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Abstract: We report on the concentration effects on active ion emissions in planar
waveguides of YAG:RE** (RE = Nd, Yb, and Pr) obtained by liquid phase epitaxy
on YAG substrates. Liquid phase epitaxy method, which in contrast to the standard
Czochralski crystal growth technique, allowed high concentrations of activator, up to
10 at. %, to be obtained. We have investigated emission spectra, the dynamics of the
emitting states and the transition linewidths in a wide concentration range. The
cross-relaxation and up-conversion transfer rates dependence on concentration was
determined.
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INTRODUCTION

Recent attempts to improve the characteristics of waveguide-type and thin
disk lasers lead to the use of highly concentrated active media. These lasers
are considered as promising systems due to their ability for low threshold,
high gain per unit pumping power, high stability, and capability of easy inte-
gration with other optical components. Waveguides appear also to be most
suitable for nonlinear effects such as frequency doubling and upconversion.
The most well-known matrix for such systems are single crystals of
Y;Al50,, garnet (YAG) doped with Nd**, Yb**, or other RE®" ions.!' =
Highly RE*"-doped YAG crystals are also promising as an efficient, high-
power microchip laser material.®! The high concentration of activator in
YAG brings problems of the decrease of the emission quantum efficiency
due to self-quenching by cross-relaxation, upconversion, and diffusion mech-
anisms. Investigation of these processes is important to better understand the
interaction between the active centers that determine the desired character-
istics of a laser device.

The maximum concentration of RE ions like Nd*>" or Pr** in bulk YAG
crystals, obtained using the standard Czochralski method, is limited to about
2 at.%.""" Thus, the spectroscopic data on concentration effects in these
systems are limited to narrow concentration range by the availability of the
appropriate samples. Highly doped RE:YAG films could be produced by
liquid phase epitaxy technique (LPE).""! In the LPE from the melt, in the
presence of an excess of PbF,—PbO flux, much higher concentrations, up to
about 10 at.% of neodymium or praseodymium, in YAG could be obtained.
This was first confirmed by the reports of Hooge!® who obtained highly con-
centrated Pr:YAG crystals by flux-growing method.

Guy et al.”! reported on the investigation of upconversion effects in
Nd:YAG LPE films for different doping levels, 1-6 at.% Nd3+, and showed
its importance in reduction of the small-signal gain. Recently Mao et al.l'”
studied the dependence of the lifetime of highly doped Nd:YAG crystals on
temperature. Although there has been significant research on the spectroscopic
and laser characterization of Pr*™ in single crystals of YAG,""'*! no work to
our knowledge has been performed on Pr* " in crystalline YAG waveguides.

The motivation for this work was to further our knowledge of the effects of
energy transfer in RE*": YAG planar waveguides over the large range of activator
concentration and to study the influence of concentration on their emissions.

MATERIALS AND METHODS

The LPE technique was used for growing RE:YAG/YAG epitaxial optical
waveguide structures at the Institute of Electronic Materials Technology
(ITME) in Warsaw. The layers were grown from a supercooled molten garnet
flux (PbO-B,0;) high-temperature solution.!'¥ Epitaxy was carried out at
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<111> oriented, 20-mm diameter, undoped substrates. The thickness of films
varied from about 2 to 20 pm. The creation of active YAG waveguide on YAG
substrate requires an increase of refractive index difference between epitaxial
layer and a substrate. For this purpose, the substitution of aluminum by
gallium ions (Ga**) was employed. The introduction of large concentration of
activator and gallium into the film causes a necessity of lattice mismatch com-
pensation with a small optically inert ion like lutetium (Lu®") in yttrium sites.
Thus, the composition of obtained waveguide films could be described as Y3.
xyRExLuyAls_ ,Ga,01,. The highest obtained concentration of neodymium and
praseodymium in YAG films was about 10 at.% when Yb>":YAG films were
doped up to 15%. The rectangular (1 x 5 x 8 mm®) samples were cut and
polished at end faces for optical measurements.

