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a b s t r a c t

The different influences of Zn2+, In3+ and Zr4+ ions on the optical characteristics of Er3+

ion in Er/Yb:LiNbO3 crystals were discussed. An enhanced 1.54 μm emission was observed
for Zr/Er/Yb:LiNbO3 crystal, but the Zn2+ tri-doping resulted in a decreased one, and the
intensity of 1.54 μm emission remained about same in In/Er/Yb:LiNbO3 crystal.
The populations of the green emitting 4S3/2/2H11/2 states were achieved through the
three-, two- and two-phonon processes in Zn/Er/Yb:LiNbO3, In/Er/Yb:LiNbO3 and Zr/Er/
Yb:LiNbO3 crystals, respectively. Zn2+ and In3+ ions affected the optical characteristics of
Er3+ ion via modifying the Er3+ ion occupancy in Er/Yb:LiNbO3 crystal. The formation of
ErLi

2+
–ErNb

2−
ion pairs caused by the Zn2+ and In3+ ions could increase the rate of cross

relaxation process. The OH− absorption spectra showed that the incorporation of Zr4+ ions
increased OH− content, which increased the probability of the nonradiative relaxation
process of 4I11/2-

4I13/2 (Er) in Zr/Er/Yb:LiNbO3 crystal. The J–O intensity parameters Ωt

(t¼2, 4 and 6), the radiative lifetime (τrad) and fluorescence branching ratio (β) in Zr/Er/Yb:
LiNbO3 crystal were predicted by Judd–Ofelt theory. Füchtbauer–Ladenburg and McCumber
methods were carried out to calculate the emission cross-sections at 1.54 μm emission. The
gain cross-section, estimated as a function of the population inversion ratio, allowed us to
evaluate a potential laser performance of Zr/Er/Yb:LiNbO3 crystal.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Erbium doped lithium niobate (Er:LiNbO3) crystal, emit-
ting Stokes or anti-Stokes luminescence, plays an important
role in the applications of lasers, biological imaging, infrared
detection, and solar cells [1–3]. In particular, the standard
telecommunication wavelength at 1.54 μm, arising from
the 4I13/2-4I15/2 transition of Er3+ ion, matches well the
All rights reserved.

ng),
“windows of transparency” [4]. Er:LiNbO3 crystal has been
used as one of most promising host materials to meet the
requirement of integration and miniaturization, since it
could combine the lasing characteristics of Er3+ ion with
the electro-optic and nonlinear optical properties of LiNbO3

crystal [5,6].
The photorefractive effect, inducing the birefringence

changes at high laser intensities, limits the performance of
Er:LiNbO3 crystal. Until now, comprehensive studies on
the suppression of the photorefractive effect in Er:LiNbO3

crystal have been investigated. It has been found that
codoping with anti-photorefractive ions, such as Mg2+,
Zn2+ and In3+, not only improves the photorefractive effect
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Table 1
Compositions of the crystals in the melt.

Sample no. Er3+ Yb3+ Zn2+ In3+ Zr4+

(X mol%)

Er/Yb-0.5 0.5 0.5 0 0 0
Er/Yb-1 1.0 1.0 0 0 0
Zn/Er/Yb:LN 0.5 0.5 5.0 0 0
In/Er/Yb:LN 0.5 0.5 0 2.0 0
Zr/Er/Yb:LN 1.0 1.0 0 0 2.0
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but also tunes the intensity of Stokes or anti-Stokes
luminescence in Er:LiNbO3 crystal. Sun and Zhang
reported that MgO, ZnO and In2O3 codoping could
enhance the 1.54 μm emission and simultaneously sup-
press the green upconversion (UC) emission in Er:LiNbO3

crystal [7–10]. The J–O intensity parameters Ωt (t¼2, 4 and
6), the radiative lifetime (τrad) and fluorescence branching
ratios (β) of Er:LiNbO3 crystals codoped with Zn2+, Mg2+,
In3+, Sc3+ and Hf4+ ions have been calculated and dis-
cussed by Judd–Ofelt (J–O) theory [10–14]. Although
breakthroughs in the optical characteristics of Er3+ ion in
Er:LiNbO3 crystals codoped with these conventional anti-
photorefractive ions have been gained, their high thresh-
old concentrations constitute still the main limitation for
the crystal of good optical quality [15–18]. Therefore, Zr4+

ion, which has a low doping threshold (2.0 mol%) and a
distribution coefficient close to 1 [19], will become the
most promising anti-photorefractive ion. It is generally
accepted that Yb3+ ion is used as a sensitizer to generate
highly efficient Stokes or anti-Stokes luminescence in Er3+

-doped host materials under 980 nm excitation. This is
because Yb3+ ion has a large absorption cross-section
around 980 nm wavelength and can transfer efficiently
its energy to Er3+ ion [20,21]. Recently, spectroscopic
characteristics of Er3+ ion in Er/Yb:LiNbO3 crystals tri-
doped with Zn2+ and In3+ ions have been discussed based
on J–O theory [22,23]. However, to our knowledge, there
are no detailed works on the spectroscopic analysis of Zr/
Er/Yb:LiNbO3 crystal. Moreover, it is unclear that if the
different effect of Zn2+, In3+ and Zr4+ ions on the optical
characteristics of Er3+ ion would be observed in Er/Yb:
LiNbO3 crystal.

