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Rare-earth~e.g., Er31, Nd31! based, guided wave optical amplification in lithium niobate~LiNbO3! inte-
grated optic systems is a new and important addition to the field of integrated optics. The application of total
site selective spectroscopy to rare-earth-doped LiNbO3 provides the most complete spectroscopic character-
ization of this class of materials to date. In a previous publication we identified six spectroscopic sites in
Er:LiNbO3 using total site selective spectroscopy, two of which are cluster sites which upconvert light using
nonradiative energy transfer between Er ions within a given site. In this paper Er31 site identifications are made
based on a consideration of solid solution defect equations in conjunction with an experimental study of the
site distribution as a function of dopant concentration~0.4–2.0 mol % Er:LiNbO3! and the Li/Nb ratio in the
crystal. The Li/Nb ratio was altered using a vapor phase equilibration technique. Our results indicate that
increasing the Li2O content of Er:LiNbO3 not only reduces the cluster site concentration by;30% but also
increases the amount of light absorbed in the crystal by;15%. This observation is, to the best of our
knowledge, the first report of post growth materials processing in rare-earth-doped LiNbO3 to effect a change
in absorption or cluster site concentration. In addition, increasing the dopant concentration increases Li2O
deficiency in Er:LiNbO3 crystals. Simple solid solution defect model calculations agree with these experimen-
tal results.

I. INTRODUCTION

LiNbO3 is an active integrated optic host whose strong
electroptic properties make possible guided wave signal
modulation and switching,1 quasiphase matched second har-
monic generation,2,3 and chirp compensation.4 While the
most sophisticated guided wave systems to date have been
produced in LiNbO3,

5 the technology has only recently in-
corporated monolithic optical gain.6–10 Rare-earth doping
~with Er31 and Nd31! of LiNbO3 has produced traveling-
wave amplification, cw lasing, upconverting and self
Q-switched lasers.11 In addition, guided wave lasers have
also been fabricated with monolithically integrated electro-
optic intercavity elements.12–15 These devices represent ex-
amples of a new class of miniaturized lasers/amplifiers which
are based on a synergy of nonlinear optical properties and
guided wave gain in lithium niobate. Er:LiNbO3 devices are
of particular interest because they operate at;1.5–1.6mm, a
primary carrier wavelength region in telecommunications.16

Efforts to improve rare-earth-doped devices have pre-
dominantly focused on waveguide and cavity
fabrication.6–8,17,18The materials engineering of the gain me-
dia itself is a potentially important aspect of device perfor-
mance which, to date, has been generally neglected. Materi-
als considerations are important because optical transitions
utilized in these devices originate from forbidden transitions
which are allowed in sites with nonspherically symmetric
crystal fields. A transition’s lifetime, cross section, and po-
larization are directly affected by an ion’s microscopic envi-

ronment. Maximizing the relative concentration of a specific
site with a highly polarized or particularly large cross sec-
tion, can help tailor a gain medium for optimal performance
in a specific lasing geometry. In addition, the relative con-
centration of cluster sites, which can cause fluorescence
quenching in optical telecommunications devices, has been
modified in other crystal hosts via post growth
processing.19,20 Knowledge of the character and distribution
of rare-earth sites in LiNbO3 will not only aid in materials
engineering but will also lend insight into new applications
based in these media.

Site selective spectroscopy is a convenient and accurate
method of determining relative changes in rare-earth site dis-
tributions within insulator hosts.21 Unfortunately, the optical
characterization of site distributions in rare-earth-doped
LiNbO3 is difficult because the broadening seen in fluores-
cence spectra, even at cryogenic temperatures~;12 K!, is
about as large as the separation between peaks from different
sites.22 Consequently, characterization using only standard
site-selective spectroscopy yields incomplete results.23,24We
recently demonstrated the optical characterization of site dis-
tributions in rare-earth-doped LiNbO3 using the technique of
total site selective spectroscopy.22 Six sites were identified,
two of which were cluster sites that upconvert light using a
nonradiative energy-transfer process. These results represent
the most complete optical site characterization of rare-earth-
doped LiNbO3 to date.

Previous work has focused on changing the Li/Nb ratio in
doped LiNbO3 to alter its site distributions.