Polarized absorption measurements in the range 300—700 nm were made
using a Cary 2300 Varian spectrometer (Varian, Inc., Palo Alto, CA, USA)
equipped with a continuous-flow helium cryostat. Fluorescence and excitation
spectra were obtained using a Continuum ND60 (Excel Technology, NY,
USA) or Spectra 380 (Spectra-Physics, CA, USA) tunable laser, operating
with various dyes, pumped by a frequency doubled Continuum Surelite I
Nd:YAG laser (10 ns pulse length, 10 Hz repetition rate, and 180 mJ energy
per pulse at 532 nm) or by continuous wave Coherent Innova 300, 10 W
argon ion laser, respectively. For excitation in the IR region, the output wave-
length of a tunable dye laser was 4155 cm™' downshifted by stimulated
Raman scattering (SRS) in a gaseous H, cell. In part of the experiments, an
argon laser (Coherent Innova 300) pumped sapphire—Ti laser (Coherent 890
Ring Laser), tunable from 730 nm to 990 nm, was the excitation source.
The spectra were recorded using a 1-m monochromator with dispersion of
SA/mm and detected by Thorn EMI 9789 or RCA C 31034-02 cooled
AsGa photomultiplier. Data acquisition was obtained with a Stanford SR
4000 (Stanford Research System) boxcar averager controlled with a PC
computer. Fluorescence lifetime measurements were made using a Stanford
SR430 multichannel analyzer. The best temporal resolution of the experimen-
tal apparatus is 5 ns. To minimize the effect of reabsorption, the fluorescence
was excited in the front-face excitation geometry, and the lifetime measure-
ments were made on the nonresonant 1.064-pm lines where the effect of
reabsorption will be negligible. Sample cooling was provided by a closed-
cycle He optical cryostat, which allowed the temperature to be varied
between 10 and 300 K.

The growth of high-quality garnet epitaxial layers is limited by lattice
mismatch between the film and substrate. Diffraction measurements were
performed using X-ray quasi-parallel double-crystal arrangement with 400
reflection on a Ge monochromator and 444 YAG reflection of CuK,; radia-
tion."*! For film and substrate lattice deference, two peaks appear in the
XRD rocking curve. In the case of good film lattice match to the substrate,
obtained for example for Y, ¢7-yNdo o3LuyAls_,Ga,0,,/YAG/YAG structure,
the recorded XRD patterns indicate one single peak (Fig. 1).
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Figure 1. Rocking curves for the lattice matched films of Nd + Lu+ Ga:YAG
deposited by LPE on YAG substrate.

RESULTS AND DISCUSSION
Nd:YAG

In our experiments, we used excitation into the *F; /> multiplet of the Nd** ion
and registered emissions centered at 0.9 wm and 1.064 um corresponding with
the 4F3 /2= 419/2 and 4111 /2 transitions, respectively. These investigations
were performed under low excitation intensities to prevent the effects of
depletion of the ground state and upconversion.

Emission spectra recorded at room temperature showed the same features
as reported for Nd*>":YAG bulk samples. Figure 2 shows low-temperature
excitation spectra in the region of the lower Stark component of the *Fs /2
state (at 11,426 cm_l) of Nd*>* ion in YAG. The laser was tuned through
the 419 /1(1) = 4F3 /2(1) absorption line, and total emission around 1.064 pum
was registered. The spectra were measured for low-concentration sample con-
taining 1 at.% of Nd** ions, which is a typical activation level of bulk laser
crystals, and for the high concentration waveguide with Nd** concentration
of 6 at.%. In 6 at.% doped sample, the optical linewidth FWHM (full width
at half maximum) was 3.2 cm™ ' and was larger than 0.7 cm ™' determined
for 1 at.% Nd>* sample. As can be seen in Figure 2, in the vicinity of the
main transition there is additional line structure. In highly concentrated
sample, the structure of satellites is less resolved, but intensities of lines
ABC with respect to the central transition are enhanced. At higher tempera-
tures, the spectral resolution is lost, and additional transitions contribute to
an inhomogeneous broadening of the whole transition. This structure,
revealed by high-resolution spectroscopy, indicates the presence of several
different structural centers. It is interesting to note that the number of
additional lines, their relative intensities and spectral positions is similar to
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Figure 2. Excitation spectra of the 1064-nm “F5 /2 emission in the vicinity of the low-
est Stark component of the “Fs /2 manifold at 875.2 nm (11,426 cm '), Selectively
excited fluorescence decays of the *Fs /2 emission are shown in the upper part of the
figure; T = 10 K.

those observed in Nd:YAG single crystals, ceramics, and crystals grown by
the TGT (temperature gradient technique) method.!'®'*'3! This confirms
that the Nd:YAG waveguides grown by the LPE method have no additional
defects and are of high quality. The satellite levels could be ascribed to ion
pairs for which each peak represents one type of ion-pair lattice configuration.
An assignment of satellite lines has been proposed by Lupei ""*! who associ-
ated line A in Figure 2 with first neighbor and lines B and C with second
neighbor neodymium ion pairs.

The decay profiles of the nonresonant 4F3 2= 411 1/2 luminescence were
measured after pulse excitation into “Fs 2 level. Decay of 1 at.% Nd:YAG
measured at room temperature, which is shown in Figure 3, is quasi-exponen-
tial with the decay time of 259 ws. At room temperature, when the Nd** con-
centration increases, a shortening of the decays is observed. Samples with high
neodymium concentration show also nonexponentiality of the decay (Fig. 3).
In the case of departure from exponential decay, effective lifetimes 7.g were
calculated by numerical integration of the measured decay curve as

Teff = J 1(t)dt/1(0) (1)

0
where () is the fluorescence intensity emitted from the level.
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Figure 3. “F, /2 emission decays of Nd**:
activator concentrations; T = 300 K.

