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Abstract Four near-stoichiometric lithium niobate (NSLN)
crystals codoped with Er3* (1 mol%) and MgO (0, 0.5, 1.0,
and 2.0 mol%) were grown from K,O-based flux in air using
top seeded solution growth technique. The [Li]/[Nb] ratio,
estimated from the blueshift of ultraviolet absorption edge,
is 97.2% in NSLN:Er. MgO; codoping can increase the seg-
regation coefficient of Er>* in NSLN:Er:MgO crystal. The
photorefractive damage threshold is enhanced by three or-
ders of magnitude for NSLN:Er codoped with 1 mol% MgO,
it coincides with the peak shift of OH™ absorption spectrum
from 3481 to 3535 cm™!. Judd-Ofelt theory based on ab-
sorption spectra is used to analyze the influence of MgO
concentration on the Judd—Ofelt intensity parameter, transi-
tion strength, fluorescence branching ratio, and stimulated
emission cross section. From the time-resolved emission
spectra and the comparison among emission spectra, two
Er’* crystal-field sites are ascertained in NSLN:Er codoped
with 2 mol% MgO, this coincides with the bimodal structure
in X-ray photoelectron spectrometry spectra. The upconver-
sion processes under pulse excitation is proposed based on
the pump energy dependence and decay kinetics. The dis-
tribution of Er’*-clustered sites in NSLN:Er:MgO series is
discussed based on the nonexponential decay curves moni-
tored at 550 nm under two-photon excitation.
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1 Introduction

Ferroelectric lithium niobate (LiNbOs3, LN) crystal is an ex-
cellent material exhibiting diverse physical properties. Be-
cause of its remarkable electro-optic, ferroelectric, piezo-
electric, and nonlinear optical properties, LN is applied to
electro-optic modulators [1], ferroelectric random access
memories (Fe-RAMs) [2], surface acoustic wave devices
[3], optical frequency converters [4], and so on. Nowadays,
LN is the only optical material with a degree of develop-
ment and so extensively investigated to serve as the basis
for the development of integrated optics playing a similar
role as Si has done in the development of integrated elec-
tronics [5]. Dopant with small amount in this crystal can
bring significant change to its physical properties. For ex-
ample, Mg, Zn, In, Sc, and Hf dopants above certain thresh-
old values can increase photorefractive damage threshold by
more than hundred times [6-10]; and Er3T, Ho?t, Nd3t,
and Yb3* dopants can lead to lasing action in the visible
and infrared (IR) regions [11, 12]. Most works are dedicated
to the properties of congruent LN (CLN), which is Li de-
ficient ([Li]/[Nb]=0.946). In recent years it has been re-
alized that LN crystal with stoichiometric composition has
superior properties compared with CLN. Laser damage and
photorefractive damage thresholds of stoichiometric or near-
stoichiometric lithium niobate (SLN or NSLN) crystal are
enhanced at much lower doping level compared with CLN,
which is a positive factor in producing high optical qual-
ity crystal. For example, 1 mol% MgO doping is enough
to improve the photorefractive damage resistance [13]. It is
increasingly realized that SLN crystal is emerging as an al-
ternative to CLN due to the advance in crystal growth tech-
nology.

For practical application, such as waveguide amplifier at
1.54 pm and intra-cavity frequency doubling, the spectro-
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scopic properties of NSLN:Er:MgO are needed due to the
influences of [Li]/[Nb] ratio and dopant concentration [14,
15]. While Judd—-Ofelt (JO) theory is the only successful the-
ory in quantitatively predicting the spectroscopic properties
of rare earth ions [16, 17], based on JO analysis, some use-
ful information, such as stimulated emission cross section
and fluorescence branching ratio, can be obtained [18]. In
addition, the decay behavior of the green upconversion flu-
orescence is sensitive to the clustered sites [19], which have
deleterious effects on laser and amplifier at 1.54 um.

In recent work, we have used JO theory and spectral-
and time-resolved emission spectra to investigate the influ-
ence of MgO codoping on the spectroscopic properties of
Er*t in CLN crystals [20, 21]. In present work, we inves-
tigate the influence of MgO codoping on Er’™ segregation
coefficient, photorefractive damage threshold, JO intensity
parameter, and the distribution of Er3t_clustered sites in
NSLN:Er:MgO crystals.