In this paper, Er3+ (1 mol%)/Yb3+ (1 mol%):LiNbO3 crys-
tals tri-doped without and with Zr4+ ions were grown by
the Czochralski technique. For a comparison, the upcon-
version and near infrared emission spectra of Zn/Er/Yb:
LiNbO3 and In/Er/Yb:LiNbO3 crystals grown by the Czo-
chralski technique have been investigated. The OH−

absorption spectra of Er/Yb:LiNbO3 and Zr/Er/Yb:LiNbO3

crystals were studied. The intensity parameters Ωt (t¼2, 4
and 6), the radiative lifetime (τrad) and fluorescence
branching ratio (β) in Zr/Er/Yb:LiNbO3 crystal were
calculated by J–O theory. McCumber and Füchtbauer–
Ladenburg methods were used to discuss the emission
cross-section spectra of 1.54 μm emission, as well as the
gain cross-section spectrum for the 4I13/2-4I15/2 transition
was also analyzed.

2. Experimental

Congruent ([Li]/[Nb]¼0.946) Er/Yb:LiNbO3 crystals
tri-doped with ZnO, In2O3 and ZrO2 were grown by the
Czochralski technique. The purities of the raw materials
Li2CO3, Nb2O5, Er2O3, Yb2O3, ZnO, In2O3 and ZrO2 were
99.99%. The mixtures, which were mixed for 24 h, were
heated at 750 1C for 2 h to remove CO2 and then formed
polycrystalline powder via heating up to 1150 1C for 2 h.
The optimum technology conditions of crystal growth
were the axial temperature gradient of 40–50 K/cm, the
rotating rate of 10–25 rpm and the pulling rate of
0.5–2 mm/h. The grown crystals were polarized at
1200 1C with a current density of 5 mA/cm2. The polarized
crystals were cut into Y-plates (X� Y� Z≈10�2�10 mm3)
with optically polished surfaces. The compositions of these
grown crystals are listed in Table 1.

The inductively coupled plasma mass spectrometry
(ICP-MS, Optima 7500 Series, Agilent Technologies Inc,
Beijing) was used to determined the Er3+ ion content
([Er3+]/[Nb5+] ratio) in the crystal, and the obtained con-
centrations of Er3+ ion in Zr/Er/Yb:LN, Er/Yb-1 and Zn/Er/
Yb:LN crystals were 2.719�1020 cm−3, 2.832�1020 cm−3

and 1.416�1020 cm−3, respectively. The power-controllable
diode laser, operating at 980 nm wavelength, was used to
measure the near infrared and upconversion emission
spectra. All fluorescence emission spectra were recorded
at the same geometry by using the spectrometer (Bruker
optics 500IS/SM) equipped with a semiconductor cooled
charge coupled device detector (DV440, Andor). The
Fourier-Transform spectrophotometer (Niconet-710, Nico-
let, USA) was used to measure the OH− absorption spectra.
The UV–vis-near infrared absorption spectra in the
range from 300 to 1650 nm were measured by the CARY
spectrophotometer.

3. Results

3.1. Optical characteristics of Er3+ ion

Fig. 1 shows the near infrared emission spectra of
Er/Yb-0.5, Er/Yb-1, Zn/Er/Yb:LN, In/Er/Yb:LN and Zr/Er/
Yb:LN crystals under 980 nm excitation. The near infra-
red emission centered at 1540 nm corresponds to the
4I13/2-4I15/2 transition of Er3+ ion. It is can be seen from
Fig. 1A that Zr/Er/Yb:LN presents the 1.54 μm emission
about 3 times stronger than Er/Yb-1 crystal, which favors
to meet the requirement of broadband amplification and
lasing around 1.54 μm wavelength. As illustrated in Fig. 1B
and C, the intensity of 1.54 μm emission remains about the
same in In/Er/Yb:LN, while the introduction of Zn2+ ions
leads to a drastically decreased 1.54 μm emission in Zn/Er/
Yb:LN crystal.

