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» OH™ and UV-vis-near infrared absorption spectra of Er:LiNbOs5 crystals.

» Stokes and anti-stokes luminescence spectra of Er:LiNbO3; and Zn/Er:LiNbOs.
» Relation between structural and optical characteristics of Er:LiNbO3 crystals.
» Near infrared emission spectra of Er:LiNbO5 crystals under 980 nm excitation.
» ]-O parameters, absorption and emission cross section spectra are discussed.
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Congruent Er:LiNbOs5 crystals were grown by Czochraski method. The OH™ absorption and UV-vis-near
infrared absorption spectra indicated that Er>* cluster sites were formed in LiNbO; crystal doped with
3 mol% Er®* ions. Studies on the stokes and anti-stokes spectra showed that the formation of Er** cluster
sites could increase the rate of cross relaxation processes. Judd-Ofelt theory was carried out to discuss
the spectral characteristics of Er** ions in Er:LiNbO; crystals. Based on Fiichtbauer-Ladenburg and
McCumber theory, the emission cross section of the 4113/2 — 4115/2 transition of Er** ion was calculated,
and the potential laser performance was evaluated by the gain cross section spectra. Er:LiNbO;3 crystal
codoped with Zn?* jons was also grown to discuss the relation between the defect structure and optical
characteristics of Er** ion.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Er:LiNbO3 crystal has attracted tremendous research interest
since it combines the nonlinear optical properties of LiNbO3; with
the amplifying and lasing characteristics of Er** ion [1-3]. The
upconversion (UC) emission arising from the activated rare-earth
ions is important for practical applications such as UC laser, biolog-
ical imaging, temperature sensors, biolabels and DNA detection [4-
6]. In particular, owing to electronic energy level scheme of Er** ion
allowing for many radiative transitions, it becomes an ideal candi-
date for upconversion emission [7,8]. The near infrared emission
around wavelength of 1.54 um arising from the *l;3;, — *I;52 tran-
sition of Er’* ion is eye-safe and matches well the third telecom-
munication window [9,10]. At present, Er:LiNbOs3 crystal has
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been successfully applied in the Erbium-doped fiber amplifier
(EDFA) which is one of the key elements employed in the wave-
length-division-multiplexing (WDM) network of optical communi-
cation [11,12].

To meet the practical application requirements of fluorescence,
many researches on manipulating UC color output of rare-earth ion
have been developed. It has been reported that adjusting the rate
of cross relaxation processes, such as °S,/°Fs (Ho)+ 2Fsp,
(Ce) - 5F5 (HO) + 2F7/2 (Ce) and 515 (HO) + 2F5/2 (Ce) - 517
(Ho) + 2F7/2 (Ce), could tune the UC emission from green to red in
Yb®*/Ho>":NaYF, nanocrystals tridoped with Ce3* ions [13]. F. Vet-
rone has reported that the increased rate of cross relaxation pro-
cess (*F72+ *Ti1j2 — “Fop2 + *Fo2) leads to an enhancement of red
UC emission and a reduction of green emission in Er’*:Y,05 sam-
ples under 980 nm excitation [14]. Studies on these previous works
indicated the optical characteristics of rare-earth ion may be gov-
erned by the rate of cross relaxation mechanisms. As for Er:LiNbO;
crystal, the defect structure in crystal lattice affected the
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fluorescence efficiency [15]. A decreased green UC emission and
the enhancement of near infrared emission were observed via
adjusting the distribution of Er>* ion in Er:LiNbOj5 crystal. However,
despite the extensive investigations on Er:LiNbOj3 crystals for opti-
cal characteristics of Er** ions were reported, few reports on the
relation between the defect structure of LiNbOs crystal and the
optical characteristics of Er>* ion have appeared in the literature.

In this paper, LINbO; doped with 0.5, 1 and 3 mol% Er®* ions and
Er:LiNbO; codoped with Zn?* ions were grown by Czochralski tech-
nique. The concentration of Er** ions in the crystal was determined
by the inductively coupled plasma mass spectrometry (ICP-MS).
The OH™ absorption and UV-vis-near infrared absorption spectra
of Er:LiNbOs crystals were measured to study the defect structure
of crystal lattice. The stokes and anti-stokes luminescence emis-
sion spectra were used to investigate the relation between the dop-
ant occupancy and optical characteristic of Er** ion in Er:LiNbOs
crystals. The Judd-Ofelt intensity parameters of Er:LiNbO3 crystals
were calculated, and the absorption and emission cross section
spectra, as well as the gain cross section spectra of 4113/2 — 4115/2
transition in Er-3 crystal as a function of P ranging from O to 1 were
studied.

