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The Yb** to Er®* energy transfer in yttrium aluminum borate (YAB) crystal is investigated with the rate
equation without considering the back energy transfer. The energy transfer coefficients (W5s) in the crys-
tals with different Yb3* concentrations are determined and compared with those in other crystals. The
transfer efficiencies and the micro-parameters of energy transfer and migration are also determined.

The results show that the energy transfer from Yb>* to Er®* in YAB crystal is very efficient and the
Yb**-Er** co-doped YAB crystal may be a good candidate for the 1.55 um laser media.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The laser emission around wavelength of 1.55 pm, which is lo-
cated in the “eye-safe” region [1] and plays an important role in the
optical communication as amplifier [2], can be obtained from the
1372 > 5> transition in the Er®*-doped materials. However,
the Er**-doped materials cannot be efficiently pumped by the InG-
aAs laser diodes because of the week absorption of Er** at the
wavelength of 980 nm. Generally, the solution is adding another
ion as a sensitizer to improve the pumping efficiency. As a sensi-
tizer, a broad and high absorption band around the pump wave-
length is necessary. Fortunately, Yb>* jon can entirely satisfy
these requirements. In the Yb®>" and Er** co-doped materials, the
pumping energy can be absorbed by Yb*" efficiently and trans-
ferred to the Er>*. Furthermore, the Yb>* ion has only two energy
levels, which makes it no excited state absorption or up-conversion
losses in principle. So Er** and Yb>* co-doped materials have re-
ceived great attention as laser media at 1.55 pum [3-6].

YAI53(BOs)4 (YAB) is a non-linear optical crystal with excellent
chemical and physical properties [7,8], which has been demon-
strated as an efficient self-frequency-doubling (SFD) material
[9,10]. The structure of the crystal is trigonal with space group
R32. The good laser results around 1.55 pm have been achieved
in Yb>* and Er®* co-doped YAB crystal [11,12], but the energy trans-
fer properties constitute an important factor for optimization of
these crystals. So in this paper, the energy transfer from Yb>" to
Er** in the YAB crystal is studied on the basis of the rate equations.
The energy transfer coefficient and other related parameters have
been determined. The fluorescence lifetime of the 2F5,2 level of
Yb>" ion has been measured and used to calculate the energy trans-
fer efficiency. To make the analysis of energy transfer simply, the
anisotropy of the crystal were not considered.

* Corresponding author. Fax: +86 797 8312411.
E-mail address: you_wx@126.com (W. You).

0030-4018/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.0ptcom.2008.06.032

2. Experimental procedure

Yb3* and Er** co-doped YAB crystals were grown by the top
seeded solution method with a flux system of NaF-MoO3-B,0s.
Details of the growth procedures have been given previously
[13]. The Er** concentration in the melt was fixed at 1.3 at.%
whereas the Yb3* concentration was varied (6, 12, 20 at.%). The real
concentrations of the Yb>* and Er’* ions in YAB crystal were mea-
sured by inductively coupled plasma atomic emission spectrome-
try (ICP-AES) and summarized in Table 1. In brief, the three
samples were marked with #1, #2 and #3, respectively.

The polarized absorption spectra were recorded using a spectro-
photometer (Lambda900, Perkin-Elmer) in a range from 300 to
1700 nm. The resolution of the spectra is 1.0 nm. The emission
cross-sections were calculated using reciprocity method [14]. The
unpolarized absorption and emission cross-sections are derived
from the polarized cross-sections by using ¢ = (269 + ¢™)/3. The
unpolarized emission spectra within 900-1700 nm are detected
using spectrophotometer (FL920, Edinburgh) when the exciting
wavelength was 657 nm corresponding to the 4115,2 - 4F9/2 transi-
tion of Er>* ion. The resolution of the emission spectra is 1 nm. The
fluorescence decay curves at wavelength of 1030 nm were also re-
corded using spectrophotometer (FL920, Edinburgh) when a
microsecond flash lamp (1F900, Edinburgh) was used as the pump
source and the exciting wavelength was 976 nm. The signal was
detected with a near-infrared (NIR) photomultiplier tube (PMT)
(R5509, Hamamatsu).

3. Results and discussion
3.1. Spectroscopic properties and rate equation

Fig. 1 shows the schematic energy level diagrams of Yb*" and
Er** ions and the relevant transitions including the energy transfer
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Table 1
The Yb** and Er** concentration in the melts and crystals

Samples Melt (at.%) Crystal (at.%)

Yb Er Yb Er
#1 6 13 5.89 1.66
#2 12 1.3 12.17 1.49
#3 20 1.3 18.84 147
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Fig. 1. The schematic energy level diagram, transitions and relevant energy
transfers in the Yb, Er:YAB crystal.

processes. The energy gap between the %F;;, and Fs;, levels of Yb3*
ion (between 9613 and 10672 cm™! [15]) matches well with that
between the *I;52 and *I;1; levels of Er** jon (between 9895 and
10344 cm ™' [16]). Fig. 2 shows the good overlap between the nor-
malized unpolarized absorption cross-section of Er>* and emission
cross-section of Yb3*. It means that, when the Yb>* ions are excited
to the ?Fs;, level, a resonant energy transfer from Yb®" to Er** ions
can occur and make the Er?* ions populate the 4111,2 level. Then, the
Er** ions in this level will decay either radiatively or non-radiative-
ly towards lower energy levels, or through a back energy transfer
to the Yb*".