The UC emission spectra of Er/Yb:LiNbO3 crystals
tri-doped with Zn2+, In3+ and Zr4+ ions under 980 nm
excitation are displayed in Fig. 2. The strong emission
peaks at 525/550 nm are assigned to the 2H11/2/4S3/2-4I15/2
transitions of Er3+ ion, respectively, and a weak red emis-
sion peak at 660 nm corresponds to the 4F9/2-4I15/2 transi-
tion [24]. As shown in Fig. 2A and B, the intensity of green
UC emission increases with the incorporation of Zn2+ ions,
whereas decreases with the tri-doping with In3+ ions. As for
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Fig. 1. The near infrared emission spectra of Er/Yb:LiNbO3 crystals tri-
doped with Zn2+, In3+ and Zr4+ ions under 980 nm excitation.
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Fig. 2. The upconversion emission spectra of Er/Yb:LiNbO3 crystals tri-
doped with Zn2+, In3+ and Zr4+ ions under 980 nm excitation.
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the red UC emission, the almost changeless intensities are
observed for Zn/Er/Yb:LN and In/Er/Yb:LN crystals. It is can
be seen from Fig. 2C that the Zr4+ tri-doping results in a
similar intensity of green UC emission and an increase of
red UC emission in Zr/Er/Yb:LN crystal.

To understand the UC mechanisms, double logarithmic
plots of the fluorescence intensity (If) versus pump power
(P) for the green and red UC emissions in Zr/Er/Yb:LN
crystal are shown in Fig. 3. For an unsaturated UC process,
the number of pump photons (n) required to populate the
emitting state can be obtained via the formula: If ∝Pn [25].
As seen in Fig. 3, the intensities of green and red UC
emissions show a quadratic dependence on the pump
power, indicating that a two-photon process has been
involved in producing the green and red UC emissions in
Er/Yb-1 crystal. As for the Zr/Er/Yb:LN crystal, the slope
values are equal to 2.2 and 1.7 for the green and red UC
emissions, respectively, which are consistent with the well
known two-photon process. The fact that the n value of 1.7
for Zr/Er/Yb:LN is lower than the expected value of 2 may
be due to “saturation” of the UC process. According to our
previous works [22], the slope values are found to be 3.27
and 2.72 for the green and red UC emissions, respectively,
in Zn/Er/Yb:LN crystal. This is an indication that the green
and red UC emissions are populated via the three-photon
processes in Zn/Er/Yb:LN crystal. The slope value is
observed to be 1.85 for the green UC emission in In/Er/
Yb:LN crystal, suggesting that a two-photon process is
involved in the population of the green emitting 4S3/2/2H11/2

states [26].
The energy levels of Er3+ and Yb3+ ions, as well as the

UC mechanisms in Zn/Er/Yb:LN, In/Er/Yb:LN and Zr/Er/Yb:
LN crystals are presented in Fig. 4. In the case of Er3+ and
Yb3+ ions codoped host materials under 980 nm excita-
tion, only the laser excitation of Yb3+ ion is considered due
to its large absorption cross section around 980 nm wave-
length and the efficient energy transition to Er3+ ion.
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Fig. 3. Pump power dependences of upconversion emission intensity in
Er/Yb-1 and Zr/Er/Yb:LN crystals under 980 nm excitation.



Fig. 4. The energy levels of Er3+ and Yb3+ ions and the upconversion
mechanisms in Er/Yb:LiNbO3 crystals tri-doped with Zn2+, In3+ and Zr4+
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Fig. 5. The OH− absorption spectra of Er/Yb-1 and Zr/Er/Yb:LN crystals.
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The UC mechanisms of Zn/Er/Yb:LN and In/Er/Yb:LN crys-
tals have been substantially depicted in the previous
literatures [22,26]. The important population processes
are briefly presented here. The three-photon process to
populate the green emitting 4S3/2/2H11/2 states in Zn/Er/Yb:
LN crystal is illustrated as follows: ET1: 4I15/2 Er+2F5/2
Yb-4I11/2 Er+2F7/2 Yb, ET3: 4I13/2 Er+2F5/2 Yb-4F9/2 Er+
2F7/2 Yb and ET4: 4F9/2 Er+2F5/2 Yb-4G11/2 Er+2F7/2 Yb.
Owing to the long lifetime of the 4I11/2 state, the cross
relaxation (CR) process, CR1: 4I11/2+4I11/2-4F7/2+4I15/2 (Er),
occurs between the two adjacent Er3+ ions in Zn/Er/Yb:LN
crystal. A two-photon process (ET1 and ET2: 4I11/2 Er+2F5/2
Yb-4F7/2 Er+2F7/2 Yb) substitutes the three-photon one to
populate the green UC emission in In/Er/Yb:LN and Zr/Er/
Yb:LN crystals. As for In/Er/Yb:LN crystal, there are three
CR processes: CR2: 4I9/2+4I15/2-4I13/2+4I13/2 (Er), CR3: 4S3/
2+

4I15/2-4I9/2+4I13/2 (Er) and CR4: 4S3/2+4I15/2-4I13/2+4I9/2
(Er). As shown in Fig. 4, different from In/Er/Yb:LN crystal,
CR5 process (4I13/2+4I13/2-4I15/2+4I9/2) occurs in Zr/Er/Yb:
LN crystal. It is believable that the occurrence of CR5
process may be attributed to the efficient nonradiative
relaxation (NR) process from the 4I11/2 to 4I13/2 state of Er3+

ion. This behavior will be explained by the OH− absorption
spectra of Zr/Er/Yb:LN and Er/Yb-1 crystal.

