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a b s t r a c t

Congruent Zr/Er:LiNbO3 and Zr/Er/Yb:LiNbO3 crystals were grown by the Czochralski technique. The

structural properties of the grown crystals were confirmed by the powder X-ray diffraction (XRD)

patterns. The introduction of Zr4þ ions decreased the intensities of the green and red upconversion

emissions in Er:LiNbO3 crystal. The green emission resulted from the two- and three-photon processes

and I11/2þ I11/2- F7/2þ I15/2 were contribution to the reduced green and red emissions. Zr ions

doping shortened the lifetime of the 4S3/2-
4I15/2 transition, which was responsible for the decreased

green emission in Er:LiNbO3 crystal. In the case of Zr/Er/Yb:LiNbO3 crystal, an enhancement of red

emission with respect to the green emission was observed. It was proposed that there was a possible

cross relaxation process 4I13/2þ
4I13/2-

4F9/2þ
4I15/2 in Zr/Er/Yb:LiNbO3 crystal.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Lithium niobate (LiNbO3) crystal has garnered much research
interest due to its excellent diverse physical properties, such as
electro-optical, acousto-optical, ferroelectric, piezoelectric and
nonlinear optical properties [1,2]. Inspired by the pioneering
concepts of integrated optics (IO), advances in the development
of Er-doped LiNbO3 (Er:LiNbO3) waveguide device have been
achieved [3,4]. Recently, particular interest has been given to
the fundamental investigation on the three-dimensional (3D)
Er:LiNbO3 photonic crystals since the refractive index of LiNbO3

(about 2.2) is higher than the required refractive index of 1.9 in
3D photonic bandgap (PBG) materials [5,6]. Furthermore,
Er:LiNbO3 crystal could emit the visible green and red upconver-
sion (UC) emissions, covering broad potential application areas,
including novel display technologies, optical data storage and
undersea communications [7,8].

In order to suppress the optical damage of LiNbO3 crystal, the
popular Zr4þ ion is selected since its threshold concentration is
lower than 2.0 mol%, and its distribution coefficient is close to
1 [9]. The high threshold concentration of the traditional optical
damage resistant ions (4.6 mol% for Mg2þ , 7.0 mol% for Zn2þ ,
5 mol% for In3þ and 4.0 mol% for Hf4þ ion) makes it difficult to
grow LiNbO3 crystals of good optical quality [10–13]. Bodziony
ll rights reserved.

g),
and Kaczmarek reported that the occupation and the defect
structure of an impurity ion in LiNbO3 crystal can be understood
by Electron paramagnetic resonance (EPR) [14]. Experimental
results suggested that there was the presence of Yb3þ

�Yb3þ

pairs in Yb:LiNbO3 host crystal [15,16].
In general, Er:LiNbO3 crystal sensitized by Yb3þ ions has been

accepted to improve the optical characteristics of Er3þ ion under
980 nm excitation [17,18]. This is because Yb3þ ion has a large
absorption cross section around 980 nm and can efficiently
transfer its energy to Er3þ ion [19]. In this paper, Zr4þ (4 mol%)/
Er3þ (1 mol%):LiNbO3 and Zr4þ (4 mol%)/Er3þ (1 mol%)/Yb3þ

(1 mol%):LiNbO3 crystals were grown by the Czochralski techni-
que. The X-ray diffraction (XRD) was measured to understand the
structural properties. The upconversion emission and the time
decay spectra were discussed. The pump power dependences and
the UC mechanisms in Zr/Er:LiNbO3 and Zr/Er/Yb:LiNbO3 crystals
under 980 nm excitation have been studied.
2. Experimental

The congruent (Li/Nb¼48.6/51.4) LiNbO3 crystals doped with
Zr4þ (4 mol%)/Er3þ (1 mol%) and Zr4þ (4 mol%)/Er3þ (1 mol%)/
Yb3þ (1 mol%) were grown by the Czochralski method along the
ferroelectric c axis. Er3þ (1 mol%):LiNbO3 and Er3þ/Yb3þ (1 mol%/
1 mol%):LiNbO3 crystals were also grown for a comparison. The
detailed crystal growth procedures were depicted in Ref. [20].
The grown crystals were polarized at 1200 1C with a current
density of 5 mA/cm2. The four crystals are named as Zr/Er-4/1,
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Fig. 1. XRD patterns of Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crystals.