2 Experimental details

The details of crystal growth can be found elsewhere [22].
Briefly, NSLN crystals were grown along the ferroelectric
c-axis in air using top seeded solution growth technique with
K>O as flux. Typical growth conditions were 0.15 mm/h
pulling rate and 16.7 rpm rotating rate. The charges for four
crystals are listed in Table 1. Crack-free boules were grown
in 20-25 mm diameter and 30-35 mm length. The samples
for testing were cut to c-oriented slices from the middle of
the boules and then polished to optical grade.

X-ray photoelectron spectrometry (XPS) spectra were
measured with 400-um beam spot using a K-Alpha X-ray
photoelectron spectrometer (Thermo Fisher Scientific Co.
Ltd.). For studying photorefractive damage threshold behav-
ior, a continuous wave (CW) frequency-doubled Nd:yttrium
aluminum garnet (YAG) laser was used. The laser beam with
diameter of 1.5 mm was focused onto the sample surface us-
ing a 30-cm converging lens. After passing through the sam-
ple, the laser beam profile projected on a screen was pho-
tographed. The IR transmittance was measured by a Fourier
IR spectrometer (Niconet-710, Nicolet, USA).

Optical absorption experiments were performed with un-
polarized light and sample oriented in such a manner that
the light beam propagated perpendicularly to the optical
(c) axis of the crystal on a Perkin-Elmer Lambda 900
spectrophotometer. A regeneratively amplified Ti:sapphire
mode-locked femtosecond laser (Spectra-Physics, Spitfire)
operating at 800 nm with 1-kHz repetition rate and ~130-fs
pulse duration was used as an excitation source. The laser
beam was loosely focused onto the samples. The sample was
excited at a very edge position and side fluorescence was
collected from the same edge in a direction normal to the
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excitation beam. The luminescence was collected by a fiber
probe whose other end was connected with the entrance port
of a grating spectrograph (Bruker Chromex 250IS/SM). The
spectrograph output was detected by a thermoelectrically
cooled intensified charge-coupled device (ICCD) detector
(Andor i Star DH720). In the lifetime measurement, the laser
was operated at 83 Hz with pump energy of 120 pJ/pulse.
Power dependency was measured using a continuously ad-
justable neutral density filter at a fixed focused point. All the
measurements were performed at room temperature.

3 Experimental results and discussion

3.1 The composition of the as-grown NSLN:Er:-MgO
crystals

Dravecz et al. have demonstrated that LN grown from alkali
metal oxide-based flux have low crystallization temperature
and can make crystal closer to the stoichiometric compo-
sition [23]. The composition of LN can be estimated using
the ultraviolet (UV) absorption edge [24]. Absorption coeffi-
cients corrected for reflection losses, which is defined by (1)
of [24], are plotted in Fig. 1. Here the curve of a CLN:Er is
also presented for comparison. Because our measurements
are unpolarized, the blueshift (7 nm) of UV absorption edge
compared with CLN instead of its position is used to cal-
culate cp; (refer to [24]), which is 49.3 mol% in NSLN:Er.
The smaller blueshift compared with that reported in [25]
(10 nm) also indicates cr; less than 49.7 % in our crys-
tal. Here, all NSLN crystals are assumed to own the same
[Li]/[Nb] ratio. The lower [Li]/[Nb] ratio ascribes to lower
K>O content in our charges. But off-stoichiometric compo-
sition facilitates to insure the optical quality and homogene-
ity of the as-grown crystals.

20
| — — CLN:Er
| ——— NSLN:Er
15 |1 311 nm
— | \ 318 nm
a .
s ! ) 1
s 1oL |y . 20 cm
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0

300 350 400 450 500 550 600
Wavelength (nm)
Fig. 1 Absorption coefficients corrected for reflection losses based on

unpolarized absorption spectra. Inset shows the positions of UV ab-
sorption edges of CLN:Er and NSLN:Er at o = 20 cm™!
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Fig.2 Er4dand Nb 3d binding energy of NSNL:Er:MgO crystals. All
XPS spectra were normalized to their respective spectral line intensities
of Nb 3d electron. The intensities of Er 4d electron (range from 160 to
180 eV) were enlarged by 10 times