The OH− absorption spectra of Er/Yb:LiNbO3 tri-doped
without and with Zr4+ ions, shown in Fig. 5, display that
the bands occurring in the wavenumber range of 3450–
3550 cm−1 are assigned to the vibration of hydroxyl (OH−)
group. One can see that the introduction of Zr4+ ions leads
to a considerable increase of OH− absorption, meaning the
enhanced OH− content in Zr/Er/Yb:LN crystal. According to
Fig. 4, there is a competition between the NR process of
4I11/2-4I13/2 transition and ET2 process for the population
of the 4I11/2 state (Er). The rate of nonradiative relaxation
process (Wnr) can be determined by the following expres-
sion [27]:

Wnr ¼ Cexp −α⋅
ΔE
ℏω

� �
ð1Þ

where C and α are constants, ΔE is the energy gap between
the relaxing and the lower state, and ħω is the highest
phonon energy in the material. The value of ΔE=ℏω
represents the number of phonons (P) required to bridge
ΔE. According to the above equation, Wnr is inversely
proportional to P (ΔE=ℏω). The energy gap between the
4I11/2 and 4I13/2 state, which is about 3680 cm−1, is only
required one or two high frequency vibration OH− groups
to bridge. The presence of OH− groups could reduce the
number of phonons to bridge the energy gap between the
4I11/2 and 4I13/2 state and make the NR process drastically
efficient. Consequently, the large OH− content increases
the probability of the 4I11/2-4I13/2 nonradiative relaxation
process and simultaneously leads to an enhanced popula-
tion of the 4I13/2 state in Zr/Er/Yb:LN crystal. After the 4I13/2
state is largely populated, the CR5 process occurs in Zr/Er/
Yb:LN crystal.

Based on the Li vacancy defect model in LiNbO3 crystal
lattice [28], the Er3+ and Yb3+ ions occupy the Li sites and
form ErLi

2+
and YbLi

2+
defect groups, respectively. Consider-

ing the stabilization of the crystal lattice, the small
discrepancy of the ionic radius between the doped ion
and replaced one could decrease the degree of structural
disorder. The ionic radius of Zn2+, In3+ and Zr4+ ions are
0.74 Å, 0.8 Å and 0.72 Å, respectively. As Zn2+ and In3+ ions
are induced into Er/Yb:LiNbO3 crystals, Er3+ and Yb3+ ions
are compelled to occupy Nb sites due to the following
reason: the discrepancy of the ionic radius between Zn2+

(0.74 Å)/In3+ (0.8 Å) and Li+ (0.76 Å) ion is smaller than
that between Er3+ (0.881 Å)/Yb3+ (0.858 Å) and Li+ ion.
Therefore, ErLi

2+
–ErNb

2−
, ErLi

2+
–YbNb

2−
, YbLi

2+
–ErNb

2−
and YbLi

2+
–YbNb

2−

ion pairs are formed in Zn/Er/Yb:LN and In/Er/Yb:LN crystals.
Since the defect stacking sequence of the LiNbO3 crystal
doped with the cation (Mn+) along c-axis can be described as
{…MLi

(n−1)+
, MNb

(n−1)−
, □, MLi

(n−1)+
, MNb

(n−1)−
, □, MLi

(n−1)+
, MNb

(n−1)−
, □,

…}, the distance between the ErLi
2+
–ErNb

2−
ion pair is shorter

than that between the ErLi
2+
–ErLi

2+
or ErNb

2−
–ErNb

2−
. It is well

known that the rate of CR process is inversely proportional
to the distance between two neighboring rare-earth ions.
Consequently, the formation of ErLi

2+
–ErNb

2−
ion pairs favors the

efficient CR process. According to Fig. 4, the increasing
CR1 process caused by the Zn2+ tri-doping increases the
population of 4F7/2 state and in turn depopulates the 4I11/2
state of Er3+ ion. Further, the population of 4I13/2 state (Er)
decreases with the introduction of Zn2+ ions since the 4I13/2
state is populated by NR process of 4I11/2-4I13/2 transition.
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The overall result is the observed increase of green UC
emission and a decrease of 1.54 μult is the shown in Figs. 1
and 2A. The fact that the ErLi

