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Abstract

Energy transfer and spectroscopic properties at high temperatures have been investigated in Er,Yb:YAG crystals. It is shown that at
elevated temperatures around 600–800 �C these characteristics become similar to those in the efficient 1.5 lm laser medium – Er,Yb-
doped phosphate glasses.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Er-doped bulk laser systems emitting in the 1.5 lm
region meet significant interest since this wavelength region
is considered eye-safe. For example, erbium bulk pulsed
lasers operating in the Q-switched regime are very attrac-
tive for applications like LIDARs and rangefinders. In
compact systems, the active material is often co-doped with
Yb to enhance absorption efficiency. Investigations of spec-
troscopic properties and energy transfer processes between
the rare earth ions in different host materials and under dif-
ferent conditions advance knowledge around these eye-safe
1.5 lm lasers.

In Er-doped systems, since the lower laser level is the
ground state, it is necessary to excite �50% of the Er ions
in order to obtain population inversion. Therefore, a low
Er dopant concentration is essential to keep thresholds
low. To still obtain high absorption, a large amount of
Yb3+ sensitizing ions should be added to the laser medium.
0030-4018/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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Yb! Er migration-assisted non-radiative energy transfer
then excites the 4I11/2 Er level, as illustrated in Fig. 1.

For efficient population of the 4I13/2 Er upper laser level
via Yb ions two indispensable conditions have to be ful-
filled. First, rapid excitation relaxation from 4I11/2 to 4I13/2

Er level is necessary. Otherwise reverse energy transfer to
Yb ions in combination with the up-conversion processes
will compete with the upper laser level population process.
This may lead to lowered laser efficiency, or even inhibit
1.5 lm lasing completely. Second, the quantum yield of
the upper laser level 4I11/2 luminescence should be high. This
means that the luminescent lifetime should be close to the
radiative lifetime. Both conditions are well satisfied in phos-
phate glasses where Er3+ ion luminescent lifetimes are
s1� 7.5 ms for the 4I11/2 level and s2� 1–3 ls for the 4I11/2

level. These two factors make Er, Yb doped phosphate glass
an efficient 1.5 lm laser medium. The main drawback of the
glass as a laser host in comparison to crystals is the low
(�0.8 W/(K m)) thermal conductivity. Low thermal con-
ductivity leads to low thermal damage threshold and thus
limits the average output power.

As for the crystals, the search for a crystalline Er,Yb
activated laser host that meets the two above-mentioned
demands well is still in progress. Investigations have been
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Fig. 1. The principal energy level scheme and the energy transformation
processes in Yb–Er doped media. 1 – optical pumping into the Yb
absorption band; 2, 3 – direct and reverse Yb–Er energy transfer; 4 –
multiphonon relaxation; 5 – lasing transition.

B. Denker et al. / Optics Communications 271 (2007) 142–147 143
made using e.g. YAG [1], Y2SiO5 [2], Ca2Al2SiO7 [3],
YVO4 [4], YCa4O(BO3)3 [5], GdCa4O(BO3)3 [6] and
KY(WO4)2 [7] crystals but glass still remains the most effi-
cient host material. The main reason for this is the fact that
all these crystalline materials have less suitable s1, s2 life-
times. For example, in room-temperature YAG the lifetime
s2 is �100 ls which is almost two orders of magnitude
longer than in phosphate-based glasses. As a result, reverse
energy transfer and up-conversion make inversion at
1.54 lm transition impossible. Lasing was obtained only
at the transitions terminating at the higher Stark compo-
nents of the ground 4I15/2 level (k = 1.61, 1.64 lm) [1] as
they require sufficiently lower upper laser level 4I11/2 popu-
lation to reach inversion. It should be noted that these
wavelengths are off the sensitivity peak of the available
Ge and InGaAs photodetectors.

At room temperature the s2 parameter in Er:YAG is
determined by non-radiative multiphonon relaxation
(MPR) while s1 is determined by spontaneous emission.
The same is true for silicates as well as in YVO4 and
KY(WO4)2 crystals. Unfortunately the MPR rate in all
these materials is not enough for irreversible Yb–Er energy
transfer.

In the borate crystals, to the opposite, the MPR is too
big for Yb–Er laser action. The 4I11/2 Er3+ level is quenched
very strongly (s2 < 1 ls) so that no reverse energy transfer
can take place, but the upper laser level 4I13/2 is also seri-
ously quenched (s1 � 1 ms). This results in high lasing
threshold in these materials.