After all the optical measurements, the samples were
used to measure the XPS spectra. The XPS spectra are pre-
sented in Fig. 2. It is clear that the position and shape of
Nb 3d electron binding energy are invariable, whereas these
of Er 4d electron binding energy vary obviously. The peak
binding energy of Nb 3d electron is ~206.2 eV, which is
very close to the bonding energy of KNbOs3 [26], without
other peak or shoulder. This indicates that the Nb element
exists as the only form of NbO; ! The peak binding en-
ergy of Er 4d electron decreases with increasing MgO con-

centration. An important finding is that bimodal structure
appears for NSLN:Er:MgO(1.0) and becomes clearer for
NSLN:Er:MgO(2.0). Although the specific compound cor-
responding to the binding energy can not be confirmed, the
bimodal structure implies that there are two Er’* occupa-
tional sites.

In addition, the relative concentration of each element
can be obtained from their intensities in XPS spectra com-
bining with sensitivity factors. The obtained Er element
mass concentrations relative to Nb element are 1.17, 1.30,
1.76, and 2.06%, respectively. It is clear that Er’T segrega-
tion coefficient increases with increasing MgO concentra-
tion in NSLN:Er:MgO. This trend agrees with the case that
MgO codoping induces the increase of the Nd** distribution
coefficient in CLN [27]. The corresponding molar concen-
trations are tabulated in Table 1.

3.2 Photorefractive damage threshold and OH™ absorption
peak shift

Photorefractive damage in LN crystal limits its applica-
tion at high power. Conventional photorefractive damage
threshold is defined as the minimum power of a 532 nm
CW laser at which the transmitted laser beam is elongated
along the c-axis after 10 min of irradiation [28]. Figure 3
shows the spatial profiles of the laser beams passed through
the samples with a power of 270 mW, i.e., power density
of ~3.8 MW/cm?. As can be seen, NSLN:Er:MgO(2.0)
can withstand this power density without laser beam distor-
tion, NSLN:Er:-MgO(1.0) shows a minor beam distortion,
whereas the others exhibit severe beam distortion. Minor
beam distortion in NSLN:Er:MgO(1.0) implies that 1 mol%
MgO is slightly low for resisting photorefractive damage.
This seems inconsistent with literature [13] but by depth
study we find that this inconsistency attributes to low Li
concentration (49.3%) in our NSLN because the LN with
higher Li concentration owns lower MgO threshold value of
photorefractive damage [29]. Their corresponding photore-
fractive damage thresholds are listed in the last column of
Table 1. As can be seen from the table, the photorefractive
damage threshold of NSLN:Er:MgO(2.0) increases by about
4000 times compared with that of NSLN:Er, which is coin-
cided with the enhancement of SLN:Mg18 compared with

Table 1 The compositions of charges, the final [Li]/[Nb] ratio and Er3* concentrations in the crystals, and the photorefractive damage thresholds

Sample [Li]/[Nb] K>,O Er,O3 MgO [Li]/[Nb] Ert Photorefractive damage
(in melt) (in melt) (in melt) (in melt) (in crystal) (in crystal) threshold (KW/cm?)
NSLN:Er 1.0 6 mol% 0.5 mol% 0 mol% 0.972 0.66 mol% 1.2
NSLN:Er:MgO(0.5) 1.0 6 mol% 0.5 mol% 0.5 mol% 0.972 0.74 mol% 6.8
NSLN:Er:MgO(1.0) 1.0 6 mol% 0.5 mol% 1.0 mol% 0.972 1.00 mol% 3.9 x 103
NSLN:Er:MgO(2.0) 1.0 6 mol% 0.5 mol% 2.0 mol% 0.972 1.18 mol% 4.7 x 10°
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Fig. 3 Spatial profiles of the 532 nm CW frequency-doubled
Nd:YAG laser beam after passing through the samples at the end
of 10 min of irradiation with a power of 270 mW. The screen
was at a distance of 1 m from the exit plane of the samples.
(a) NSLN:Er, (b) NSLN:Er:MgO(0.5), (¢) NSLN:Er:MgO(1.0), and
(d) NSLN:Er:MgO(2.0)

SLN-Mg06 (~5000 times) [25]. Usually, this enhancement
is explained as the increase of photoconductivity [28].