23,25Site determi-
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nations can sometimes be made in rare-earth-doped crystals
by altering the site distributions and correlating spectral fea-
tures that change.23,25 The stoichiometry of these crystals
was varied by altering the concentrations of Li2O and Nb2O5
in the melts from which they were grown. This method of
materials engineering is not desirable for device fabrication
because: crystals pulled from noncongruent melts have sto-
ichiometric variations in the direction in which they are
pulled; the amount of dopant~e.g., Cr31! incorporated in
LiNbO3 can vary by threefold with stoichiometry;

25 and it is
difficult to grow large boules from noncongruent melts. An
alternative method of altering crystal stoichiometry is vapor
phase equilibration,26–28which produces crystals whose sto-
ichiometry is homogeneously altered and whose dopant con-
centrations do not significantly vary from crystal to crystal.
Therefore, vapor phase equilibrated crystals will allow one to
determine changes in the crystal absorption due to the redis-
tribution of rare-earth sites. In this paper we demonstrate the
use of vapor phase equilibration to alter the stoichiometry of
Er:LiNbO3. Er site identifications are made based on spec-
troscopic site determinations made in Ref. 22 in conjunction
with a consideration of solid solution defect equations and an
experimental study of site redistributions as a function of
both crystal concentration~0.4–2.0 mol % Er:LiNbO3! and
stoichiometry. Our results indicate that the site redistribution
associated with bringing LiNbO3 crystals closer to a sto-
ichiometric composition may be useful for enhancing this
material’s performance as a gain medium.

II. EXPERIMENT

A. Concentration-dependent site distributions
of Er in Er:LiNbO 3

Using the site determinations obtained from Ref. 22, stan-
dard site-selective spectroscopy was used to investigate
changes in the relative site populations as a function of crys-
tal concentration. Poled~single ferroelectric domain!
Er:LiNbO3 crystals were obtained from the Tianjin Univer-
sity, P. R. China, with Er concentrations of 0.2, 0.5, and 1.0
mol % Er2O3 ~0.4, 1.0, 2.0 mol % Er:LiNbO3, respectively!.
The crystal concentrations were verified using neutron acti-
vation analysis. The excitation beam wasx propagating and
linearly polarized at 45° to they andz axes. Specific exci-
tation and fluorescence transitions were used to determine
the relative Er site distributions. Since the relative intensities
of different scans were being compared, care was taken to
normalize the fluorescence data with respect to shot-to-shot
variations in pump power. Normalization was done by sam-
pling a portion of the incident excitation beam and measur-
ing its relative intensity using a pyroelectric detector and a
gated integrator. Changes in fluorescence peak height then
correspond to changes in the relative concentration of sites.

B. Vapor phase equilibration of Er:LiNbO 3

A poled ~single ferroelectric domain!, congruent~;48.6
at. % Li2O and;51.4 at. % Nd2O5!, 1.0 mol % Er:LiNbO3
crystal was brought closer to a stoichiometric composition
~;50 at. % Li2O and;50 at. % Nd2O5! by the process of
vapor phase equilibration.26–28 To achieve this, a crucible
and lid were made of lithium carbonate, Li2CO3, and nio-

bium pentoxide, Nb2O5, powders in proportions such that the
calcined end product was;50% LiNbO3 and ;50%
Li3NbO4 by weight. The powders were mixed with;20%
carbo wax 4000 and pressed into molds with;20 000 p.s.i.
The carbo wax helps bind the precalcined powders and pro-
vides porosity to the post-calcined pieces which aids in mass
transfer between the crucible and the Er:LiNbO3. The
pressed forms were dewaxed in an oven at 350 °C for 10 h,
then calcined by first heating to 1000 °C for 10 h and then
1100 °C for 1 h. A 1.5 mm31 cm31 cm congruent crystal
was wrapped with platinum wire to avoid contact between
the crucible and sample, placed into the two-phase crucible,
and heated to 1050 °C for;150 h ~heating rate;150 C/h,
cooling rate;400 C/h!. At 1050 °C the crucible out gasses
Li2O which is taken up by the Er:LiNbO3 and the congruent
crystal is brought closer to a stoichiometric composition. The
geometry of the crucible and crystal was such that the crystal
was no more than 6 mm from any inner wall to facilitate
mass transfer of Li2O from the crucible to the Er:LiNbO3
crystal.26 When the crystal was removed from the crucible
there were a large number of internal cracks close to itsx-y
crystallographic plane. These cracks were likely caused ei-
ther by inadvertent rapid heating/cooling or by strains in-
duced by stoichiometric variations along the length of the
crystal. Cracks often occur in heated LiNbO3 crystals which
have large compositional inhomogeneities along their length.
Fluorescence measurements were taken with the excitation
beamy propagating and linearly polarized to a 45° angle
between thex andz axis.