Fig. 3 shows the emission spectra excited at 657 nm corre-
sponding to the *I;5;,—Fg; transitions of Er** ion. It can be seen
from the figure that there are many emission peaks in the range
of 1480-1620 nm, which was attributed to the transitions between
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Fig. 2. Spectra overlap between the normalized emission cross-section of the Yb*
sensitizer ions and the absorption cross-section of the Er** activator ions.
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Fig. 3. The unpolarized emission spectra of Yb, Er:YAB crystal, excited at 657 nm.

the stark energy levels of “I;3, and those of *I;5), of the Er** ion.
Furthermore, there are no emission signals or only the rather weak
signals within 900-1100 nm, which means that the population in
the “I;1/2 level quickly quenched to the “I;3; level due to the high
phonon energy of the YAB crystal and the back energy transfer can
be neglected. So in this paper the back energy transfer processes
are not considered. In addition, due to the weak pump power the
up-conversion is also negligible. According to the assumption
above, the energy transfer dynamics can be described by the rate
equations [4]

dN.

d—tZZO'YbQ’Nl —N2<A21 +W§1R) — WysN,N3 (1)
dN, NR N,

T (A WENs =2 @
dN N.

d—ts = WysN,N; — T—: 3)
N] =+ N2 = NYb (4)
N3 + N4 + N5 = Ng; (5)

where N; is the population of the i-level, Aj and W} is the radiative
and non-radiative transition probabilities between the i and j level,
7; is fluorescence lifetime of the i-level. Gy, is the Yb>* absorption
cross-section at the pumping wavelength, @ is the pumping flux,
Ng: and Ny, are the concentrations of Er** and Yb>" ion. W5 is the
energy transfer coefficient from Yb®* to Er’*,

When the steady stat is reached, all the derivations equal to
zero. Because of the weak pumping, it is assumed that, N; ~ Nyp,
N3 ~ Ng,. From the equation, the results can be obtained that

Oy, PN T2
N, = TPt 6
2 1+ WysN3 T, ( )
Ny = (A54 + W54)N5T4 (7)
N5 = W25N2N3T5 (8)

3.2. Determination of the transfer parameters

The energy transfer coefficient, W5s, is an important parameter
to evaluate the probability of energy transfer. It is well known that
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the energy transfer efficiency can be obtained by measuring the
fluorescence lifetimes of the 2Fs;, level of Yb** ions [17]
p T

T-— 9)

T A W g

where P is the energy transfer probability, 7o and 7, are the lifetimes
of ?Fs, level of Yb*" in the single Yb**-doped and the Er** and Yb**
co-doped crystals, respectively. It can be derived from Eq. (1) that

P = W2sNs

Then we have

n- (A Wit) oy
(T—=mNs (1 =n)NkTo

For single Yb**-doped material, the lifetime of the *Fs, level is dif-
ficult to be obtained accurately because of the radiation trapping
[18]. Some authors have introduced a method to obtain the lifetime
of the single Yb**-doped YAB crystal without the influence of radi-
ation trapping and the value is 533 ps [19]. T in the co-doped mate-
rials are 103 ps, 30 ps, and 17 ps, respectively. So the energy
transfer efficiencies are 80.7%, 94.4%, 96.8%, respectively. It shows
that the energy transfer from Yb3* to Er’* is very efficient. The
dependence of transfer efficiency on Yb®" concentration is shown
in Fig. 4. The energy transfer efficiency increased with the increas-
ing Yb3* concentration because the energy migration becomes more
effective with decreasing donor-acceptor distances. Substituting
the value of energy transfer efficiency # into Eq. (10), the energy
transfer coefficient W55 can be obtained and listed in Table 2.