2. Experimental

Congruent LiNbO3 crystals doped with 0.5, 1 and 3 mol% Er**
ions were grown along the ferroelectric ¢ axis by Czochralski tech-
nique. Er** (3 mol%):LiNbO5 crystal codoped with 6 mol% Zn?* ions
was also grown. An axial temperature gradient of 40-50 K/cm, the
rotating rate of 10-25rpm and the pulling rate of 0.5-2 mm/h
were chosen to grow these crystals. The grown crystals were polar-
ized at 1200 °C with a current density of 5 mA/cm?. The boules
were cut into Y-cut plates (X x Yx Z=10 x 2 x 10 mm?) with
carefully polished surfaces. The three crystals are named as Er-
0.5, Er-1 and Er-3, respectively.

The Er content ([Er**]/[Nb>*] ratio) in the crystal was deter-
mined by the inductively coupled plasma mass spectrometry
(ICP-MS, Optima 7500 Series, Agilent Technologies Inc., Beijing).
The OH™ absorption spectra were measured by Fourier-Transform
spectrophotometer (Niconet-710, Nicolet, USA). The CARY spectro-
photometer was used to measure the ultraviolet-visible (UV-vis)-
infrared absorption spectra in the range from 300 to 1650 nm. A
power-controllable 980 nm diode laser was used to measure the
upconversion and near infrared emission spectra. All fluorescence
emissions were recorded at the same geometry by using the spec-
trometer (Bruker optics 500IS/SM) equipped with a semiconductor
cooled charge coupled device detector (DV440, Andor).

3. Results and discussion

The estimated Er contents ([Er>*]/[Nb®*] ratio) in the crystal are
given in Table 1. It is well known that the segregation coefficient is
defined as the ratio of the ion concentration in the crystal to that in
the melt. As illustrated in Table 1, the segregation coefficient of
Er** ion decreases with the increasing concentration of Er** ions
in the melt.

Table 1
Molar compositions of Er** ion in melt/crystal and the concentration of Er** ions.
Er-0.5 Er-1 Er-3
[Er*]/[Nb>*] content in melt/(mol%) 0.5 1 3
The segregation coefficient of Er** ion 1.54 1.51 147
[Er**]/[Nb>*] content in crystal/(mol%) 0.77 1.51 4.41
Er>* concentration in crystal (x10%° cm™3) 1.454 2.85 8.33

3.1. OH™ absorption spectra

The OH™ absorption spectra of Er-0.5, Er-1 and Er-3 crystals,
shown in Fig. 1, illustrate that the OH™ peaks of the three crystals
are at 3486 cm™!, 3489 cm™! and 3495 cm™!, respectively. are at
3486 cm !, 3489 cm ™' and 3495 cm ™!, respectively. Li vacancy de-
fect model has been established as one of the most popular model
for understanding the defect structure of LiNbOs3 crystal doped
with rare-earth ions [16]. As for congruent (|Li]/[Nb]=0.946)
LiNbOs crystal, the lithium-deficient leads to the formation of
intrinsic defect antisites Nb;" (the Nb>* ions locate in Li sites). As
well known, the stretching vibration of Nb;," —OH~ in pure LiNbO;
crystal appears at 3483 cm™! in the OH™ absorption spectra. When
Er** ion enters into LiNbO; crystal lattice, it replaces the antisite
Nbt firstly, and the Er2" defect is formed. The 3486 cm~' OH~
peak in Er-0.5 is attributed to the overlapping stretching vibration
of Nb/ —OH™ and Er’" —OH~ [17]. In the case of Er-1 and Er-3
crystals, 3489 cm~! and 3495 cm ™! OH™ peaks correspond to the
stretching vibration of Eri'—OH™ and Er’'—OH —ErZ,, respec-
tively [18]. The presence of Er;f —OH —ErZ, means the formation
of Er’* cluster sites in Er-3 crystal, which consist of one Ery; site
and one Eryy, site.