YAG epitaxial waveguides for different

It is recognized that in Nd**:YAG, the “F; s> measured fluorescence
lifetime can vary within some range depending on the method of crystal fabrica-
tion and the excitation conditions. The values ranging from about 230 ws to
420 s for polycrystalline sample of 0.01% Nd** YAG were reported.!'®
When such polycrystals were either fused or used to pull single crystals from
the melt, the fluorescence lifetime was reduced to about 280 ws. Fluorescence
lifetime values of 260 ps and 270 ws were reported by Lupei et al.!'”-'8! for
0.1% Nd&>":YAG crystal at room and 4.2 K temperatures, respectively. These
lifetime values agree with the radiative lifetime computed by Krupke ' of
259 + 25 s or the 272 ps given by Devor et al.”®! As Nd®" in gallium and
lutetium garnets exhibits fluorescence lifetime of 270 ps,[zl] it could be
supposed that in the Nd 4 Lu 4 Ga:YAG waveguides the ‘F; /2 lifetime could
be slightly modified with respect to singly doped Nd:YAG.

In Nd:YAG, the multiphonon emission from the 4F3 2 level is negli-
gible,'”?! and the nonradiative transition rate is dominantly determined by
the energy transfer rate. Thus concentration quenching rates are described
by the expression X = 1/7,4— 1/7, where 7, is the “F, /2 lifetime at very
low activator concentrations, which value is 7y & 270 ws. The dependence
of the lifetime and the quenching rate on concentration is shown in
Figure 4, together with our experimental data for 0.1, 0.5, 0.9, and 1.5 at.%
Nd** bulk YAG crystals.

It is recognized that in Nd**:YAG at low pump intensities, the concen-
tration-dependent quenching mechanism is related to the energy transfer
cross-relaxation of the type 4F3 2+ 419 /2 —> 4115 2+ 4115 2> 419 /2 + 419 /2.“8J
This ion pair process was studied by analyzing decay profiles of the “F; /2
neodymium fluorescence under selective excitation at 10 K of the central line
and the satellites as shown in the upper part of Figure 2. In these experiments,
we excited selectively into the inhomogeneous profile of the 1o /2= ‘K, 2
absorption and registered total IR emission resulting from the ‘K, 2> 11 P
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Figure 4. Lifetimes of the “F, /2 level and the cross-relaxation rates in Nd*T:YAG
epitaxial waveguides as function of Nd** concentration.

transition. Thus, due to the partial superposition of the absorption and emission
spectra resulting from different structural centers, the resolution of emissions is
not perfect. Decay measured after selective excitation of the main line is shown
over a large time interval of 2000 ws. Beginning of this decay, up to about
1000 s, is exponential with the lifetime similar to that measured at 300 K.
From the small deviation from a straight-line behavior at late times, the
isolated Nd** ions decay of about 270 ws can be subtracted. When the
satellite A was pumped, the emission decay was faster than after excitation of
the line center and nonexponential at an early time. Assuming that the pair
lifetime reduction is due to cross-relaxation between an excited and unexcited
Nd>" ion, the cross-relaxation rate X, of the satellite A is found to be
55 x 10*s™'. This value is higher than that reported for Nd*'-doped
LiYE,*! where Xo; = 9.9 x 10 s~ ! but is close to the estimated dipolar con-
tribution to the nearest acceptors transfer for Nd:YAG ** of 7.5 x 10*s~'.

In our studies of the fluorescence dynamics after resonant excitation into
the “F, /2 level, we did not observe very fast initial decay, of the order 1 s,
reported by Lupei'***! after non resonant excitation at 532 nm and used as
an evidence of short-range superexchange interaction.

In the case where each Nd*>" ion sees the same environment and assuming
the direct interaction for all neodymium pairs and the transfer rate dependence
only on the distance, the global transfer rate can be described as a sum over all
possible positions of acceptors, which for the dipole—dipole interaction has
the form

6
Ro
X=XuCs ) mi <— 2)
—' \Roi
where Xy, = X, is the nearest neighbor trapping rate, n; is the coordination
number of ion pair i and C, is a fractional concentration of acceptors. Taking
into account the crystallographic structure of YAG, the lattice sum calculations
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were performed in the 12.5 A radius sphere of influence, which includes 120 ion
sites. The calculated X = 2.8 x 10?s~ ! value is in good agreement with that
measured in 1 at.% Nd>" sample, quenching rate of X =2.65 x 10*s™ ",
This also suggests that short-range interactions of the multipolar or superex-
change type are not active, contrary to arguments presented in Ref. 25.