2+
–ErNb

2−
ion pairs formed in In/Er/

Yb:LN crystal result in the increased rates of CR2, CR3 and
CR4 processes is responsible for the reduction of green UC
emission, in agreement with the experimental results illu-
strated in Fig. 2B. In contrast, the discrepancy of the ionic
radius between Zr4+ (0.72 Å) and Li+ (0.76 Å) is larger than
that between Zr4+ and Nb5+ (0.69 Å). Accordingly, as Zr4+

ions are induced into LiNbO3 crystal lattice, they would like
to occupy Nb sites at low doping concentration. This may
explain the lower threshold concentration of Zr4+ ion in
LiNbO3 crystal. Since Zr4+ ions occupy Nb sites at low
concentration, there is little effect of Zr4+ ions on the Er3+

ions replaced Li sites, and further on the rate of CR5 (4I13/2+
4I13/2-4I15/2+4I9/2) process. The drastic enhancement of
1.54 μm emission induced by Zr4+ ions arises from the
efficient NR process of 4I11/2-4I13/2 transition in Zr/Er/Yb:
LN crystal.
3.2. Judd–Ofelt analysis

The UV–vis-near infrared absorption spectra of Er/Yb-1
and Zr/Er/Yb:LN crystals in the range from 300 nm to
1650 nm are shown in Fig. 6. It is clear that the transitions
from the 4I15/2 ground state to the 4G9/2, 4G11/2, 2H9/2, 4F3/2,
4F7/2, 2H11/2, 4S3/2, 4F9/2 and 4I13/2 states of Er3+ ion produce
the absorption bands centered at 368 nm, 381 nm, 410 nm,
453 nm, 492 nm, 525 nm, 550 nm, 660 nm and 1540 nm.
The 980 nm absorption band arises from the overlapping
of the 4I15/2-4I11/2 transition of Er3+ ion and the 2F7/2-
2F5/2 transition of Yb3+ ion.

The spectroscopic characteristics of Er3+ ion in Zn/Yb/
Er:LN, In/Yb/Er:LN and Zr/Yb/Er:LN crystals can be under-
stood by J–O theory which have been reported in detail in
earlier Refs. [29–31]. The electric- and magnetic-dipole
line strengths (Sed and Smd) and the local field electric- and
magnetic-dipole correction factor (Xed and Xmd) are given
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Fig. 6. The UV–vis-near infrared absorption spectra of Er/Yb-1 and Zr/Er/
Yb:LN crystals.
by [32]:
SedðJ-J′Þ ¼ e2 ∑

t ¼ 2;4;6
Ωt j〈SLJjjUðtÞjjS′L′J′〉j2 ð2Þ

SmdðJ-J′Þ ¼ eh
4πmc

� �2

j〈SLJjjL
,
þ 2S

,
S′L′J′〉j2
���� ð3Þ

XedðmdÞ ¼
XedðmdÞðneÞ þ XedðmdÞðnoÞ

2
ð4Þ

where λ is the barycentre wavelength at a given absorption
band; m, c and h are the mass of the electron, light speed
in vacuum and Planck's constant, respectively; J and J′ are
the initial and final manifold, respectively. Since the value
of j〈SLJjjUðtÞjjS′L′J′〉j2, doubly reduced matrix elements of
the unit-tensor operator U(λ), is independent on host
material, its value can be obtained from Ref. [33]. It is
found via Eq. (3) that the value of Smd for the 4I15/2-4I13/2
transition is calculated to be 69�10−8. In Eq. (4), no and ne
are ordinary and extraordinary refractive indices of LiNbO3

crystal, which could be obtained from the Sellmeier
equation [34].

Accordingly, the theoretical transition strength fthe (J-J′)
of Er3+ ion can be calculated by the following equation:

f theðJ-J′Þ ¼ 8π2mc
3hð2J þ 1Þλ Χed

Sed
e2

þ Χmd
Smd

e2

� �
ð5Þ

Based on the measured UV–vis-near infrared absorp-
tion spectra (Fig. 6), the experimental transition strength
fexp (J-J′) is evaluated from:

f expðJ-J′Þ ¼ mc2

Nπe2λ2
1

0:43d

Z
ODðλÞdðλÞ ð6Þ

where d is the thickness of the sample, OD(λ) is the optical
density and N is the number of rare earth ions per unit
volume. The intensity parameters Ωt (t¼2, 4 and 6) are
calculated by using a least-squares fitting in combination
with Eqs. (5) and (6).