Table 1
Lattice constants of standard sample and Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crystals.

Samples a¼b (nm) c (nm) V (nm3)

Pure LiNbO3 0.5148 1.3863 0.31821

Zr/Er-4/1 0.5022 1.3741 0.30013

Zr/Er/Yb-4/1/1 0.5008 1.3753 0.29871
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Fig. 2. The green and red UC emission spectra under 980 nm excitation (A) Er-1

and Zr/Er-4/1 crystals; (B) Er/Yb-1/1 and Zr/Er/Yb-4/1/1 crystals.
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Zr/Er/Yb-4/1/1, Er-1 and Er/Yb-1/1, respectively. The boules were
cut into Y-cut plates X�Y� Z¼10�2�10 mm3 with carefully
polished surfaces.

The powder X-ray diffraction (XRD) patterns were recorded by
the D/max-6000 diffraction analysis (SHIMADZU Inc, Japan) with
Cu Ka radiation (l¼0.15406 nm). The upconversion emission
were radiated by the diode laser operating at 980 nm wavelength
and recorded by the spectrometer (Bruker optics 500IS/SM)
equipped with a semiconductor cooled charge coupled device
detector (DV440, Andor). The lifetimes of the 4S3/2-

4I15/2 transi-
tion were measured by square-wave modulation of the electric
current input to the 980 nm diode laser, and the induced time-
resolved curves were recorded by a Yokogawa DLM 2054 digital
phosphor oscilloscope.
3. Results and discussions

Fig. 1 shows the powder X-ray diffraction (XRD) patterns of
Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crystals. Compared with the pure
hexagonal phase (space group:R3c) of stoichiometric LiNbO3

structure (JCPDS no. 85-2456), no new peaks appeared in Zr/Er-
4/1 and Zr/Er/Yb-4/1/1 crystals indicate the phase purity of
LiNbO3 product. The lattice constants are calculated by the
least-squares method, and the unit cell volumes could be
obtained by the formula V¼(a2c)� cos 301. The lattice constants
of ideal LiNbO3 crystal are a¼0.514829 nm and c¼1.38631 nm
[21]. The octahedra sequence of pure LiNbO3 crystal lattice is
repeated as [Nb, vacancy, Li], and there are four sites in LiNbO3

crystal, i.e., three octahedral sites (Liþ , Nb5þ and cation vacancy)
and a tetrahedral interstitial site [22]. Table 1 presents the lattice
constants of Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crystals, which are
smaller than those of pure LiNbO3 crystal. It has been demon-
strated that Er3þ and Yb3þ ions occupy mostly Liþ sites [23].
Therefore, based on Li vacancy defect model [24], Er3þ and Zr4þ

ions occupy Liþ sites, and ErLi
2þ and ZrLi

3þ defect groups are formed
in Zr/Er:LiNbO3 crystal. Since the polarization abilities of Er3þ

(45.9) and Zr4þ (38.4) are much larger than that of Liþ (4.2), the
lattice constants of Zr/Er-4/1 crystal decrease. The further
reduction of lattice constants in Zr/Er/Yb-4/1/1 crystal is attrib-
uted to the large polarization ability of Yb3þ (50.7). From the
view point of the crystallographic considerations, EPR results
showed that the Er3þ–Er3þ pairs locate besides isolated Er3þ

ions [25].
The UC emission spectra of Er-1 and Zr/Er-4/1 under 980 nm

excitation are shown in Fig. 2A. The green UC emissions centered
at 525/550 nm are ascribed to the 2H11/2/4S3/2-

4I15/2 transitions
of Er3þ ion. The red UC emission (660 nm) arises from the 4F9/2

-4I15/2 transition [26]. It is obvious that the intensities of green
and red UC emissions decrease with the introduction of the Zr4þ

ions. Fig. 2B illustrates the UC emission spectra of Er/Yb-1/1 and
Zr/Er/Yb-4/1/1 crystals under 980 nm excitation. The Zr4þ tridop-
ing leads to a decreased green UC emission and an increase of red
UC emission in Zr/Er/Yb:LiNbO3 crystal. The experimental results
show that the Zr4þ ions result in the different red UC emissions in
Er:LiNbO3 and Er/Yb:LiNbO3 crystals.