OH™ absorption feature is sensitive to some properties
of LN grown in air, such as the site occupation of protons,
the components of OH™ absorption bands, and its relation-
ship with the intrinsic defects [30]. From Fig. 4 one finds
that both NSLN:Er and NSLN:Er:MgO(0.5) have strong ab-
sorption peak at 3481 cm™! with shoulder at 3467 cm™!.
Whereas for NSLN:Er:MgO(1.0) and NSLN:Er:MgO(2.0)
the main absorption peak shifts to 3535 cm™!. According
to the results reported by Zhang [31] the absorption peak
at 3535 cm™! is associated with the stretching vibration
of Mg]i“i—OH_—Mg?\fb complex. OH™ absorption features of
SLN, SLN:Er, and SLN:Er:-MgO(1.0 mol%) were investi-
gated by Lee et al. [32], the peak around 3489 cm~! of
SLN:Er, which is associated with the stretching vibration of
Erlzj—OH_ complex, does not appear in the OH™ absorp-
tion spectra of our samples because it is maybe enshrouded
in the stronger peak at 3481 cm™!, and the peak at around
3466 cm~! of SLN appears in the OH™ absorption spectra
of NSLN:Er and NSLN:Er:MgO(0.5) as shoulder. The co-
existence of peaks at 3467 and 3481 cm™! indicates that our
LN crystal is neither congruent nor stoichiometric composi-
tion. An obvious peak shift occurs when MgO concentration
reaches or exceeds 1 mol%. It is worth to emphasize that this
shift is also observed in the cases of MgO- and ZnO-doped
CLN crystals when the concentrations reach or exceed their
threshold concentrations [33, 34]. Thus, the threshold con-
centration of MgO in NSLN:Er is slightly above 1 mol%.
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Fig. 4 OH™ absorption spectra of the four samples

This is in agreement with the measurement of photorefrac-
tive damage threshold.

3.3 Absorption spectra and spectroscopic analysis

Unpolarized absorption spectra of these four NSLN:Er:MgO
crystals are shown in Fig. 5. Eleven transition bands con-
sisted of twelve transitions can be separated in the UV-
visible-IR region. JO theory has been applied to the spec-
troscopic investigation of Er’* in single- or double-doped
LN crystal [18, 35], so we only provide a short synopsis.
The theoretical transition strength from level i to f can be
expressed as

f(i» f)calc
_ 8w2me
32T + DA
. 2 XmdSmd
x(xed S i 1 uP | £ +%), (1

1=2,4,6
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Fig. 5 Room temperature absorption spectra of the samples. The
peaks ascribe to the transition (1,2, ..., 11) from ground state (4 I152)
to various excited states, which are listed in the second column of Ta-
ble 2

and experimental transition strength can be obtained from
absorption spectrum according to

dmeg 2

f(ia f)meas = m

/ In(10)0 D (L) d.. 2)

Table 2 Barycenter wavelength (1), predicted refractive indexes
(n) based on composition-dependent Sellmeier equation, measured
(fmeas) and calculated ( fcalc) transition strengths (in unit of x 1078,

The meanings of all symbols above can refer to [36].
£2,, (. =2,4,6) can be extracted when the theoretical tran-
sition strengths given by (1) are fitted to the experimental
ones given by (2) using least-squares fitting. The accuracy
of the fitting between the experimental and calculated os-
cillator strengths is given by the root mean-square deviation
(8rms)- §25 and Sims, as well as fineas and feale, are listed in
Table 2.

LN crystal is an uniaxial crystal, which is anisotropic,
so polarized absorption spectra should be used to insure
the validity of JO intensity parameters. But Nufiez’s re-
search on polarization effect in LN indicates that the val-
ues of £24 and £2¢ obtained from the unpolarized absorp-
tion spectrum of a Y-cut sample are close to the values of
effective 24 and §2¢ obtained on an average of o- and -
polarized absorption spectra, though the values of §2, are
very different in these two cases [37]. So in this paper we
mainly give attention to §24 and £2¢. Compared with CLN:Er
[18], although the value of §2¢ remains invariant, the value
of £24 largens greatly in NSLN:Er. The values of £24 and
§2¢ decrease gradually with increasing MgO concentration.
Although the values of £2; are not creditable, the change
trend should be creditable. We think that MgO codoping
has very limited influence on £2> in our NSLN:Er:MgO
crystal series because the value of §2; is uneven and non-
monotonic.

and JO intensity parameters (£2) (in unit of x1072° ¢cm?) of Er3t in
NSLN:Er:MgO crystals at 300 K. Root mean square deviation (&)
(in unit of x1078) is also listed in the last row.