The root mean-square deviation (δrms) is used to deter-
mine the accuracy of the fitting results, and the calculated
equation is given by:

δrms ¼
∑L

J0 ¼ 1ðf exp−f theÞ2
L−3

 !1=2

ð7Þ

where L is the number of the absorption bands involved in
the fitting, fthe is obtained by inducing the J–O parameters
Ωt (t¼2, 4 and 6) into Eq. (5).

The other important parameters, the fluorescence
branching ratio (β) for the J-J′ transition and the radiative
lifetime (τrad), are calculated by using the obtained inten-
sity parameters Ωt (t¼2, 4 and 6) and the following
equations:

τJ ¼ 1=∑
J0
AðJ-J′Þ ð8Þ

β¼ AðJ-J′Þ=∑
J0
AðJ-J′Þ ð9Þ

AðJ-J′Þ ¼ 4π2e2n3h
3m2c2ð2J þ 1Þλ3 j〈SLJjjL

,
þ 2S

,
jjS′L′J′〉j2

þ 64π4e2

3hð2J þ 1Þλ3
nðn2 þ 2Þ2

9
∑

t ¼ 2;4;6
Ωt j〈SLJjjUðtÞjjS′L′J′〉j2

ð10Þ



Table 2
The theoretical (fthe) and experimental transition strength (fexp) and J–O
intensity parameters Ωt (t¼2, 4 and 6) of Zr/Er/Yb:LN and Er/Yb-1
crystals. The unit is 10−20 cm2 for Ωt (t¼2, 4 and 6), and the unit is
10−8 for fthe and fexp.

Transition 4I15/2 - Er/Yb-1 Zr/Er/Yb:LN

fexp fthe fexp fthe

4I13/2 119.269 119.206 151.341 148.187
4F9/2 201.082 183.353 2.524 206.256
4S3/2 24.803 15.489 37.103 27.927
2H11/2 511.195 470.628 865.948 770.407
4F7/2 135.024 110.485 189.329 151.590
4F3,5/2 45.810 31.155 72.102 56.432
2H9/2 55.603 32.926 75.801 51.525
4G11/2 903.862 926.435 1450.349 1518.602
4G9/2 121.597 164.099 158.696 177.800
δrms (�10−7) 3.08 5.30
Ω2 4.16 8.10
Ω4 3.67 3.72
Ω6 0.71 1.28

Table 3
The J–O intensity parameters Ωt (t¼2, 4 and 6) in Er/Yb:LN crystals tri-
doped with Zn2+, In3+ and Zr4+ ions, and those in the other Er3+ doped
crystals.

Sample Ω2 Ω4 Ω6 Refs.

(�10−20 cm2)

Zr/Er/Yb:LN 8.10 3.72 1.28 This work
Zn/Er/Yb:LN 7.23 3.15 1.43 [22]
In/Er/Yb:LN 9.44 5.50 2.39 [23]
GdVO4 12.60 2.50 0.76 [36]
LuVO4 13.28 3.04 1.60 [37]
YAlO3 2.83 1.39 1.29 [38]
Lu2SiO5 4.45 1.61 1.16 [39]
KGd(WO4)2 8.90 0.96 0.82 [40]

Table 4
The radiative lifetime (τrad) and fluorescence branching ratios (β) in Zr/Er/
Yb:LN and Er/Yb-1 crystals.

Transition Zr/Er/Yb:LN In/Er/Yb:LN Zn/Er/Yb:LN

β τrad (μs) β τrad (μs) β τrad (μs)

4I13/2-4I15/2 1 2659.6 1 1519.6 1 2533.4
4I11/2-4I13/2 0.1529 1585.1 0.1400 977.1 0.1487 1527.1
4I15/2 0.8471 0.8600 0.8514
4I9/2-4I11/2 0.0054 839.0 0.0044 548.4 0.0060 950.7
4I13/2 0.1229 0.1484 0.1533
4I15/2 0.8716 0.8472 0.8407
4F9/2-4I9/2 0.0138 116.8 0.0091 74.9 0.0150 128.2
4I11/2 0.0240 0.0258 0.0277
4I13/2 0.0448 0.0428 0.0435
4I15/2 0.9175 0.9223 0.9139
4S3/2-4F9/2 ≈0 170.5 ≈0 91.8 ≈0 154.2
4I9/2 0.0422 0.0383 0.0377
4I11/2 0.0196 0.0191 0.0190
4I13/2 0.2552 0.2564 0.2566
4I15/2 0.6826 0.6859 0.6864
2H11/2-

4F9/2 0.0024 19.8 0.0023 16.5 0.0023 21.9
4I9/2 0.0098 0.0105 0.0101
4I11/2 0.1728 0.1460 0.1898
4I13/2 0.0132 0.0155 0.0132
4I15/2 0.8018 0.8258 0.7847
2H9/2-

4F7/2 0.0016 31.6 0.0016 24.4 0.0015 31.9
2H11/2 0.0044 0.0047 0.0040
4F9/2 0.1486 0.1166 0.1498
4I9/2 0.3339 0.2597 0.3367
4I11/2 0.0765 0.0790 0.0720
4I13/2 0.2537 0.2874 0.2420
4I15/2 0.18123 0.2510 0.1941
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where ∑J0AðJ-J0Þ is the reciprocal of the total spontaneous
emission probabilities, and the value of A (J-J′) is named
as Einstein spontaneous emission probability. In Eq. (10),
the first and second terms are the electric- (Aed (J-J′)) and
magnetic-dipole (Amd (J-J′)) radiation, respectively.