As could be seen from Figure 4, the slope dependence of X on Nd** con-
centration is nearly linear up to about 1.5 at.%. Above this concentration, the
quenching rate depends quadratically on ion concentration. The decay curves
in 3 and 6 at.% Nd**-doped YAG could be interpreted in terms of the intermedi-
ate regime between the absence of diffusion and the rapid donor—donor transfer
limits.®®! In this case, the decay is exponential only at long times with the rate
calculated by Huber,”””! which shows a quadratic concentration dependence in
the limit of slow migration. Nonexponential character of decays in the presence
of diffusion is also consistent with results of Merkle and Powell®®! and Devor
and Shazer'®®! who observed energy migration to Nd>" ions in some perturbed
lattice sites. This was also confirmed by Diaz-Torres et al.**! who interpreted
quenching in Nd:YAG in terms of resonant energy transfer to quenching
centers formed by perturbed neodymium ions. Their model predicts quadratic
dependence of the energy transfer rate on concentration. Similar behavior,
that is, linear quenching for low, up to about 1 at.% of Nd>*, concentration
and quadratic dependence for higher concentrations, has been very recently
reported by Merkle et al.'*"! for fine-grained Nd:YAG ceramics. The linear
behavior is consistent with the quenching by direct cross-relaxation, and
quadratic behavior is consistent with the picture of energy migration to sinks
consisting of cross-relaxing Nd pairs at higher concentration.

Under high excitation densities, there are also efficient internal pair
energy transfer upconversion processes involving two Nd**, of the type
4F3/2 + 4F3/2 — 411 12+ 2G9/2 — 419/2 + 4F3/2[9] The ET (energy transfer)
upconversion process reduces the population of the “F; /2 state and causes
a lifetime shortening. Decays of the *F; /2 fluorescence exhibit shortening
and the nonexponentiality of the decays with the increase of pumping. For
high excitation density, both upconversion and downconversion compete
in the de-excitation of the “F; /2 state.

Yb:YAG

Because of the simple electronic structure of Yb>" ion, which consists of only
two levels °F, /2 and ’Fs /2 split by spin-orbit interaction, such unfavorable
processes like excited state absorption, upconversion, or cross-relaxation are
not active. However, in the Yb3F systems, ion—ion interaction could result
in a cooperative emission.***! When Yb>" ion pair is excited, it undergoes
cooperative upconversion yielding emission in the blue-green spectral
region from the doubly excited [°Fs /2—2F5 ,2] pair state. According to
Dexter’s®* model, cooperative transitions are due to the perturbation for
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the electric transitions induced by the Coulomb interaction between two
electrons on each ion, which produces transition probability for the
forbidden cooperative process. As this process is strongly interionic
distance dependent, it has been used as a probe for RE*" ion clustering in
glasses and crystals.*>*! In our recent work, we reported on cooperative
emission in the Yb>":YAG planar waveguide at room temperature.'*”) Here
we present new results on studying the ion—ion interaction in Yb*T:YAG
waveguides with different Yb>" content. Observation of ytterbium pairing
within YAG matrix is reported. From the analysis of the YAG lattice, it
results that the first, fourfold coordinated and the second, eight fold coordi-
nated, neighbor pairs are separated by 3.67 A and 5.62 A and under the
assumption of electric dipole—dipole interaction should be responsible for
78% and 12% of the cooperative emission signal, respectively.

Cooperative emission spectrum of Yb:YAG/YAG structure after IR exci-
tation at 940 nm is shown in Figure 5. Maximum of this emission is centered at
484 nm. The dependence of the cooperative emission intensity /., on exci-
tation power and Yb>" concentration was determined and is plotted in
Figure 6. As observed in the log-log plots in Figure 6, I, represents a
quadratic function of both excitation power and dopant concentration up to
highest concentration studied of 15 at.% Yb>'. This behavior is consistent
with a two-ion process.

To confirm Yb*" ion pairing within the YAG matrix, the high-resolution
excitation spectra of the IR and visible emissions were registered at low temp-
erature around the lowest Stark component of the ’Fs /2 level at 10,321 cm!
(Fig. 7). Wavelength of a Ti:sapphire laser was scanned through the
2F7 2(0) — 2F5 /2(1) transition when nonresonant 2F5 (1) — 2F7 /2(3) infrared
emission at 1030 nm and cooperative blue emission at 512 nm were registered
simultaneously. For comparison, absorption spectrum of a single YbzAlsO,
(YbAG) crystal is also presented. Low-temperature absorption for 15 at.%

07 vb¥YAG

emission intensity [a.u.]