Transition Final states A (nm) ny Ne NSLN:Er NSLN:Er: NSLN:Er: NSLN:Er:
MgO(0.5) MgO(1.0) MgO(2.0)
fmeas fcalc fmeas fcalc fmeas fcalc fmeas fcalc
1 4G9/2 367 2.495 2.366 868.5 729.6 571.8 507.1 555.5 427.2 296.3 256.0
2 4G11/2 382 2.467 2.343 2554 2537 1853 1845 1881 1838 1430 1451
3 2H9/2 409 2.422 2.306 240.2 181.3 164.1 140.9 134.3 92.2 93.1 57.7
4 4F3/2_5/2 453 2.374 2.266 205.1 187.3 161.5 151.3 145.2 89.5 62.6 57.3
5 4F7/2 493 2.344 2.242 409.6 561.7 352.3 420.3 228.7 301.4 146.1 185.3
6 2H, 172 525 2.325 2.226 1257 1293 922.5 939.6 850.8 935.7 779.2 737.8
7 4S3/2 549 2.313 2.216 146.5 93.1 106.7 75.2 53.4 44.8 63.6 28.4
8 4F9/2 660 2.279 2.187 758.2 831.6 551.1 585.2 394.2 480.5 268.3 288.8
9 419/2 806 2.254 2.167 132.6 177.9 98.7 121.2 64.0 106.5 43.9 63.4
10 4 1/2 981 2.237 2.152 158.4 99.7 109.7 80.0 76.4 52.6 58.2 36.6
11 4113/2 1522 2.209 2.129 384.6 266.8 255.0 207.5 164.0 137.7 89.8 87.4
2,=249 2, =194 2, =221 2, =2.10
24 =5.04 24=3.43 24 =3.03 24 =181
26 =137 26 =1.11 26 =0.66 26 =042
Srms = 89 Srms =42 Srms =77 Srms =42
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Table 3 Radiative decay rates

(A), fluorescence branching NSLN:Er NSLN:Er:MgO(0.5) NSLN:Er:MgO(1.0) NSLN:Er:MgO(2.0)
ratios (8), and peak stimulated
emission cross section (o) for 4830 — 4115
concerned green and 1.54-pum
transitions A7) 4330 3495 2676 1316
B 0.683 0.686 0.685 0.681
o(x1072em?) 9.3 7.5 5.4 2.8
s — sy
A 533 439 328 248
B 1 1 1 1
o (x1072cm?) 9.4 6.7 4.5 3.1
After JO intensity parameters are known, radiative decay s 4
. 500 S0 =" Lisia
rate (A;r) can be calculated according to
* 15000
1677.'3]12 :‘E 400 é 10000
A= — sk
3h80(2Ji + 1)()‘-) 8 § 5000
= 300 [
2 . A 2 =
X <€ Xed Z Q)L|<l l U( ) Il f>| +deSmd)' g "0 0 w0 w0 sm s 70
)L=2,4,6 E 200 Wavelength (nm)
(3) 2H11,’2 _>4 1[5,’2
100
The fluorescence branching ratio (8) is given by
A 0
B, ) = if 4) 400 450 500 550 600 650 700
2 Aim Wavelength (nm)

where the summation is carried out over all lower-lying en-
ergy levels (m).
The peak stimulated emission cross section is defined as

_ )\4Aif
- Ar2en? Adesr’

&)

O‘,'f

where A is the peak wavelength, and AA.fr is the effective
linewidth.