The calculated experimental transition strengths (fexp),
theoretical ones (fthe), the root mean-square deviation
(δrms) and the J–O intensity parameters Ωt (t¼2, 4 and 6)
in Er/Yb-1 and Zr/Er/Yb:LN crystals are illustrated in
Table 2. The parameters δrms are 5.30�10−7 and 3.08�
10−7, respectively, for Zr/Er/Yb:LN and Er/Yb-1 crystals.
The similar value of δrms has been found in the previous
calculated δrms in Er:LiNbO3 crystal [35], suggesting the
creditability of J–O intensity parameters here. It is well
known that Ω2 is dependence on the asymmetry and
covalency of Er–O band. The behavior that the Zr4+

tri-doping increases the value of Ω2 means Er3+ ion in a
more polarized environment of Zr/Er/Yb:LN crystal. Since
the polarization characteristic of the Er3+ ion is related to
the Er3+-site symmetries, Zr4+ ions modify the Er3+-site
symmetries and improve the 1.54 μm emission. The bulk
properties and rigidity of the samples are mainly affected
by Ω4 and Ω6. In order to understand clearly the effect
of Zn2+, In3+ and Zr4+ ions on the spectroscopic
characteristics of Er3+ ion, the J-O intensity parameters
Ωt (t¼2, 4 and 6) in Zn, In, Zr/Er/Yb:LN and the other Er-
doped host materials are displayed in Table 3.

The radiative lifetimes (τrad) and fluorescence branch-
ing ratios (β) in Zn/Er/Yb:LN and Zr/Er/Yb:LN are calculated
by use of Eqs. (8)–(10) and these parameters in In/Er/Yb:
LN crystal have been reported in Ref. [23], which are listed
in Table 4. It can be seen that the radiative lifetime (τrad) of
4I13/2 state (Er) are 2659.6 μs, 1519.6 μs and 2533.4 μs for
Zr/Er/Yb:LN, In/Er/Yb:LN and Zn/Er/Yb:LN crystals, respec-
tively. The lengthening lifetime observed in Zr/Er/Yb:LN
favors to design the practical device of 1.54 μmwaveguide.
The fluorescence branching ratio (β) of the 4S3/2-4I15/2
transition decreases from 0.6864 of Zn/Er/Yb:LN to 0.6826
of Zr/Er/Yb:LN crystal. The small fluorescence branching
ratio (β) means the low probability of radiative transition.
The small β value of 0.6823 indicates the weak green UC
emission in Zr/Er/Yb:LN crystal. It is expected that the Zr4+

tri-doping could lead to an efficient 1.54 μm emission in
Zr/Er/Yb:LN crystal, since the suppression of green UC
emission is beneficial to the amplification gain at 1.54 mm
emission [8].

3.3. Emission cross-section calculation

In order to predict quantitatively the performance of
lasers and amplifiers, McCumber (M-C) and Füchtbauer–
Ladenburg (F–L) theories are used to determine the
absorption and emission cross-sections. Based on F–L
theory, the emission cross-section is determined from
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Fig. 8. Gain cross-section spectra for the 4I13/2-4I15/2 transition of Er3+

ion as a function of the inverted population rate P.
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the measured near infrared emission spectra (Fig. 1), and
the calculation equation is given by [41]:

sFL−emðλÞ ¼
λ5

8πcn2τ

IðλÞR
λIðλÞdλ ð11Þ

where λ is the emission wavelength observed in the near
infrared emission spectrum, τ is the radiative lifetime, and
n is the refractive index.

The emission cross-section also can be obtained from
the calculated absorption cross-section spectra via using
the M-C relation [42]:

sMC−emðλÞ ¼ sabsðλÞ
Zl

Zu
exp

EZL−hc=λ
kT

� �
ð12Þ

where h, c and k are Planck's constant, the light speed in
vacuum and Boltzmann constant, respectively; the ratio of
Zl/Zu is equal to 0.8, in which Zl and Zu are the partition
functions for the lower and upper levels involved in the
considered optical transition, respectively; EZL is the
energy of the zero-line between the lowest crystal field
components of the electronic states. The term sabs(λ),
representing the absorption cross-section, can be calcu-
lated by the following equation [43]:

sabsðλÞ ¼ 2:303
ODðλÞ
Nd

ð13Þ

where λ is the absorption wavelength, OD (λ) is the optical
density, N is the concentration of Er3+ ion in the crystal
and d is the thickness of the sample.