0 . T ‘ T
440 480 480 500 520 540
X [nm]

Figure 5. Cooperative emission spectrum of Yb3+:YAG/YAG structure after IR
excitation at 940 nm.
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Figure 6. Dependence of the cooperative emission intensity /., on excitation power
and Yb>* concentration in YAG waveguides.

Yb:YAG film was measured, however the ytterbium pair lines were below the
detection limit. As can be seen from Figure 7 the half-widths of the Yb> " tran-
sition in YAG are greater than for other RE*" ions. This is consistent with the
reported observations of strong ion—lattice and ion—ion coupling for Yb*"
ions. In Figure 7, the sharpest lines are those corresponding with the least
distorted crystal lattice of pure YbAG. The change in the Yb>" concentration
results in an inhomogeneous line broadening, from 10 cm ™' to about 18 cm ™'
in the highly perturbed lattice with x = 0.15. From the comparison of the exci-
tation spectra of the IR and cooperative emission, it is shown that IR fluor-
escence results mainly from the central part of the excitation profile when
strongly asymmetric line profile can be observed in the case of cooperative lumi-
nescence excitation. An important part of the cooperative emission intensity
results from excitation on the lower energy side, at about 10,315 cm™ !, of the

05

a) 18% Y YAG exc coop
b) 16%Yb:YAG exc IR
¢} B%Yb:YAG exc IR
d) YbAG crystal abs

o
4;

o
[+
I

intensity [a.u.]

10280 10300 10320 10340 10360
E [cm’)

Figure 7. High-resolution excitation spectra of the IR and visible emissions regis-
tered at low temperature around the lowest Stark component of the *Fs /2 level at
10,321 cm™ ' in 5 and 15 at.% Yb*"-doped YAG waveguides and absorption spectrum
of YbAG at 10 K.
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main line. However, it can be observed that excitation on both sides also on the
far wings of the main line enhances cooperative emission intensity, suggesting
ensembles of Yb>* ions in near lattice sites including triads of ions, observed
by Lupei "*** in RE®" garnets, and Yb>" ions in distorted lattice sites. For
this site, which energy corresponds also with the small peak on the IR excitation
profile in the 5 at.% sample, coupling between the Yb> " is strong and coopera-
tive emission is enhanced. This, together with the distance from the line center of
5cm™ ! (see also Fig. 2), suggests its first neighbor pair origin. Because, as
mentioned earlier, the electron—phonon coupling in ytterbium is one of the
strongest in the lanthanide series, the absorption and excitation lines are
strongly broadened and the spectral resolution is partially lost, preventing unam-
biguous attribution of the spectroscopic features, especially pair-transitions.
The use of the rate equations allows us to connect the experimental results
of the cooperative emission intensity with the microscopic interaction par-
ameters. In describing the cooperative emission process between two interact-
ing Yb>" ions, a key parameter is the cooperative emission rate, which is the
probability of the cooperative de-excitation of a given Yb*" ion pair. An
average cooperative rate X, under the assumption of weak cooperative
emission, that is X < W where W is the pump rate can be written as>™

Leoo 1
=22 _
I[R W’7'2

where 7, is the lifetime of the °Fs /2 state of Yb>*, and Icoop and Ijg are the
cooperative and infrared emission intensities, respectively. The determined
here values of 0.17 and 0.29 s~ ' respectively for 10% and 15% doped
samples are in reasonable agreement with the experimental cooperative
rates of 0.13 s~ reported for Yb**:CsCdBr;*® and the value of 0.37 s~
found in Yb>T activated Gd;GasO,, crystal.[39]

The cooperative emission rate for a particular ion-pair can next be
evaluated with the knowledge of the interionic distances and assuming
identity of Yb>" ions including that the ytterbium cross sections are indepen-
dent on ion—ion coupling and the type of interaction. However, according to
recently presented theoretical treatment of the cooperative transition probabil-
ities for Yb>" ion pairs in YAG," ! an interionic distance between Yb> " ions
is not the primary factor for determining the cooperative transition probability
in the crystal. As proved, the use of (Yb2014)22_ dimmer cluster model in
YAG reproduced best the experimental results indicating the necessity of
taking into account the nature of chemical bonding.

Nd + Yb:YAG

Nd** and Yb** codoped crystals and glasses are extensively studied as candi-
dates for efficient lasers. Nonradiative energy transfer from Nd** to Yb>"
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leads to broad-band Yb>* emission, ranging from 950 to 1100 nm, after diode
pumping of the Nd** ions at 810 nm. Yb + Nd:YAG waveguide lasers are
considered as candidates for PDFA (praseodymium doped fiber amplifier)
pump.*"*# In our study, we employed LPE to grow, from a supersaturated
molten garnet-flux high-temperature solution, Y3_,.y.Nd,Yb,LuAls_,Ga,0,,
waveguides layers on <111> oriented YAG substrates. Recently, some of
us observed laser action at 1030 nm after diode laser pumping at 808 nm, as
a result of efficient energy transfer from Nd** to Yb>", with the threshold
of about 420 mW.[*>*4!