W25 =

(10)

The energy transfer efficiency can be also calculated using the
critical interaction distance [20]

Ro

_ 11
RS +R® (n

n
where R is the average donor-acceptor distance, which depends on
the total Yb** and Er>* ion concentration N and follows the relation
R = (25)" [21]. Ro is the critical interaction distance, at which the

47N
energy transfer efficiency is 50% and can be expressed by [6]

0 — 874n2 em abs

where n is the refractive index of crystal and c is the velocity of
light. The calculated critical interaction distance is listed in Table
2. According to Eq. (11), the energy transfer efficiencies for #1, #2
and #3 samples are 90.6%, 96.9% and 98.6%, respectively. The com-
parison of the energy transfer efficiencies calculated by Eq. (9)
(experimental) and Eq. (11) (theoretical) is shown in Fig. 4. It can
be seen from the figure that in the high Yb®' concentration
(>10 at.%), the energy transfer efficiencies calculated by experiment
are accordant with those calculated by theory. But in the low Yb3*
concentration (<10 at.%), the value calculated by experiment is dis-
cordant with that calculated by theory. The discrepancy may be due
to the fact that in the low Yb®" concentration, not all the Yb3* ions
are near to the Er>* ions, some energies can not be transferred to the
Er** ions, so the energy transfer efficiency calculated by experiment
is lower than that calculated by theory.

In addition, the micro-parameters of energy transfer Cpa and
energy migration Cpp are important parameters for energy trans-
fer. These two parameters corresponding to the Yb>*-Er®* interac-

RS = 3CTo / o ()% (1)di 12)

100 1 = tion and Yb**-Yb>?* interaction can be derived from Dexter [22]
98 4 ;
] —=—theoretical / 4
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S g8 ] where h = h/2m, h is plank constant. Qapy = [dabs(E)dE is the integral
= g6 absorption cross-section G,,s of acceptor Er** (donor Yb>") transi-
84 tion within 900-1100 nm. Fapy and fp(E) are the normalized
g2 . absorption and emission cross-section line shape of Er** (Yb*")
] N and Yb?* ion, respectively. Ap = A, is the radiative transition prob-
80 1 abilities between 2Fsj, and °F;, level of Yb** ion and can be calcu-
78 1 lated by the following equation [23]:
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Fig. 4. Comparison of the energy transfer efficiencies obtained from the experiment B .
and theory. The solid lines are guide for the eyes. J4 = / l4g(l)d2 (16)
Table 2
Comparison of energy transfer parameters in some Yb>* and Er3* co-doped crystals
Sample YLF YCOB YAB
#1 #2 #3
Yb** concentration (10%° ions/cm?) 14.0 8.8 3.26 6.74 10.43
Er®* concentration (10%° ions/cm?) 1.4 0.88 0.92 0.83 0.81
Cpa (10732 cm®s71) 4.1 2.69 5.1
Cpp (1022 cm®s71) 19.0 8.45 28.8
Yb-Er critical interaction distance Rq (A) 16 7.7 121
Transfer coefficient W5 (1071 cm®s™1) 0.021 1.3 0.87% 3.90% 6.84%
1.36° 2.82° 437°
Reference [20] [21] This work

2 Calculated by Eq. (10).
b Calculated by Eq. (17).
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where T, is the radiative lifetime of 2Fs, level of Yb**, gem(2) is the
emission cross-section at the wavelength 4, and the g(1) is the nor-
malized line shape function All the quantities contributing to the
micro-parameters Cpa and Cpp can be also determined experimen-
tally. In our calculation, Ap = 1590 s~ and we obtained

Cpa=51x10cm®s!

This value is comparable with those determined in other Yb** and
Er** co-doped materials, such as 4.1 x 1073° cm® s~! for Yb, Er:YLF
crystal [24] and 2.69 x 1073° cm® s~! for Yb, Er:YCOB crystal [25].

Similarly, the energy migration micro-parameter between Yb>*
ions can be calculated

Cop = 2.88 x 1078 cm® 5!

On the other hand, Tkachuk [26] introduced another method to cal-
culate the energy transfer coefficients (W,5) according to the Cpa
and CDD

41321
Ws :TNYD\/ CoaCop (17)

The values of W,5 calculated by Eq. (17) with different Yb®* concen-
trations are also summarized in Table 2 and compared with those
calculated by Eq. (10). It can be seen from the table that the W5 cal-
culated by Eq. (17) are accordant with those calculated by Eq. (10)
and in YAB crystal, the energy transfer coefficients are comparable
with or higher than those in other materials, which means that
the energy transfer from Yb®* to Er>* can be more efficient.

4. Conclusion

The Yb>" to Er** energy transfer in YAB crystal have been inves-
tigated in this paper. The energy transfer coefficients (W5s) have
been determined by using the simplified rate equations and com-
pared with those calculated by Tkachuk model. In the Yb, Er:YAB
crystal, the energy back transfer is not considered because of the
high phonon energy of borates, causing almost all the *I;;j, popu-
lation rapidly non-radiative transition to 4113,2 level of Er** ions.

The other parameters, such as micro-parameters of energy transfer
and energy migration and the transfer efficiencies are also deter-
mined. The transfer efficiencies are very high. The results show
that the energy transfer from Yb*" to Er’* ions is very efficient.
So the Yb>* and Er?* co-doped YAB crystal may be a good candidate
for the 1.55 um laser media.
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