The spontaneous relaxation process is relatively inde-
pendent on temperature while the multiphonon relaxation
process is strongly dependent on temperature. The single-
frequency model [8] gives the following expression for the
multiphonon quenching rate x:

x ¼ x0
expðEph=kT Þ

expðEph=kT Þ � 1

� �p

: ð1Þ

Here x0 is the relaxation rate at zero-temperature, Eph is
the energy of the highest-frequency phonons in the lattice
whose energies times p matches the band gap, k is the
Boltzmann constant and T is the absolute temperature.

This indicates that a temperature increase of such crys-
tals as YAG, vanadate or silicate crystals may be used
for improving s2 parameter without influencing s1 signifi-
cantly. In the present paper we have focused at YAG as
a material with the best mechanical strength and thermal
conductivity.

It should further be noted that though the thermal con-
ductivity in YAG at 800 �C drops about 3 times in compar-
ison to room temperature, the reported value of �0.05 W/
(K cm) [9] remains an order of magnitude higher than that
of glass. Thus if it is practically possible to realize such a
hot laser medium, the benefit in comparison with Yb,Er-
doped bulk glasses can be much higher thermal damage
threshold and in comparison with Er-doped glass fiber
lasers the suitability for high peak power pulsed regimes.
Thus Er,Yb:YAG at high temperature is interesting to
investigate as a potential active material for three-level
�1.54 lm lasers. However, �1.6 lm quasi-four-level lasing
will be impossible at high temperature due to thermal pop-
ulation of the higher Stark components of the 4I15/2 level.
Of course, the three-level nature of the 1.54 lm system
should increase the lasing threshold compared with
1.6 lm systems. Generally speaking, however, the high-
temperature solid-state laser operation regime is not an
artificial or impractical thing. For example, the active zone
temperature of continuously diode pumped Yb–Er glass
microchip lasers can reach hundreds of degrees centigrade.
It may even result in active element local melting [10].

The main objective of this phase of our work was the
study of Yb! Er energy transfer in Er,Yb:YAG crystal
and its’ spectroscopic properties at high temperatures. It
should be noted that the present investigation deals with
low level of erbium population only and does not include
the description of nonlinear (up-conversion) processes that
should be influential at the high Er population levels that
are required for laser action.

2. The crystal samples and experimental methods

The Er:YAG, Yb:YAG and Er,Yb:YAG samples used
for spectroscopic investigations were prepared by the verti-
cal zone melting method using optical heating. The follow-
ing crystals were investigated:

• 2 · 1020 cm�3 Er:YAG singly-doped sample.
• 1.38 · 1020 cm�3 (1 at.%) Yb:YAG singly-doped

sample.
• 0.97 · 1020 cm�3 Er: x · 1020 cm�3 Yb:YAG co-doped

samples with x = 4.7, 9.7, 14 and 17.
• 0.69 · 1020 cm�3 Er: x · 1020 cm�3 Yb:YAG co-doped

samples with x = 9.7, 14 and 17.
• 0.49 · 1020 cm�3 Er: x · 1020 cm�3 Yb:YAG co-doped

samples with x = 9.7, 14 and 17.
• 0.34 · 1020 cm�3 Er: 17 · 1020 cm�3 Yb:YAG co-doped

sample.
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For high-temperature measurements the samples were
placed into a home-made resistant heated ceramic tube
oven with open ends. The temperature was controlled by
a thermocouple. The absorption spectra were measured
using an incandescent lamp, a Ge photodiode and a grating
monochromator in a single-beam scheme. Emission spectra
were measured using similar optical arrangement under
975 nm laser diode excitation.

Most lifetime measurements have been done using short
pulse (�30 ls) laser diode excitation. At high temperatures
(400–800 �C) the s2 measurements accuracy dropped due to
thermal radiation and s2 decrease. In this temperature
range the absorption of Q-switched ruby laser radiation
by the 4F9/2 Er level was found enough for accurate mea-
surements. Due to the high luminescence quantum yield
in the Yb3+ 2F5/2 level lifetime measurements, these mea-
surements were held in small crystal samples (<0.3 mm)
immersed in glycerin to avoid the possible reabsorption
effect.

3. The results

The results of the lifetime measurements (s1, s2 as well as
the Yb3+ 2F5/2 level lifetime in single-doped crystals) are
presented in Fig. 2. It can be seen from Fig. 2 that neither
the Yb3+ 2F5/2 level lifetime nor the Er3+ upper laser level
lifetime s1 are significantly temperature influenced in the
investigated temperature range. In contrast to this, s2 drops
about twice with every 200 �C above room temperature. In
the temperature range 600–800 �C the s1, s2 parameters of
Er ions in YAG, as well as Yb3+ lifetime, become compa-
rable with corresponding room-temperature parameters in
phosphate based laser glasses.