Efficiency of the Nd>T— Yb*' energy transfer was investigated by
comparing the ratio of the *Is /2Yb3+ fluorescence intensity to that of the
*F3/, of Nd’*. Iy, /Iy, as a function of the Yb** concentration, for a fixed
neodymium content of 1 at.%, is shown in Figure 8. An onset of decrease in
the intensity ratio is observed for Yb** content above 3 at.%, which could
be due to increasing role of Yb>*— Nd>* back-transfer. Also, when the con-
centration of Yb>" increases, a reduction of the neodymium “F, /2 lifetime is
observed; efficiency of the energy transfer, given by n =1 — 7/7y,, where
Tya is the *F /2 lifetime in the absence of Yb** ions, is plotted in Figure 8. Effi-
ciency of the energy transfer of 88%, determined for 3 at.% Yb>"+1 at.%
Nd**:YAG, is higher than the efficiencies of 55-60% found for doubly
doped fluoroindogallate™! and metaphosphate'® glasses, making YAG
system of special relevance for future applications as a tunable laser gain
medium. Room-temperature Nd>"— Yb> " energy transfer efficiencies of the
order 90% have also been recently demonstrated in YAB crystals."”!

It was observed that strong excitation of the Nd** ions at 808 nm resulted
also in an intense blue-green emission from Nd 4 Yb activated YAG wave-
guides. Figure 9 shows the upconversion luminescence in two Nd** 4 Yb**:
YAG structures of different activators concentration. The blue part of the
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Figure 8. Efficiency of the Nd**— Yb®" energy transfer in the (1 at.% Nd** 4 x

at.% Yb>H):YAG waveguides and the ratio of the 2R /2 YB3 to *F, /2 Nd** emission
intensities as a function of Yb>" concentration.
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Figure 9. Visible emission spectra of Nd*>* + Yb*>T:YAG waveguides after selective
infrared excitation of Nd>" ions at 808 nm; T = 300 K

spectrum results from the cooperative emission of Yb*>" pairs®”! (see Fig. 5).

Intense emission centered at 550 nm has been also observed by Xu et al.**! in
Yb*>":YAG and ascribed to the presence of trace impurities like Er* ", Tm>*,
or Ho>" ions. However, some of the observed emission lines correspond well
with transitions from the higher excited states of N&*T:YAG,™ 1 which
can be excited by various, complicated ESA or ETU processes including
cooperative sensitization mechanism.

The losses for the Nd**— Yb>" processes are related to the back
Yb**— Nd>" transfer, which is nonresonant and is generally more probable
in high-phonon energy matrices. Excitation at Yb>* absorption wavelength
at 960 nm results in an energy transfer to nearby Nd* ions and emission
from the “F; 2 level. As shown in Figure 10, decays of the “Fy /2 emission
are characterized by the initial rise time, of the order 1.5 us, followed, at
long times, by nearly exponential decays with time constants that are much

10°
YAG waveguide
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El 5% Yb 3% Nd
o) 15% Yb 1% Nd
Z o
Z 104
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£
ey
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5 1074 m
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Figure 10. Decays curves of the “F; /2 emission in Nd + Yb:YAG waveguides after
selective excitation of Yb>" ions at 960 nm; T = 300 K.
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longer than in the case of direct neodymium excitation. These time constants
are close to the Yb>* excited *Fs /2 state lifetime. As shown in Ref. 51 for the
Nd** + Yb’":YAG nanoceramics, the energy of the excited °Fs /2 state of
Yb** may be transferred quasi-resonantly, with the energy mismatch of
AE =24 cm™ !, to the *F; /2 of Nd** only when this ion is in the highest
Stark level of the ground “I, /2 state resulting in strong temperature depen-
dence of this process. This also explains observed decrease in the effectiveness
of Nd**— Yb>" energy-transfer probability above a few hundred Centigrade.

Pr:YAG

Trivalent praseodymium ion (Pr3+), emitting in the UV, visible, and IR
spectral ranges, is one of the most promising activators for laser, scintillator,
and luminophore materials. However, most of the experimental data on
Pr’":YAG available up-to-date referred to relatively lightly doped, bulk
materials. The unique set of samples investigated in this work was character-
ized by high (up to 6 at.%) level of dopant concentration, enabling more
detailed spectroscopic studies. The main aim of these studies was to
examine concentration effects on the *P, emitting level.