From Table 3, one can clearly see that the peak stimu-
lated emission cross section decreases with increasing MgO
concentration. The peak stimulated emission cross section
at 550.7 nm in NSLN:Er:-MgO(1.0) crystal equals to that
in CLN:Er:Sc,03 crystal fiber (5.4 x 10~2!cm?) [38]. This
implies that NSLN:Er:MgO(1.0) with enhanced photore-
fractive damage threshold is suitable for fiber upconversion
(UC) laser around 550 nm. The peak stimulated emission
cross section at 1532 nm in NSLN:Er:MgO(1.0), which is
calculated using the McCumber relation [39], is compara-
ble to that in YAG:Er (5 x 1072!cm?) [40] in which lasing
action has been actualized at room temperature. High fluo-
rescence branching ratios mean high laser conversion effi-
ciencies for these two potential laser transitions.

@ Springer

Fig. 6 UC visible emission spectrum of NSLN:Er:MgO(1.0) obtained
with 2-us gate and 140-ns delay. The emission bands are assigned in
figure. Inset is the corresponding spectrum obtained with 990-us gate
and 11-ns delay

3.4 Upconversion emission spectra and excitation
mechanism

Green luminescence is observed by naked eyes under 800-
nm near-IR laser excitation, the UC emission spectrum of
NSLN:Er:-MgO(1.0) is displayed in Fig. 6. A gate delay
in time-resolved spectroscopy is used in order to gate out
the undesirable second-harmonic wave and supercontinuous
white lights generated by self-phase modulation under fem-
tosecond laser irradiation [41]. Four transition bands are ob-
served in the spectrum with an acquisition time of 2 ps. The
violet band (~410 nm) becomes indistinct in the spectrum
with an acquisition time of 990 ps (see insert of Fig. 6). This
decrease of relative intensity is caused by short lifetime of
2 Hy /2 state compared with these of 48, /2 and 4Ry /2 states.
The green emission bands with better resolution are
shown in Fig. 7. The most important difference is the ap-
pearance of a new shoulder at 562.6 nm in the emission
spectrum of NSLN:Er:MgO(2.0), which is marked with as-
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Fig. 7 The enlarged emission spectra between 510 and 610 nm ob-
tained with gate width of 990 ps and with gate delay of 115 ns. The
spectra are normalized to their respective maxima. Inset shows the peak
shift of their maxima

terisk. New shoulder is also observed in the emission spec-
tra of CLN:Er:Mg0O(6.0) and CLN:Er:MgO(8.0) [21] but it
is more obvious for NSLN:Er:MgO(2.0). The new shoulder
is also assigned to the Er** in a crystal-field site modified
by a Mg”* inclusion as we did in [21]. The other finding
is that the emission peak of NSLN:Er:MgO(2.0) redshifts
by 0.5 nm compared with the others, as shown in the inset
of Fig. 7. This redshift implies that the covalence degree of
Er’*-ligand bonds is enhanced [42] so the Er’T local en-
vironment is changed after introducing 2 mol% MgO into
NSLN:Er. The spectral resolution is only 0.5 nm in our ex-
periments, and a higher spectral resolution is needed for the
systematical investigation of peak shift.

Population distribution between 2Hn 2 and 48, /2 states
satisfies thermal equilibrium condition, so their luminescent
intensity ratio (L2p, /2/14 S5 /2) is related to the temperature
of luminescent point [43] and their ratio values are 0.43,
0.42, 0.34, and 0.32, respectively. So energy dissipation in
the crystal decreases with increasing MgO concentration,
i.e., with increasing Er>* concentration. Higher Er3* con-
centration with lower energy dissipation is unexpected, and
this phenomenon may attribute to the increase of cross relax-
ation (CR) of4S3/2 +4 Lisp — 419/2 +4 1132 which absorbs
phonons in YAIO3:Er [44].

Time-resolved emission spectra obtained at two differ-
ent delay times are shown in Fig. 8. For NSLN:Er and
NSLN:Er:MgO(0.5), although the intensities at the end of
decay are much lower, the shapes are essentially the same
as these in the early stage of decay. However, a difference
in the shape appears when codoping with MgO reaches
1 mol% and becomes more obvious when codoping with
MgO reaches 2 mol%. In time-resolved spectroscopy, rare
earth ions located in different crystal-field sites will lead to

Delay = 0.8us

SLN:Er:MgO(0.5)

------- Delay = 51us

Intensity (a.u.)