To make a rough comparison of this statement with the-
oretical predictions, the band gap can be approximated as
3750 cm�1 [11], which can be bridged by five phonons
around 750 cm�1, which are available in YAG [12]. Using
100 ls as the lifetime at room temperature, Eq. (1) then
Fig. 2. Temperature dependencies of Yb3+ and Er3+ excited states
lifetimes. The squares correspond to the theoretical values for the 4I11/2

Er3+ level according to Eq. (1).
gives predictions for the lifetimes at �200 �C degrees
(115 ls) and +200 �C degrees (62.5 ls) that correspond
well with the measurements. However, at higher tempera-
tures there is a significant discrepancy and at 800 �C the
single-frequency model predicts a value of 10 ls while the
measurements give a value close to 4 ls. The reason might
be an increased influence of additional relaxation processes
involving lower-energy phonons omitted in the single-fre-
quency model.

The next step of our investigation was the measurements
of Yb and Er absorption and emission spectra in YAG at
elevated temperatures. Measured absorption and emission
spectra of Yb3+ and Er3+ in the singly-doped samples are
presented in Figs. 3 and 4, respectively. Yb absorption
spectrum is significantly widened at 800 �C in comparison
to room temperature. At 800 �C, in contrast to room tem-
perature, Yb ions in YAG even exhibit noticeable
(�0.2 cm�1) absorption at 1.06 lm. This should make it
possible to pump Er,Yb:YAG by neodymium lasers in
the same way as Er,Yb: glass can be pumped at room
temperature.

Erbium emission spectrum in YAG at 800 �C is also
seriously widened in comparison to the room temperature
one. The high temperature spectrum has no sharp narrow
peaks at 1.61, 1.64 lm corresponding to transitions to the
upper Stark components of the 4I15/2 manifold. The main
peak at 1.54 lm is substantially widened but the emission
cross-section remains significant (5–6 · 10�21 cm2) – again
a value close to that in glass at room temperature.

The resulting gain curves for different population inver-
sions are given in Fig. 5. It is evident that the lasing thresh-
old will be increased since a population inversion of 0.6
seems necessary to give noticeable gain at 800 �C, as
opposed to 0.4 at room-temperature. The reason for this
is the increased thermal population of the higher order
Stark levels. Consequently, while lasing is expected to start
in one of the two peaks above 1600 nm at room-tempera-
ture, due to low reabsorption loss, this is not the case at
800 �C. Instead the gain spectrum becomes quite broad
Fig. 3. Yb:YAG absorption spectra at 20 �C and 800 �C. Yb concentra-
tion is 1.38 · 1020 cm�3.



Fig. 4. Er:YAG emission and absorption spectra at 20 �C (a) and 800 �C
(b).

Fig. 5. Calculated gain curves for Er3+ in YAG at different population
inversions (Nu/Nl) and at 20 �C (a) and 800 �C (b). Er concentration is
1020 cm�3 and the crystal lengths are 3 mm.

Fig. 6. The W dependencies on Er concentration at room-temperature.
Solid circles refer to 9.7 · 1020 cm�3 Yb concentration, empty circles to
13.8 · 1020 cm�3 Yb concentration and solid triangles to 17.25 · 1020 cm�3

Yb concentration.
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between 1450 and 1600 nm. It follows that once the ele-
vated threshold is reached, the emission of the 800 �C crys-
tal should be widely tunable and have excellent properties
for broadband amplification. A drawback, however, is that
the reduced emission cross-sections give a reduced gain. In
fact, the gain in a 3 mm long crystal at 800 �C is compara-
ble to the gain in a 1 mm long crystal at room-temperature.