3.2. UV-vis-near infrared absorption spectra

Fig. 2 shows UV-vis-near infrared absorption spectra of Er-0.5,
Er-1 and Er-3 crystals. The absorption bands centered at 368,
381, 410, 453, 492, 525, 550, 660, 980 and 1540 nm are attributed
to the transitions from the ground *I;sj, state to the *Gopz, *“G112,
2H9/2, 4F3/2, 4F7/2, 2H11/2, 453/2, 4F9/2, 4111/2 and 4113/2 states of EI'3+
ion. The inset is the partial enlarged UV absorption spectra in the
range from 310 nm to 340 nm. It can be seen from the inset that
the absorption edge positions of Er-0.5, Er-1 and Er-3 crystals are
321 nm, 330 nm and 322 nm, respectively. Generally, the redshift
of absorption edge is ascribed to the decreasing valence electron
transition energy which is caused by the higher polarization ability
of the doped ion than that of the replaced ion. As for Er:LiNbO3;
crystal, the calculated polarization abilities of Nb%*, Er** and Li*
are 52.5, 45.9 and 4.2, respectively [19]. Therefore, the fact that
Li* ion is replaced by Er*" ion with the large polarization ability
causes the redshift of absorption edge. In contrast, the blueshift
is attributed to the large polarization ability of Nb>* ion substituted
by Er’* ion. Compared with the absorption edge at 322 nm of pure
LiNbO5 crystal, 0.5 mol% Er>* ions doping leads to little blueshift.
This is because Er** ion substitutes the larger polarization ability
of intrinsic defect antisites Nb;” (Nb°* ion locates Li site). The red-
shift of absorption edge from Er-0.5 (321 nm) to Er-1 (330 nm)

Absorptance (a.u.)

0.00 . . .
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Fig. 1. The OH ™ absorption spectra of Er:LiNbO3 crystals.
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Fig. 2. UV-visible-near infrared absorption spectra of Er:LiNbOs crystals. The inset
is the partial enlarged UV absorption spectra.

implies that Er>* ion replaces Li* ion, and Er’'—OH™ defects are
formed. The blueshift in Er-3 relative to Er-1 crystal indicates that
Er>* ion begins to occupy the natural Nb>* ion. Consequently, there
are Er** cluster sites (Er3'—OH—ErZ; ) in Er-3 crystal, in agreement
with the experimental results shown in OH™ absorption spectra.

According to the absorption cross section, namely, the optical
transition strength, the defect structure in Er:LiNbOs crystals could
be studied further. The absorption cross section can be calculated
by the following formula [20]:

> o= /b'and a()di = Z@da (1)

band band

where o(2) is the absorption cross section at the wavelength of 4,
which is defined by o/C, « is the absorption coefficient and can be
obtained from Fig. 2. C is the concentration of Er>* ion in the crystal
(see Table 1). Table 2 shows the calculated absorption cross sections
of Er-0.5, Er-1 and Er-3 crystals.

As illustrated in Table 2, the absorption cross section of
4G9/2/2H9/2/4F3/2/4F7/2/4S3/2/4F9/2 — 4[15/2 transitions in Er-1 is larger
than that in Er-0.5. However, all absorption cross section of transi-
tions, except for that of 4G9,2 — 4115/2 transition, decrease drasti-
cally when the concentration of Er** ions increases to 3 mol%.
Gill has reported that the absorption cross section of Er>* cluster
site is smaller than that of the Er’* isolated site [21]. Therefore,
the reduction of absorption cross section caused by doping
3 mol% Er®* ions suggests that the Er** cluster sites (Eri"—Er%;)
are formed in Er-3 crystal.

3.3. Defect structure of Er:LiNbO3 crystal

In order to understand the effect of Er** occupancy in crystal
lattice on the optical characteristics of Er>* ion, the sketch map of
LiNbOs and Er:LiNbOj3 crystals is given in Fig. 3. Er2" and ErZ, rep-
resent that Er** ions occupy Li and Nb sites, respectively. It is

Table 2
Absorption cross sections of Er:LiNbO3 in the UV-visible-near infrared region.
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Fig. 3. Sketch map of LiNbO3 and Er:LiNbOs crystals.

obvious that the distance between ErZ—Er3; is shorter than that

of Erf -Ery’ or Erj,—ErZ,. It is well known that the efficiency of
luminescence is dependent on the pump power, the concentration
of rare-earth ion, the rate of cross relaxation process. The rate of
cross relaxation (CR) process is inversely proportional to the dis-
tance between two neighboring ions. The CR process can readily
occur when the distance between ions is small enough. Conse-
quently, the formation of the Er** cluster sites (ErZ; —Erz;) will de-
crease the cross relaxation probabilities. The detailed discusses on
the relation between the occupancy and the optical characteristics
of Er** ion will be explained in a subsequent section.

