-m 1K' [47]. 10% and 30%
Yb3*: YAP have been measured recently: 7.2 (b axis) and
6.9 (a axis) W-m~1K-1, respectively, for 10% and 6.3 (a
axis) and 5.9 (¢ axis), respectively, for 30% [48]. Conse-
quently, high thermal conductivity of Yb3*:YAP can fi-
nally improve laser development for polarized laser appli-
cations.

7. CONCLUSION

The main objectives of this paper were to describe and
analyze the following points about Yb?*-doped YAP: crys-
tal growth, structural characterizations, spectroscopic
properties, thermal properties, and figure of merit, based
upon the criteria we have previously defined and the gain
optimization from the laser model we have previously in-
troduced from concentration-quenching interpretation. A
special effort has been made to compare with the proper-
ties of Yb3*-doped YAG laser crystal, which is usually
taken as reference.

High-optical-quality crystals of Yb®*:YAP perovskite
single crystals were grown using the Czochralski method.
Samples have been structurally characterized. Yb3* en-
ergy levels were assigned and checked by the barycenter
law. Experimental decay-time dependence on Yb?* dopant
concentrations was studied, suggesting two typical com-
petitive phenomena: the increase of decay time due to
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strong radiative-energy transfer (self-trapping) and the
decrease of decay time due to self-quenching, which is
connected to nonradiative-energy transfer from Yb3* ions
to impurities, such as both Er®* and Tm3* rare-earth ions,
OH- hydroxyl groups, Yb%* pairs analyzed by cooperative
luminescence, Yb%* ions with compensator cations and
F*-center charge compensated by a divalent Si ion, as it
was recently demonstrated. This general process can be
described by a limited diffusion model within the doping
ion subsystem to impurities. Let’s mention a large dis-
crepancy on decay measurements, already published by
previous authors, probably due to strong self-trapping in-
fluence related to the large volume of analyzed samples.
Important parameters found for laser applications of
these samples characterized by 4N purity are Yb3* radia-
tive lifetime, close to 0.60 ms, the self-quenching param-
eter Np=1.34x10%'ecm™ (6.8at.% Yb>"), and the
5.7 at. % Yb** optimum concentration for laser emission,
deduced from a previous model that we proposed a few
years ago for Yb3*-doped laser crystals. The position of
the figure of merit that we introduced a few years ago con-
firms the rank of Yb3*:YAP below those of Yb®*-doped
garnets.

Consequently, useful spectroscopic basic analyses were
found on Yb?*-doped crystals. From the point of view of
applications, the main advantages of Yb3*:YAP can be
summarized as comparable values of thermal conductivi-
ties with those of laser garnets, an unexpected polarized
laser wavelength at 1010 nm compared with other oxides
such as YAG (1030 nm) and, in addition, large stimulated-
emission cross-section values.
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