The next investigation stage was the measurements of
the Yb–Er energy transfer kinetics in Er,Yb co-doped crys-
tals at various temperatures. To avoid the possible reab-
sorption effect in samples with relatively high (>50%) Yb
luminescence quantum yield, room-temperature measure-
ments were held in small crystal samples (<0.5 mm)
immersed in glycerin. In high-temperature measurements
no immersion was used as it was found out that Yb3+ lumi-
nescence quantum yield drops abruptly. The diode laser
excitation pulse at 975 nm had a duration of 30 ls in these
measurements. Practically in all cases (with the exception
discussed below) the decay curves were pure exponential.
Thus the Yb–Er energy transfer rate was defined by the for-
mula W(T) = 1/se � 1/s0 where se is the temperature
dependent e-fold Yb lifetime in Yb,Er co-doped sample
and s0 is likewise the temperature dependent Yb lifetime
in an Er-free sample. Fig. 6 presents several W dependen-



Fig. 8. Yb luminescence kinetics at 800 �C for various pump pulse
durations. 1 refer to 30 ls, 2 refer to 500 ls and 3 refer to 3000 ls.
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cies on Er content in samples with constant Yb content at
room temperature. It is clearly seen that the energy transfer
rate is directly proportional to the erbium concentration.

The W dependencies on Yb concentration are substan-
tially more complicated. Fig. 7 presents an example of such
dependence in samples with a fixed Er concentration of
9.7 · 1019 cm�3. It appears that there is no monotonous
increase in Yb! Er energy transfer rate with increasing
Yb concentration as is the case in laser glasses. One can
see that there is a definite optimum in Yb concentration
which shifts slightly towards higher values with rising tem-
perature. Judging from Fig. 7, it seems that, for 0.97 ·
1020 cm�3 Er concentration, the optimal Yb concentration
is 1–1.4 · 1021 cm�3 within the temperature range of 600–
800 �C.

As for the absolute value of energy transfer rate, Fig. 7
shows that W increases strongly with temperature and at
600–800 �C an energy transfer quantum yield (gYb–Er =
1 � se/s0) of �80% can be provided in samples with
�1020 cm�3 Er. Here se is the Yb lifetime in the Er co-
doped sample and s0 is the corresponding lifetime in sin-
gly-doped Yb:YAG.

Another effect of the temperature influence on the Yb
luminescence kinetics in Yb,Er co-doped samples could be
reliably observed only at the highest temperature �800 �C.
Fig. 8 presents an example of Yb luminescence kinetics in
a sample with 9.7 · 1019 cm�3 Er and 14 · 1020 cm�3 Yb
concentrations at various excitation pulse durations (30,
500 and 3000 ls). In about 400 ls after the end of the pump
pulse, the ‘‘usual’’ exponential kinetics ‘‘drags out’’ and
transforms into another exponent of the millisecond time
scale. This effect is especially well observed in the case of
long pulse durations. All three kinetic curves presented in
Fig. 8 are well approximated by a sum of two exponents with
the e-fold times 150–160 ls and 4.3–4.8 ms.

The reason for this phenomena is related to the thermal
population of the 4I11/2 level from the 4I13/2 level. At room-
Fig. 7. The W dependencies on Yb concentration at various temperatures.
Erbium content is constant, 0.97 · 1020 cm�3. Solid triangles refer to
800 �C measurements, empty circles to 600 �C measurements and solid
circles to 20 �C measurements.
temperature, the Boltzmann factor giving the ratio between
the equilibrium populations of the 4I11/2 level and the 4I13/2

level is �10�8 while at 800 �C it becomes approximately
6 · 10�3. It follows, that once the initial relaxation from
the 4I11/2 level has populated the 4I13/2 level significantly,
there is a thermal population of the 4I11/2 level that decays
at the same rate as the 4I13/2 level. Apparently, at long exci-
tation pulse durations, the population of the upper laser
level becomes large enough for the thermal mechanism of
the 4I11/2 level population to dominate. Note that this ther-
mal population also couples with the 2F5/2 level in Yb
through resonant energy transfer. Due to these two pro-
cesses the lifetime of the upper laser level decreases. This
was measured in our experiments to give a lifetime reduc-
tion from 5.3 ms to 4.8 ms.

4. Conclusion

The results obtained show that spectroscopic properties
of Er,Yb:YAG at high (600–800 �C) temperatures differ
radically from the room-temperature properties. There is
a substantial decrease in the phonon-limited 4I11/2 Er3+ life-
time that is significantly stronger than predicted by the sin-
gle-frequency model. Actually, many of the key parameters
such as 4I11/2 and 4I13/2 Er3+ lifetimes and Yb3+–Er3+

energy transfer rate, become comparable with that of Er,Yb
laser glasses at normal conditions, a fact that could even
make high-temperature YAG a potential host for three-
level 1.54 lm lasers. In order to evaluate the possibility of
such lasing it is required to study the Er3+ upper laser level
population under high intensity pumping into Yb3+ absorp-
tion band. Now this investigation as well as the high-tem-
perature study of some other Yb–Er crystals is in progress.
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