3.4. Stokes luminescence spectra

The stokes luminescence spectra of LiNbO3 crystal doped with
various concentrations of Er’* jons (0.5, 1 and 3 mol%) under
476 nm diode laser are shown in Fig. 4, which exhibit a strong
green emission centered at 550 nm and a weak red emission at
660 nm (enlarged five times). The green and red emissions are as-
signed to the transitions from the “Ss; and “Fy; states to the “Iys,
ground state, respectively. It is obvious that the green emission in-
creases with Er3* ions of 1 mol%, and decreases at 3 mol%. The red
emission almost remains constant at 1 and 3 mol% Er** concentra-
tions. The energy levels of Er** ion as well as the possible cross
relaxation processes under 476 nm excitation are shown in Fig. 5.
By directly exciting to the 4F7/2 state, Er>* ions at this state relax
nonradiatively to the green emitting 453,2 state and further to the
red emitting 4F9/2 state. Due to the large population of the
“F;j, state, three CR processes may occur: CR1: *Sz;p + %5, —
419/2 + 4113/2, CR2: 41:7/2 + 4115/2 - 12+ 4111/2 and CR3: an/z +
12 = *Foj2 + *Fojp. It is obvious that these CR processes will
depopulate the “S;, state and then reduce the intensity of green
emission. Therefore, the reduction of the green emission means
the increased probability of CR processes in Er-3 crystal. Since CR
probability is inversely proportional to the distance between two
neighboring ions, the increased CR probability implies the forma-
tion of Er®* cluster sites (Er3" —Er%,) which have the short distance
between the two neighboring Er** ions. Consequently, the experi-
mental results suggest that the Er>* cluster sites indeed enhance
the probability of CR processes in Er:LiNbO3 crystal.

Sample Absorption cross sections (x1072! cm?)

Gop G Hop2 “F3p “Fap2 Hi12 8372 “Fop g ‘s
Er-0.5 1.03 25.87 0.89 0.93 3.30 26.6 0.82 6.79 5.79 44.0
Er-1 1.08 16.14 1.10 1.25 3.66 20.0 0.87 8.57 4.72 39.5
Er-3 1.41 9.44 0.73 0.88 2.36 115 0.52 5.33 3.01 22.2
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Fig. 4. The stokes luminescence spectra of Er:LiNbOs; crystals under 476 nm
excitation.
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Fig. 6. The anti-stokes luminescence spectra of Er-0.5, Er-1 and Er-3 crystals: (a)
under 800 nm excitation and (b) under 980 nm excitation.

3.5. Anti-stokes luminescence spectra

The anti-stokes luminescence spectra of Er-0.5, Er-1 and Er-3
crystals under 800 nm and 980 nm excitation are illustrated in
Fig. 6a and b, respectively. The green UC emissions centered at
525/550 nm are attributed to the *Hy1j2/S3)2 — “Iys)2 transition of
Er®* ion. The red UC emission arises from the *Fg, — *I;5/, transi-
tion [22]. As shown in Fig. 6a, the green UC emission increases
slightly with the increasing concentration of Er** ions, and a dra-
matically enhancement of red emission is observed for Er-3 crystal.
Under 980 nm excitation (shown in Fig. 6b), both intensities of
green and red UC emissions increase with the enhanced concentra-
tion of Er** ions.

In order to understand the upconversion mechanism, log-log
plots of the fluorescent intensity (I5) as a function of pump power
(P) are measured and shown in Fig. 7. The required number of pho-
tons (n) to populate the green emitting state can be obtained by the
relation Iroc P" for an unsaturated UC process [23]. As illustrated in
Fig. 7a, the green UC emissions at 525/550 nm yield n = 1.96, 1.94
and 1.64, respectively, for Er-0.5, Er-1 and Er-3 crystals under
800 nm excitation. This is an indication that two 800 nm photons
are needed to populate the green emitting states. Under 980 nm
excitation (Fig. 7b), the slope n values are observed to be 2.74
and 2.68 for Er-0.5 and Er-1, respectively. The slope n values, which
are larger than 2, indicate the participation of a three-photon pro-
cess in addition to the two-photon process to populate the green
upconversion emission. In the case of Er-3 crystal, the slope n val-
ues are 2.30 and 0.95 at the low and high pump power, respec-
tively, which were discussed in Ref. [24].

Fig. 8a and b illustrates the UC mechanism as well as the pro-
posed CR processes under the 800 nm and 980 nm excitation,
respectively. Under 800 nm excitation (Fig. 8a), the green emitting
’Hy, ,2/453/2 states are populated via two pathways: The first one is
the nonradiative relaxation from the Hgy, state which is populated
through GSA2: “I;s;, + a 800 nm photon — *lgj; and ESA1: g, +a
800 nm photon — Hgj,. The other one is fed from ESA2: 13, + a
800 nm photon — *Hyy . The two CR processes (CR4: 2Hyqpp +
i3z > *liip +*Fop and CR5: *F7pp + %12 — *Fopp + *Fop2) are
contribution to the population of red emitting “Fo/, state. It is obvi-
ous that the increased probability of CR4 and CR5 processes would
lead to a decreasing population of the 453/2/2H11/2 states and in turn
a higher population in the “Foj, state which increases the red UC
emission. From the view point of the defect structure of Er:LiNbO3
crystal, the presence of Er>* cluster sites in Er-3 crystal enhances
the probability of CR processes, and then results in an increased
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Fig. 7. Log-log plots of the intensity (I5) of green UC emission as a function of pump
power (P).
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intensity of red UC emission, in agreement with the experimental
results shown in Fig. 6a.