500 520 540 560 580 600
Wavelength (nm)

Fig. 8 Normalized time-resolved emission spectra obtained with
0.5-ps gate width and delay of 0.8 and 51 ps after excitation pulse

a difference in the shape of emission spectra obtained at dif-
ferent delay time [45]. Above result implies that all Er3t
ions are located at a similar crystal-field site in NSLN:Er
and NSLN:Er:MgO(0.5), and a new crystal-field site comes
forth when codoping with MgO reaches 1 mol%. These
coincide with the bimodal structure in XPS spectra (see
Fig. 2) in NSLN:Er:-MgO(1.0) and NSLN:Er:-MgO(2.0). It
can therefore be concluded that mildly MgO codoping has
limited influence on the crystal-field site of Er’*, whereas
heavily MgO codoping will induce a new crystal-field site.

To understand the UC excitation mechanism, the pump
energy dependence of the fluorescent intensity is investi-
gated. For an unsaturated UC process, the number of the
photons required to populate the upper emitting state can be
calculated by [46]

Iyc o« P", (6)

where Iyc is the UC emission integrated intensity, P is the
incident pump laser energy, and »n is the number of the laser
photon required to emit a higher energy visible photon. The
pump energy dependencies of UC emission intensities are
plotted in Fig. 9, n equals to the slope of the graph of In(/yc)
versus In(P). All slopes are close to 2.5, and the half integer
is ascribed to the effect of self-focusing [47] instead of CR
[48]. All the concerned UC emission bands exhibit approx-
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= 10 ation, respectively
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g and repetition rate of the pump laser, the third ESA owns the
S highest pump efficiency, whereas the second ESA is hardly
4 . . .

10% | operative. Based on above discussion, we proposed the fol-
lowing UC processes, which are represented in Fig. 11. The
green luminescence mainly originates from GSA/ESA2, and
the violet emission only originates from GSA/ESA1. The

0

Time (us)

Fig. 10 Semilogarithmic plot of the decay curves of Er3* at 550 nm
in these samples after 800-nm pulse excitation

imately quadratic power law versus pump energy indicating
that these UC emissions are two-photon processes.

800-nm photon is resonant with 419 /2 level, so excited
state absorption (ESA) or energy transfer UC (ETU) is oper-
ative. ETU and ESA can be distinguished by decay kinetics
[49]: If there is a delay in excitation, it is ETU, otherwise it
is ESA. There is no rise stage in the decay curve of Fig. 10,
so ESA is dominant.

The positions of energy levels for Er’* in LN crystal
are obtained from literature [50]. The laser photon energy
is ~12500 cm~!, which is resonant or quasiresonant with
the ground state absorption (GSA) L 2 = 4y /,2) and
three ESAs (419/2 — 21'19/2, 4]11/2 — 4F3/2, and 4113/2 —
2Hy ,2). Synthetically considering the strengths of transi-
tion, the lifetimes of excited state, and the pulse duration

@ Springer

operative way of GSA/ESA2 has been reported under fem-
tosecond laser excitation [51]. There is no ESA terminat-
ing at 4 Fy /2 level which makes the origin of red emission
difficult to identify. If 4 Fy /2 state is mainly fed from 485 /2
level, a rise stage should be exhibited in the decay curves
at 660 nm [52]. The absence of a rise stage in this decay
curve excludes the feeding from 483 2 level, and feeding
from *Fy5 by CRL (*Frp +* Lo =% Fopp +* Fop) is
adopted. The populations at 2 Hg /2 rapidly relax to ‘P /2 via
multiphonon relaxation, and 4 F /2 state is a very short-lived
state because the multiphonon relaxation is effective. Short-
lived 4F7 /2 state, which is an initial states of CR1, also ex-
plains that the intensity of red luminescence is low. Namely,
the red emission originates from GSA/ESA1/CR1.

3.5 The distribution of Er3*-clustered sites
The energy of 2Hj /2 excited state, which is thermally cou-

pled with 453/2 state, equals to the energy sum of 419/2
and 413 /2 states in Er3+-doped system. Thus if there are
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Table 4 The lifetimes of isolated (z;) and clustered sites Er3t (z,),
and their ratios obtained using (7) and from Fig. 10