Fig. 7 shows the absorption and emission cross-sections
for the 4I13/2-4I15/2 transition of Er3+ ion in Zr/Er/Yb:LN
crystal. As illustrated in Fig. 7, despite the peak shapes of
the two emission cross-sections are discrepancy, the
values of sMC−em and sFL−em are almost same, indicating
that the obtained calculated results by use of M-C and F–L
theories are believable here. Based on F–L theory, the
emission cross-section at 1547 nm and 1533 nm are
6.75�10−21 cm2 and 6.60�10−21 cm2, respectively.
The emission cross-section calculated by M-C theory at
1529 nm is equal to 7.18�10−21 cm2. It has been reported
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Fig. 7. The absorption and emission cross-section spectra of Zr/Er/Yb:LN
crystal.
that the maximum sem in In/Er/Yb:LN and Zn/Er/Yb:LN
crystals through F–L theory are calculated to be 17.0�
10−21 cm2 and 8.42�10−21 cm2, respectively. Although the
value of emission cross-section in Zr/Er/Yb:LN crystal is
smaller than those in In/Er/Yb:LN and Zn/Er/Yb:LN crystals,
it is larger than those in Er:LaGaO3 (sem¼5.9�10−21 cm2)
and Er:Sr3Y(BO3)3 (4.75�10−21 cm2) [44,45].

Fig. 8 illustrates the gain cross-section of 4I13/2-4I15/2
transition in Zr/Er/Yb:LN crystal as a function of P ranging
from 0 to 1, which is calculated by using the obtained
absorption and emission cross-sections [46].

gðλÞ ¼ PsemðλÞ−ð1−PÞsabsðλÞ ð14Þ
where P is the population inversion ratio of Er3+ ions,
defined as the ratio of the electron population densities of
4I13/2 to that of 4I15/2 state. As P is equal to 0.75 in the gain
cross-section spectra, the value of g (λ) achieves a positive
value at 1484 nm. It can be seen that a relatively flat in the
spectral range from 1549 nm to 1628 nm is observed at
P¼0.5, corresponding to the C-band communication.

4. Conclusions

In conclusion, Er/Yb:LiNbO3 crystals tri-doped with
different anti-photorefractive ions such as Zn2+, In3+ and
Zr4+ present the dissimilar optical characteristics of Er3+

ion. The green emitting 4S3/2/2H11/2 states of Er3+ ion are
populated by a three-photon process in Zn/Er/Yb:LN crys-
tal. The introduction of Zn2+ ions leads to an increase of
green UC emission and a decreased 1.54 μm emission,
which arises from the efficient cross relaxation process
4I11/2+4I11/2-4F7/2+4I15/2 (Er). Similar to Zn2+ ion, In3+ ion
affects the optical characteristics of Er3+ ion via tuning
the occupancy of Er3+ ion in In/Er/Yb:LiNbO3 crystal. The
behavior that the formation of ErLi

2+
–ErNb

2−
ion pairs induced

by In3+ ions increases the three cross relaxation processes
(4I9/2+4I15/2-4I13/2+4I13/2, 4S3/2+4I15/2-4I9/2+4I13/2 and 4S3/2+
4I15/2-4I13/2+4I9/2) is contribution to the decreased green UC
emission. The significantly enhanced 1.54 μm emission has
been realized in Er/Yb:LiNbO3 crystal tri-doped with
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Zr4+ ions under 980 nm excitation. A fast nonradiative
relaxation process of 4I11/2-4I13/2, arising from the increased
OH− content, is responsible for the efficient 1.54 μm emission
in Zr/Er/Yb:LN crystal. The J–O intensity parameters Ωt (t¼2,
4 and 6) of Zr/Er/Yb:LN crystal are calculated to be
Ω2¼8.10�1020 cm2, Ω4¼3.72�1020 cm2 and
Ω6¼1.28�1020 cm2, respectively. Zr/Er/Yb:LN crystal has
the lengthening radiative lifetime (τrad) of 4I13/2 state (Er)
and the small fluorescence branching ratio (β) of 4S3/2
-4I15/2 transition. These J–O intensity parameters suggest
that the Zr4+ ion could be considered as an optimal anti-
photorefractive ion in Er/Yb:LiNbO3 crystal. The absorption/
emission cross-sections and the gain cross-section show that
Er/Yb:LiNbO3 tri-doped with the anti-photorefractive ions
would be the potential laser operation at around 1.54 μm
emission.
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