As illustrated in Fig. 8b, the two- and three-photon process to
populate the green emitting 2H11/2/4S3/2 states were indicated in
detail in Refs. [25,26], which thereby is only briefly described as
follows: As for the two-photon process, the 4F7/2 state is populated
by GSA3: “I;s2+a 980 nm photon — “I;;;, and ESA3: “l;yp +a
980 nm photon — *F;,. Subsequently, the Er** ions at the *Fyp,
state nonradiatively relax 2Hj; /2/453/2 state. The three-photon pro-
cess of green emitting state is populated through nonradiatively
relaxation from the 4611,2 state which is populated via GSA3,
ESA3 and ESA4 (*S3j, + a photon — Gq1p).

The possible CR processes can be expressed as follows:

CR6: i1z + *h1ja = *Frj2 + *lisp;
CR7: 4[13/2 + 4111/2 - 41:9/2 + 4115/2;
CR8: 2H9,2 + 4111/2 — 4F7/z + 4I15/2-

It can be seen from Fig. 6b that the intensities of the green and
red UC emissions are mainly dependent on the concentration of
Er®* ions under 980 nm excitation. For the constant Er** ions, it is
believed that the relation between the defect structure and the
optical characteristics of Er** ion under 980 nm excitation also
complies that under 476 and 800 nm excitation. That is the forma-
tion of Er** cluster sites could enhance the probability of CR pro-
cess, and then decreases the intensities of the green and red
emissions under 980 nm excitation.

3.6. Stokes and anti-stokes luminescence spectra of Zn/Er:LiNbO3
crystals

In order to determine the relationship between the defect struc-
ture and the optical characteristics of Er>* ion in Er:LiNbOj5 crystal,
Zn?* and Er** ions codoping LiNbO; crystals are grown and dis-
cussed. Fig. 9 shows the stokes and anti-stokes luminescence spec-
tra of Zn/Er:LiNbOs; under different excitation wavelength.
According to the previous works, 6 mol% Zn?* ions codoping disso-
ciates Er** cluster sites in LiNbO5 crystal doped with 3 mol% Er**
ions [27]. Based on the above proposed relation between the struc-
ture and the optical characteristics of Er** ion, the decreased Er**
cluster sites in Zn/Er:LiNbO3 crystal will result in the following
conclusions. Firstly, under 476 nm excitation, the decreased Er>*
cluster sites corresponding to the increasing CR1, CR2 and CR3 pro-
cesses (Fig. 5) will increase the population of 453/2 state and the
green emission. Secondly, by use of 800 nm excitation, the de-
creased Er’* cluster sites will result in an enhancement of the
green UC emission and in turn a weaker intensity of red UC emis-
sion. Finally, the decreased Er’* cluster sites could lead to the

| \ Aeye=476 nm

Er-3
r = = =Zn/Er:LiNbO;

- | A =800 nm
exc
Er-3
= = =Zn/Er:LiNbO;
_-___ff'-—v.h—h

Intensity (a.u.)

r A =980 nm
exc

Er-3
/\ _ — = =Zn/Er:LiNbO3
L . PO =
500 550 600 650 700
Wavelength (nm)

Fig. 9. The stokes and anti-stokes luminescence spectra of Er:LiNbO3 crystal doped
with and without 6 mol% Zn?* ion under different excitation wavelength.

reduction of the green and red UC emission under 980 nm excita-
tion. These conclusions are consistent with the experimental
results shown in Fig. 9.

3.7. Near infrared emission spectra of Er:LiNbOs; under 980 nm
excitation

The near infrared emission spectra of Er:LiNbO3 crystals under
980 nm excitation are shown in Fig. 10. The near infrared emission
centered at 1540 nm is attributed to the *I;3; — “I;5, transition of
Er®* ion [28]. The intensity of 1.54 pm emission increases with the
increasing concentration of Er** ions. The 1.54 um emission has at-
tracted much attention in the field of the remote sensing, coherent
light detection and free-space communication [29,30]. The
enhancement of 1.54 pm emission here meets the requirement of
EDWA preparation, since the larger concentration of Er** ions
could greatly shorten the optical diffusion route.

The Judd-Ofelt (J-O) theory is used to study the spectroscopic
characteristics of Er** ion in Er:LiNbO; crystal [31-35]. The theo-
retical transition strength of Er>* ion from an initial J to a final J/
mainfold can be calculated by:

 Xng ﬁ) @)

8m2mc Sed
)2 (X e?