After short wavelength excitation into the *P; level of Pr’* ion in YAG
waveguides, simultaneous emission from 3P, and 'D, excited states'>
occurs. It was observed that with the increasing Pr** concentration, the
intensity of lines attributed to the 'D, emission centered around 610 and
635 nm decreases with respect to the intensity of the *P, emission as shown
in Figure 11. This suggests different magnitude of the concentration quenching
and/or reabsorption processes for these levels.

Fluorescence dynamics of the P, and 'D, emitting levels was investi-
gated as a function of Pr>* concentration under resonant, direct excitation.

10

-

e

*py/'D, intensity

0,1
0,1 " 1 10
Pr** concentration [at. %)

Figure 11. Ratio of the 'D, to 3P, emission intensities in Pr’*:YAG waveguides as a
function of Pr** concentration.
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The 1D2 decays were also measured after excitation into the 3P0 level, and the
decays of the °P, level were obtained under two-photon upconversion exci-
tation into the lDz level. For both 3P0 and lD2 levels, it was observed that,
as the concentration of Pr’* ions was increased, the fluorescence decays
shortened and started being nonexponential. Using Eq. (1), the effective
lifetimes 7,5 were calculated and are presented as a function of concentration
in Figure 12. These variations of fluorescence decays with concentration
indicate the presence of energy transfer processes at concentrations higher
than about 0.5 at.% of Pr’". As in other Pr’" investigated systems,'>* the
'D, emission is affected more strongly by quenching than the *P, one. The
effective lifetime of the 'D, state decreases from 190 ps in 0.35 at.% doped
sample to about 5 ws in strongly 6 at.% doped Pr:YAG waveguide.

The P, emission of praseodymium can be quenched by multiphonon
relaxation, cross-relaxation, and upconversion, where the latter two
processes are concentration dependent. In Pr’T:YAG films, after excitation
of the *Py level, emission originating from the 'D, level is clearly observed.
This means that part of the *P, excitation relaxes to 'D,. As these multiplets
are separated by 3328 cm ™ ',°* the probability of multiphonon decay is not
significant, and on the basis of energy gap law it is estimated to be
Wxg = 10,642 57", So, it is concluded that upconversion energy transfer
process is responsible for populating the 'D, level. This is also confirmed
by observations, after 3P0 level excitation, of the rise time in the decays of
the 1D2 level that exhibits clear concentration dependence, shown in
Figure 13, and varies from about 0.5 to 4 ps.

From the energy levels of Pr'™:YAG, it results that the more probable
cross-relaxation between pairs of Pr’" ijon process is “Py—>He =
3H,— 'D,, which is related to the emission of 171 cm ™! phonon. This is
confirmed by the observation of the initial rise time in the 'D, fluorescence
reflecting the *Py-decay time. It should be noted that, according to the

200
[ Y YAG:PHYAG
107\‘: li‘:‘—\u waveguides 1150
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8+ \}\3-—1:1
w7 . {100
= —0— P
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Figure 12. Concentration dependence of the effective fluorescence lifetimes of the
3P, and 'D, emissions of Pri*-activated YAG waveguides.
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Figure 13. Time evolution of the 'D, emissions after 3P, level excitation in Pr
YAG waveguides with different activator concentrations.

3+,

solution of the rate equations,'>>® the rise time of 'D, emission is governed

by the lifetime of the P, state, followed by an exponential decay faster than
half the intrinsic decay time. Our measurements indicated a rise time that was
much shorter than the *Py-decay time for a given concentration. The equival-
ent situation in LaF5:Pr’" has been explained in Ref. 56 as being due to the
limitations of the assumed model, that is, in the concentrated prit systems,
decays are no longer exponential, and quenching rates could be different for
the specific ion pairs.

In order to evaluate the rates of P, quenching via cross-relaxation, the
formalism describing fluorescence dynamics behavior in the presence of
traps proposed by Huber in Ref. 57 was used. It was shown that function
describing the decay of donor excitation in the presence of only one type of
acceptors and the absence of donor—donor and back transfer is given by

F@y=ex [0 = eateae™ 3

where c4 represents the concentration of acceptors, X, the trapping rate
between a donor at site 0 and an acceptor at site n, and [][ denotes the
product over all the lattice sites. X, can be related to trapping rate of the
nearest neighbor by X, = Xo;(Ro1/Ro,)’, where R, denotes the distance
between site 0-n pair, and s stands for interaction type being equal to 6, 8,
10 for dipole—dipole, dipole—quadrupole, and quadrupole —quadrupole inter-
actions, respectively. Using this formalism, the nearest-neighbor trapping
rates X,; were determined by fitting the directly excited °P, decays with
Eq. (3) as shown in Figure 14. Best fit was obtained for a sphere of interaction
of 3 A radius; its further increasing did not affect the fitting curves. For the
most concentrated sample, the nearest neighbor quenching rate was
found to be 2.37 x 10°s™" and is close to the values of 2.65 x 10°s~' and
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Figure 14. 'The concentration-dependent decay patterns of the luminescence from the
3P, level of Pr**:YAG:; solid curves are numerical simulations with Eq. (3).