Samples 7;(us) Te(Us) B/A
NSLN:Er 25.0 33 0.25
NSLN:Er:MgO(0.5) 25.4 2.7 0.23
NSLN:Er:MgO(1.0) 244 32 0.84
NSLN:Er:MgO(2.0) 25.1 4.2 2.72

ion pairs, i.e., clustered sites of Er3t, effective CRs be-
tween them will occur. The decay time of 2Hy; 2 state
will shorten if CR2 (2H11/2 + 4[15/2 — 4[9/2 + 4113/2 and
2Hy12+ 4152 — *132 +*19/2) occurs and so does 43
state [19]. So the shortening of 485 /2 state decay time is in-
dicative of the existence of clustered sites. From the decay
curves at 550 nm plotted in Fig. 10, accelerated decay is
clearly seen in the early stage of decay curves, especially
for NSLN:Er:MgO(1.0) and NSLN:Er:MgO(2.0).

According to [19], the measured nonexponential decay
can be fitted to

t t

I(t):A~exp<—;> +B-exp<——)+lo, @)

i Tc

where the first term is the contribution from isolated Er>*
with a lifetime of t;, the second term is the contribution
from the clustered sites of Er’* that involves CR2 with a
lifetime of 7., and the last term is a time independent back-
ground noise. The fitting parameters are listed in Table 4.
Except for 7. in NSLN:Er:-MgO(2.0), t; and 7. coincide
with Ju’s results in CLN:Er [19]. B/A ratio expresses the
initial population concentration of clustered sites in %3 2
state. Provided that the Er’* ions at clustered and iso-
lated sites possess the same pump probability, B/A ratio
is also proportional to the concentration of Er’* at clus-
tered sites. So we can conclude that: (1) The lifetime of
isolated Er’t is ~25 ps, and that of clustered sites Er’™ is
~3 ps, moreover they are both independent of Li/Nb ra-
tio and of the concentration of codopant. (2) MgO codop-
ing under 1.0 mol% in NSLN:Er has very limited influ-
ence on clustering, whereas MgO codoping up to or above
1 mol% facilitates the formation of Er’*-clustered sites.
The latter conclusion coincides with the IR absorption mea-
surements. Mg;fi—OH—Mg?\I_b complex, which is confirmed
by the absorption peak at 3535 cm™!, indicates that Mg?*
ions in NSLN:Er:-MgO(1.0) and NSLN:Er:-MgO(2.0) oc-
cupy almost all Lit sites and start to occupy Nb>* sites,
and evict partial Er3 original inhabited Li* sites into Nb>*
sites, namely, induce the formation of Erlz\]f), and the pair
of Erﬁ and Erlz\lg with short distance is so-called clustered
site of Er3*. The influence of MgO codoping on clustering
in NSLN:Er:MgO is similar to that in CLN:Er:MgO [21]
but the influence in NSLN:Er:MgO is slighter. Clustered

sites of Er’* is deleterious to the application at 1.5 pm, so
NSLN:Er:MgO is more suitable than CLN:Er:MgO for po-
tential application in the field of optical communications.

4 Conclusions

The [Li]/[Nb] ratio of 0.972 is obtained in NSLN:Er grown
from K;O-based flux using top seeded solution growth
technique, and MgO codoping facilitates the incorpora-
tion of Er** into NSLN. Codoping 1 mol% or more MgO
into NSLN:Er can enhance photorefractive damage thresh-
old by three orders of magnitude. The values of £24 and
§2¢ decrease gradually with increasing MgO concentra-
tion, whereas MgO codoping has very limited influence
on the value of £2,. MgO codoping up to 2 mol% not
only can enhance the covalence degree of the Er’T-ligand
bonds, but also can induce a new Ert crystal-field site.
The green UC emission comes mainly from GSA/ESA of
*I13/2 =% Hi1 2, the emission at 410 nm only originates
from GSA/ESA of *Iy/» —2 Hy />, whereas the red emission
ascribes to CR of 4F7/2 +4 I — 4F9/2 +4 Fy 5. Slightly
MgO codoping (under 1 mol%) has very limited influence
on the clustering, whereas heavily MgO codoping (up to
and above 1 mol%) facilitates the formation of Er’* clus-
tered sites in NSLN. NSLN:Er:MgO(1.0) is the most suit-
able candidate for amplifiers and fiber lasers around 1.5 um
among these samples due to the high photorefractive dam-
age threshold, moderate peak stimulated emission cross sec-
tion, and proper Er’T-clustered sites concentration.
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