JmeU HJl) :W edeﬁ

Intensity (a.u)

1450 1500 1550 1600 1650
Wavelength (nm)

Fig. 10. Near infrared emission spectra of Er:LiNbO; crystals under 980 nm
excitation.
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where /1 is barycentre wavelength at a given absorption band, m, ¢
and h are the mass of the electron, light speed in vacuum and
Planck’s constant, respectively; S.q and S,y are electric- and
magnetic-dipole line strengths, respectively; X.q and X,,4 are the
local field electric and magnetic dipole correction factor, respec-
tively, which can be calculated by equation [36]:

Xedmd)(Me) + Xed(ma) (N
Kasng = et () + Xt (o) 3

where n, and n, are ordinary and extraordinary refractive indices of
LiNbO; crystal obtained from the Sellmeier equation [37].

The values of S.; and S,4 can be gained by the following
equation:

Sull =) =& Y QUSUIUY L) @
t=246
, h 2 - <y
Snall = 1) = () 1SUIT +25 1521 5)

The term |(SLJ||U"||S'L')|?, doubly reduced matrix elements of
the unit-tensor operator U™, is independent on host material, and
its value is tabulated in Ref. [38]. The transitions, except for the
4115,2 N 4113/2 transition, are assumed to be electric dipole in nat-
ure. The value of the magnetic-dipole transition strength (S;q)
for the *I;s;; — 13, transition is 70 x 1078 [38].

According to the measured absorption spectra and the following
equations, the experimental transition strength can be evaluated,

2
Fopll = J) = % / 2(A)di (6)
| / a()di = ﬁ | / oD(1)d() (7)

where d is the thickness of the sample, OD() is the optical density,
N is the number of rare earth ions per unit volume.

The accuracy of the fitting results can be validated by the root
mean-square deviation (rms), which calculated equation is given
by:

1/2

L
Z (fexp - f]the) 2
J=1

where L is the number of the absorption bands involved in the fit-
ting, fine is obtained by inducing the J-O parameters €, (=2, 4
and 6) into Eq. (2).

The Einstein spontaneous emission probability A (J — J') is the
sum of the probabilities for spontaneous emission of electric-
(Aeq) and magnetic-dipole radiation (A,,¢4) from an excited manifold
J to a lower manifold J'. The values of Aey (J = J') and Apg (J — J') are
calculated from the two equations, respectively:

64mie?  n(n* +2)°
A =) = QSLUOISLE (9
aJ =) Sh i DE 9 t;% d(SLNUPISLT (9)
, 4m2e’n3h T
Ama(] —J) = s|(SYIIL+ 2 SSLY)? (10

©3m2c2(2) + 1)

The radiative lifetime 7,44 of the ] manifold can be calculated by
the formula:

1y =1/Y AJ—]) (11)
7

The fluorescence branching ratio for the J — J' transition:

B=AJ—1)/Y AU —T) (12)
7

where Y7 ,A(J —J) is the reciprocal of the total spontaneous emis-
sion probabilities.

Table 3 presents the experimental transition strengths (fexp), the-
oretical ones (fihe) and the corresponding root mean-square devia-
tion (6rms) in Er-0.5, Er-1 and Er-3 crystals. The J-O intensity
parameters €2, (t=2, 4 and 6) are derived from the experimental
oscillator strengths by a least-squares fitting approach and also
illustrated in Table 3. As illustrated in Table 3, the parameters ;s
are 4.31, 6.81 and 3.77 x 1077, respectively, for Er-0.5, Er-1 and
Er-3 crystals. As for Er-1 crystal, the J-O intensity parameters are
Q,=742 x1072°, Q,=3.40 x 1072° and Qg=1.75 x 1072° cm?. ].
Amin has been reported that the 6, is found to be 3.1 x 10~ for
LiNbO; crystal doped with 1 mol% Er>* ions, and the J-O intensity
parameters are 2,=729x107%°, Q,=224x10"2° and
Qg=1.27 x 1072° cm? [25]. Since our calculated results are compa-
rable to that reported by J. Amin, the fitting results of ]-O theory here
may be believable. The local asymmetry and the change in the envi-
ronment of Er>* ion in crystal lattice are mainly affected by €2, and
the intensity parameters £, and Qg are mostly dependent on bulk
properties. As shown in Table 3, the trend of Q, > Q, > Q¢ for Er**
ions means that Er®* ions are in a polarized environment. The
decreased (2, value, arising from the increasing concentration of
Er** ion, indicates that the hypersensitive transitions “I;sp —
2H11/2/*G112 of Er* ions are affected by the Er** ion content. This
is because €2, is sensitive to the hypersensitive transitions. The spec-
troscopic quality factor X, defined by the ratio of the intensity
parameter 4 to Qg (X = €24/€26), is an important predictor for stim-
ulated emission in the laser active medium. The spectroscopic qual-
ity factor X is calculated to be 1.28, 1.94 and 3.93 for Er-0.5, Er-1 and
Er-3 crystals, respectively. The largest spectroscopic quality factor X
in Er-3 crystal suggests LiNbO5 highly doped with Er>* ions would be
a promising candidate for laser medium.