2.82 x10°s™" reported by Wu et al. °® for concentrations of 1% and 2%
respectively.

The next step in our investigation was to determine the total cross-
relaxation rates defined as X =1/7,4— 1/7, where 7,4 is the effective
fluorescence decay time [see Eq. (1)] and 7y is the isolated ion lifetime
measured in the low-concentration sample. For the most concentrated
sample, we obtained Xp(6%Pr:YAG) = 1.2 x 10%s L. Using Eq. (2), with
the determined above Xy = 2.37 x 10°s!, we obtained X =7.3 x
10° s, which is somewhat lower than Xp indicating that other than
assumed cross-relaxation processes are also active in de-excitation of the
3P, state. Additional concentration-dependent quenching channel for the *Po
level that should be taken into account is the upconversion by energy
transfer® or excited state absorption'®>®! to the 4f5d praseodymium levels
resulting in the UV emission.!®!

High-resolution excitation measurements have been performed at low
temperature in the vicinity of the *P, absorption at 20,538 cm ™ '. Figure 15
shows the Pr*™ excitation spectra, obtained by scanning the dye laser across
the 3H4(1)—> 3P0 absorption line and detecting the 3PO—> 3H6 fluorescence, in
Pr:YAG waveguide samples of 0.5 and 6 at.% concentrations. It could be
seen that the character of the spectra changes with concentration. In the
diluted YAG:0.5 at.% Pr*+ sample, regular ion transition at 20,538 cm” !
dominates; weak peaks observed on either side of the main line are attributed
to Pr>* ions in other than D, sites or to ion clusters. In the 6 at.% P YAG
waveguide, the excitation line became much broader and strong additional
transitions appear; the spectrum of these minority lines extends in 6 at.%
Pr*™:YAG over 40 cm ™!, indicating important crystal-field distortion and
high degree of lattice strain.
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Figure 15. Excitation spectra in the vicinity of the *P, absorption at 20,538 cm ™',

obtained by scanning the dye laser across the *H,(1)— *P, absorption line and detect-
ing the *Po— *Hg fluorescence, in 0.5 and 6 at.% Pr’™:YAG waveguides.

Quenching of the praseodymium 'D, emission is due to the quasi-
resonant or phonon-assisted (less than 100 cm ™' phonons) cross-relaxation
process, which is attributed to the following transitions between two ions:
'Dy(1)— 'Gy(1-5) = *Hy(1)—F5(1-4).% Tt is also known that two 'D,
ions that which couple between themselves can undergo an upconversion
process of the type D, (1) 4 'Dy(1)—3P,(1-5) + 'G4(8, 9), which leads to
anti-Stokes P, emission. With excitation in the 'D, level, we observed
intense upconverted emission from the *P, level and also weak UV fluor-
escence from the 4f5d band. The total quenching rate of the 'D, emission,
for the most concentrated sample, was found to be Xp(6%Pr:YAG) =
1.5 x 10°s™!, which, by using Eq. (2), gives the nearest neighbor
quenching rate of Xpy; = 3.5 X 10° s~!, which is lower than our earlier cal-
culations based on ion-pair measurements.'®*!

The presented results show the complexity of the processes responsible
for the quenching of emissions in Pr’*:YAG at high dopant concentrations,
both P, and 'D, emitting levels are coupled by various energy transfer
processes, including processes engaging low-lying, at about 33,000 cm ™',
4" 54 levels.

CONCLUSIONS

In this work, we have examined the concentration-dependent mechanisms
that determine luminescence properties of Nd**, Yb**, and Pr*" doped
YAG waveguides that were grown using liquid phase epitaxy technique.
The high concentration of activator, which is favorable for operation
of planar waveguide devices and waveguide effect itself, results in high
optical intensities within the small volume that increase the probability of
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neighboring ions being simultaneously excited. Under pulsed excitation,
dynamic studies of different energy transfer mechanisms active in the inves-
tigated systems were performed, and values of concentration-dependent
energy transfer rates were established. The use of high-resolution laser spec-
troscopy at low temperature allowed investigation of the inhomogeneous line
profiles. Ion pairing in the investigated systems has been confirmed by
analysis of the cooperative emission excitation spectra and selectively
excited fluorescence dynamics respectively in Yb3+:YAG/YAG and
Nd* *:YAG/YAG planar waveguides. This study confirmed that RE*"
doped YAG waveguides grown by LPE have no additional structural
defects, reflecting its high quality.
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