To better understand the UC mechanism, the intensity of green
UC emission is measured as a function of the pump power. The
pump power dependences of Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crys-
tals are presented in log–log plot of Fig. 3. In general, for an
unsaturated UC process, the required number of photons to
populate the upper emitting state can be obtained by the relation
IfpPn [27], where If is the fluorescence intensity, P is the pump
laser power, and n is the required number of photons. As
illustrated in Fig. 3, the n values are equal to 2.5 and 2.1 for
Zr/Er-4/1 and Zr/Er/Yb-4/1/1 crystals, respectively. The n value of
2.5 deviates from the expected n¼2, implying that a three-photon
process is involved to populate the green UC emission besides a
two-photon process in Zr/Er-4/1 crystal. The n¼2.1 observed for
Zr/Er/Yb-4/1/1 crystal consists with the well known two-photon
process to populate the 4F7/2 excited state of Er3þ ion [28]. The
pump power dependences of Er-1 and Er/Yb-1/1 crystals under
980 nm excitation are not investigated here, since the detail
studies have been discussed by several groups [29,30].
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Fig. 3. Pump power dependences for the green UC emission in Zr/Er-4/1 and

Zr/Er/Yb-4/1/1 crystals under 980 nm excitation.
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Fig. 4 displays the energy levels of Er3þ ion as well as the
proposed UC mechanism in Zr/Er-4/1 crystal. Under 980 nm
excitation, Er3þ ions at the 4I15/2 state are excited to the 4I11/2

state via ground state absorption (GSA: 4I15/2þa 980 nm
photon-4I11/2). Then a second 980 nm photon excites the Er3þ

ion from 4I11/2 to 4F7/2 state through excited state absorption
(ESA1: 4I11/2þa 980 nm photon-4F7/2). The Er3þ ions at the 4F7/2

state nonradiatively relax to the 4S3/2/2H11/2 states, which subse-
quently decay radiatively to the 4I15/2 state producing the green
UC emission. Due to the long lifetime of 4I11/2 state, the cross
relaxation (CR2) process, 4I11/2þ

4I11/2-
4F7/2þ

4I15/2, is contribu-
tion to the population of the 4F7/2 state. Alternatively, Er3þ ions at
4I11/2 state would nonradiatively relax to the 4I13/2 state, in which
Er3þ ions are excited to the red emitting 4F9/2 state through ESA3:
4I13/2þa 980 nm photon-4F9/2. The three-photon process is
depicted as follows: After GSA and ESA1, a third 980 nm photon
promotes the Er3þ ion from 4S3/2 state to the 4G11/2 state by ESA2:
4S3/2þa 980 nm photon-4G11/2. Since the 2H9/2 state can be
fed fast via decaying nonradiatively from the 4G11/2 state, the
CR1 process, 2H9/2þ

4I15/2-
2H11/2/4S3/2þ

4I13/2, may occur. It is
obvious that CR1 process could increase the population of the
4S3/2 and 4I13/2 states, and then the intensities of the green and red
UC emissions increase. Therefore, the reduced intensities of green
and red UC emissions (shown in Fig. 2A) imply that the CR1 and
CR2 processes are suppressed by the introduction of Zr4þ ions.

The energy level diagrams of Er3þ and Yb3þ ions as well as the
proposed mechanisms in Zr/Er/Yb:LiNbO3 crystal are shown in
Fig. 5. Since Yb3þ ions have a much large absorption cross section
around 980 nm wavelength, the laser excitation of Er3þ ions is
neglected. Yb3þ ions are pumped to the 2F5/2 state by absorbing
the 980 nm photons, and further transfer their energy to excite
Er3þ ions from 4I15/2 to 4I11/2 state via energy transfer (ET1: 4I15/2

(Er3þ)þ2F5/2 (Yb3þ) -4I11/2 (Er3þ)þ2F7/2 (Yb3þ)). The 4F7/2 state
of Er3þ ion is populated via ET2: 4I11/2 (Er3þ)þ2F5/2 (Yb3þ)-4F7/2

(Er3þ)þ2F7/2 (Yb3þ). As for the red UC emission, the 4F9/2 state
is fed from Yb3þ ions (ET3: 4I13/2 (Er3þ)þ2F5/2 (Yb3þ)-4F9/2

(Er3þ)þ2F7/2 (Yb3þ)). A possible CR3 process (4I13/2þ
4I13/2-

4F9/2

þ
4I15/2) may occur between the two neighboring Er3þ ions.