The calculated radiative lifetimes (t,qq) and fluorescence
branching ratios (f) in Er:LiNbO3 crystals are listed in Table 4. As
shown in Table 4, the radiative lifetime of 1.54 um emission in
Er-1 crystal is 2123.3 ps, which is consistent with the accurate
measurable experiment result (t = 2300 ps) [39]. The radiative life-
time of 1.54 pum emission in Er-3 crystal lengthens up to 5722.7 ps.
The long 1.54 pm lifetime in Er:LiNbOs is of key importance in the
design of any practical device. The behavior that the fluorescence
branching ratio g for the 453,2/2H]1/2 - 4115/2 transition decreases
with the increasing Er** content favors the enhancement of
1.54 pm emission in Er-3 crystal.

Fig. 11 shows the absorption cross section (g4s) of 1.54 um
emission in Er-3 crystal, which is calculated by the following equa-
tion [40]:

0D(J)
Nd

where / is the absorption wavelength, OD (1) is the optical density,
N is the concentration of Er** ion in the crystal, d is the thickness of
the sample.

The emission cross section (og.p) of 1.54 um emission in Er-3
crystal, which is gained based on Fiichtbauer-Ladenburg (FL)
[41] and McCumber (MC) [42,43] theory (formulas (14) and (15),
respectively), is also illustrated in Fig. 11.

Oaps(4) = 2.303 (13)

/-L4
GEFL(;') = m/‘”n/zﬂ”lsu (14)
Z Ez — hc/J
Gouc() = Gus(2) 5 exp (%) (15)
u
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Table 3
The theoretical and experimental transition strength, J-O intensity parameters €, and the spectroscopic quality factor X of Er:LiNbO3 crystals.
Transition “l;5)2 — Er-0.5 Er-1 Er-3
fexp fthe fexp fthe fexp fthe
i3 157.6 154.6 165.44 168.1 105.5 106.0
Ty1p2 71.26 4923 56.84 46.79 34.70 17.17
“Fopa 152.9 1385 225.8 209.6 135.5 114.4
4S3p2 31.23 32.77 29.79 38.00 20.54 12.10
2Hiipz 1104 1022 828.1 7104 457.9 386.4
“Fypa 141.0 138.2 1723 178.8 107.6 75.33
“Fasp2 52.38 66.03 70.00 76.38 46.92 2430
Hg), 61.96 53.94 72.49 65.62 46.59 23.90
4Gi1p2 1947 2019 1256 1400 716.2 760.9
4Gop2 102.2 108.4 130.3 171.4 132.7 100.8
Q, 12.5 7.42 3.89
Q4 1.94 3.40 2.20
Qs 1.51 1.75 0.56
X(24/26) 1.28 1.94 3.93
Srms 431 6.81 3.77
Table 4
The radiative lifetime (7,q4) and fluorescence branching ratios () in Er:LiNbO5 crystals.
Transition Er-0.5 Er-1 Er-3
B Trad B Trad B Trad
Tz = sy 1 2458.5 1 21233 1 5722.7
Tz = s 0.1258 1270.2 0.1433 1310.8 0.2021 3332.0
sy 0.8742 0.8567 0.7979
o2 = *lpa 0.0082 1369.3 0.0057 860.85 0.0078 1469.2
4352 0.2306 0.1693 0.0947
Tysp 0.7611 0.8250 0.8975
4Fopz — lojy 0.0213 168.37 0.0134 114.53 0.0230 209.35
Ty1p2 0.0434 0.0292 0.0193
Lis 0.0462 0.0426 0.0449
Lisp2 0.8892 0.9148 0.9128
48312 = *Fop2 ~0 146.91 ~0 126.09 ~ 390.05
“op 0.0315 0.0359 0.0491
Tap 0.0183 0.0188 0.0204
Tz 0.2585 0.2572 0.2531
“1ysp2 0.6914 0.6878 0.6770
Hyy)2 > “Fop 0.0028 15.678 0.0023 21.162 0.0021 33.89
Toj2 0.0104 0.0103 0.0088
Ty1p2 0.1360 0.1839 0.2892
lij 0.0106 0.0138 0.0119
Lisp2 0.8402 0.7896 0.6881
Hop, — *F7p2 0.0021 30.062 0.0014 29.769 0.0011 42.81
2Hy1p 0.0036 0.0040 0.0037
“Fopa 0.141 0.1401 0.1987
“Toja 0.3203 0.3144 0.4480
Ty1p2 0.0778 0.0719 0.0629
Ty3p 0.2746 0.2505 0.1714
“isp 0.1806 0.2177 0.1141
0.6 - Absorption In Eq. (14), 4 is the wavelength of emission peak, and Al.gis the
P effective bandwidth of the 1.54 pm emission. The Einstein coeffi-
“'E \f| Er-3 cient A (the transition strength from the 4, 352 to 4115/2 state) can
o :, be attained in Table 4. On the other hand, in Eq. (15), the ratio of
S 04t #  Emission E-L Z)|Z, is equal to 0.8 [44], where Z; and Z, are the partition functions
X |': for the lower and upper levels involved in the considered optical
g ": "\ 4"\ N o transition, respectively. Ez is the energy of the zero-line between
§ " " B ‘\/,\\ - Emission the lowest crystal field components of the electronic states. It
o 02k A \ :!, !\I-’ \--' McCumber can be seen from Fig. 11 that the calculated emission cross section
g /N P3N NA ~ (Gemc) based on MC theory are 0.416 x 102° cm? at 1529 nm.
© ,/ A \\ '\_ ~7ON Based on FL theory, the emission cross sections (g.r ) at 1534 nm
R NN and 1548 nm are 0.330 x 1072° and 0.324 x 1072° cm?, respec-
0.0 :_:,," . S - T - - s tively. Although the peak shapes of the two emission cross

Fig. 11. The absorption and emission cross section spectra of Er-3 crystal.

Wavelength (nm)

sections are different, their maximum values are similar. Therefore,
the calculated results are creditability. In comparison with
the emission cross section of some other Er**-doped materials,
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Fig. 12. Gain cross section spectra for the “113/2 — 4115/2 transition as a function of P
in Er-3 crystal.

such as Er:LaGaOs; (Gem=0.59 x 1072°cm?) [45] and Er:YAG
(Gem = 0.5 x 1072° cm?) [46], Er-3 crystal could be considered as a
promising laser-active material.

The gain cross section of 4113,2 N 4115/2 transition in Er-3 crystal
as a function of P ranging from O to 1 is shown in Fig. 12. Gain cross
sections are calculated based on the absorption and emission cross
sections according to the following equation [47]:

8(2) =Poen(2) — (1 — P)Oaps(4) (16)

where P is the excited state population fraction, defined as the ratio
of the electron population densities of 4113/2 to that of 4115/2 state. As
shown in Fig. 12, when P is equal to 0.5 the gain cross section spec-
trum is relatively flat in the 1549-1584 nm range, in agreement
with the application in the C-band of telecommunications (1530-
1560 nm) [48].

4. Conclusion

In this paper, the structural and optical characteristics of Er:LiN-
bOj3 crystals grown by Czochraski method have been investigated.
Experimental results show that Er** cluster sites are formed in Er-3
crystal, which favor the increased probability of CR processes. The
decreased green emission in Er-3 crystal is attributed to the in-
creased CR processes (453/2 + 4[15/2 — 419/2 + 4113/2, 4F7/2 + 4115/2
— 4111/2 + 4[]1/2 and 2H1]/2 + 4111/2 o 4F9/2 + 4F9/2) under 476 nm
excitation. The drastically increased red UC emission of Er-3 arises
from the enhanced CR processes probabilities (*Hy 1z + 132 = “l11j2
+Fgpy and *F7p, + *l1j2 — *Fopa + *Fop2) under 800 nm excitation. As
for Zn/Er:LiNbOs crystal, the decreased green and red UC emissions
result from the dissociation of the Er** cluster sites which reduces
the CR probabilities (4111/2 + 41]1/2 - 4F7/2 + 4115/2 and 4113/2 + 411 12
— g2+ *1152). ]-O intensity parameters ,, €4 and Qg in Er-3
crystal are 3.89 x 1072% 2.20 x 1072° and 0.56 x 1072°, respec-
tively, and the spectroscopic quality factor X is 3.93. The maximum
emission cross sections based on MC and FL are 0.416 x 1072° cm?
at 1529 nm, and 0.330 x 1072° and 0.324 x 10~*° cm? at 1534 nm
and 1548 nm, respectively. The experimental results indicate that
Er-3 crystal would be the potential laser operation around
1.54 pm emission.
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