According to Fig. 5, the CR3 process will lead to an increased
population of 4F9/2 state, and in turn a depopulation of the 4I13/2

state of Er3þ ion.
Fig. 6 illustrates the decay curves of 4S3/2-

4I13/2 transition in
Er-1 and Zr/Er-4/1 crystals under 980 nm excitation, which are
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fitted by single- and double-exponential function, respectively.
The single-exponential function is depicted as follow:

IðtÞ ¼ Aexpð�t=tÞþ I0 ð1Þ

where I0 is the background light intensity, t is the luminescent
lifetime of green UC emission, and A is the weight factors. It can
be seen that the luminescent lifetime is 78.87 ms for Er-1 crystal.
As for Zr/Er-4/1 crystal, a double-exponential function is used to
fit the decay dates [31]:

IðtÞ ¼ I0þAf e�t=tf þAse
�t=ts ð2Þ

where I0 is the background light intensity, tf and Af are the fast
components of the luminescent lifetime and the weight factor,
respectively. ts and As are the slow components of the lumines-
cent lifetime and the weight factor, respectively. The nonexpo-
nential behavior of 4S3/2-

4I13/2 transition in Zr/Er-4/1 crystal is
because that the 4S3/2 states of Er3þ ion are populated by ESA
or ET. It is well known that Af and As correspond to ESA and ET,
respectively. The value ratio of the fast to slow component (Af/As)
represents the relative contribution of ESA and ET. The mean
decay lifetime (tm) could be calculated by the following equation
[32]:

tm ¼

Z 1
t0

IðtÞ

Imax
dt ð3Þ

where Imax is the maximum of I(t)[Imax¼ I(t0¼0)]. As shown in
Fig. 6, the fast and slow luminescent lifetimes are tf¼42.5 ms and
ts¼93.7 ms, respectively; Af and As are equal to 0.67 and 0.33,
respectively. Af/As¼2 for Zr/Er-4/1 crystal suggests that the 4S3/2

state of Er3þ ion is mainly populated by ESA process in Zr/Er-4/1
crystal. The mean decay lifetime (tm) of Zr/Er-4/1 crystal is
59.4 ms, which is shorter than that of Er-1 crystal. The shortening
lifetime caused by Zr4þ ion doping means the reduction of green
UC emission in Zr/Er-4/1 crystal, in agreement with the experi-
mental results (Fig. 2A).
4. Conclusion

In conclusion, Zr/Er:LiNbO3 and Zr/Er/Yb:LiNbO3 crystals were
grown by the Czochralski technique. The two and three-photon
processes to populate the green UC emission are observed for
Zr/Er:LiNbO3 crystal under 980 nm excitation. The reduced inten-
sity of green UC emission is attributed to the decreasing cross
relaxation processes 2H9/2þ

4I15/2-
2H11/2/4S3/2þ

4I13/2 and 4I11/2

þ
4I11/2-

4F7/2þ
4I15/2 in Zr/Er:LiNbO3 crystal. The decay lifetime

of 4S3/2-
4I15/2 transition shows a exponential feature in

Er:LiNbO3 crystal, and the decay curve in Zr/Er:LiNbO3 crystal
is fitted by the double-exponential function. The Zr4þ doping
shortens the lifetime of green UC emission, which is responsible
for the reduction of green UC emission in Er:LiNbO3 crystal. As for
Zr/Er/Yb:LiNbO3 crystal, a decreased green and an increased red
UC emissions are observed. It is proposed that there is a possible
cross relaxation process (4I13/2þ

4I13/2-
4F9/2þ

4I15/2) in Zr/Er/
Yb:LiNbO3 crystal.
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196.
[5] N. Susumu, F. Masayuki, A. Takashi, Nature Photonics 1 (2007) 449.
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