III. THEORY

A. Fluorescence transient lifetime

There are two fundamental assumptions which are typi-
cally considered before forming rate equations for fitting
fluorescence transients. Namely, whether the fluorescence is
coming from ions which are relaxing independently~single
ion sites! or from relaxations which involve energy transfer
between ions in proximity to each other~cluster sites!. The
rate equations associated with these two processes are dis-
tinctly different. The cluster sites have additional energy
states available as a result of nonradiative energy transfer
between ions within the site. In order to fit the nonupcon-
verted transients it is assumed that the contribution from the
cluster sites is small compared to that of the other Er sites in
LiNbO3. This assumption is justified by the fact that fluores-
cence transients measured from levels that are lower in en-
ergy than the one being pumped~and thus were not depen-
dent on upconversion! displayed time dependencies
dominated by single ion relaxation characteristics@Fig. 1~a!#.
The nonupconverted fluorescence transients could be fit best
by assuming that nonradiative multiphonon relaxation be-
tween successive levels was the dominant means of populat-
ing lower crystal-field levels. The rate equations associated
with single ion relaxations in a four-level system are

dN4 /dt52w4N4 , ~1!

dN3 /dt5f43w4N42w3N3 , ~2!

dN2 /dt5f32w3N32w2N2 , ~3!
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wherefi j is the branching ratio for nonradiative relaxations
from level i to level j . These equations assume that level 3 is
only populated by direct nonradiative relaxations from level
4. In turn, level 2 is only populated by nonradiative relax-
ations from level 3. Relaxations from level 4 directly to level
2 are ignored. It is also assumed that the populationN4 is
created instantaneously by the excitation pulse. Solutions to
these equations are given by

N45N4
0 exp~2w4t !, ~4!

N35f43N4
0w4~w32w4!

21@exp~2w4t !2exp~2w3t !#,
~5!

N25f43f32N4
0w4w3@~w22w3!~w42w3!~w22w4!#

21

3@~w42w3!exp~2w2t !1~w22w4!exp~2w3t !

1~w32w2!exp~2w4t !#. ~6!

Upconverted fluorescence transients could be fit best by
assuming that nonradiative energy transfer, rather than ex-
cited state absorption, was the dominant upconverting
mechanism. Er cluster sites are assumed to exist as Er ion
pairs, referred to as a dimer site. A dimer is considered as a
single fluorescing element@Fig. 1~b!#.29 The excited dimer
population is labeled asNd and represents the number of
dimers in which both ions are excited as a result of an exci-
tation pulse. The two ions within the dimer are labeled ‘‘a’’
and ‘‘b’’. It is assumed that there are three ways for the
dimers to be depopulated: by the independent relaxation of
ion a via nonupconverting mechanisms, the independent re-

laxation of ion b via nonupconverting mechanisms, or by
upconversion between ionsa andb. The rate equations are
as follows:

dNd /dt52~Ndwa1Ndwb1Ndwu!52Nd~wa1wb1wu!

52Ndwd , ~7!

wherewa (wb) is the relaxation rate of iona ~b! in the dimer
pair without considering upconversion,wu is the rate of
dimer depopulation caused by upconversion andwd is the
rate of depopulation of the excited dimer. The upper state
population is given by

dN3 /dt5wuNd2w3N3 , ~8!

wherew3 is the intrinsic decay rate of level 3. The solution
of these equations gives

N35
Nd
0wu

@w32~wa1wb1wu!#
$exp@2~wa1wb1wu!t#

2exp~2w3t !%. ~9!

This result is applied to upconverted fluorescence transients
in Sec. IV B.

B. Defect modeling

In this section, solid solution defect equations for
Er:LiNbO3 are considered. In doing so, the intrinsic equa-
tions ~solid solution defect equations in the absence of Er!
are formed with the addition of Er as a charged defect. De-
fects are assumed to have a constant free energy of formation
within the range of dopant concentrations considered. In ad-
dition, charge compensation by free electrons is ignored. Be-
fore dealing with the mass and charge balance equations
some important points will be discussed from related work.

Czochralski growth of Er:LiNbO3, and LiNbO3,
30 pro-

duces Li2O deficient single crystal material with a congruent
composition,;48.6% Li2O.

31 The most common defect
structure associated with the compensation for Li2O defi-
ciency in undoped crystals has been shown to be NbLi4,

32

using Kroger-Vink notation.33 This defect exists at a concen-
tration of;5.9% in the crystal, and is present in an associ-
ated defect complex with the defectVNb58 in a concentration
such that 4@NbLi4#55@VNb58#.

32,34 This defect complex is
thought to exist within regions of an illmenitelike inter-
growth present within the perfect LiNbO3.

35,36 The oxygen
sublattice is found to be filled in undoped LiNbO3.

31 These
results have led previously proposed models to focus on de-
fects exclusively on the cation sublattice.28,32,35–38Computer
modeling of LiNbO3 indicates that Li Frenkel disorder,
‘‘LiNbO 3’’↔VLi81Li I , is a relatively favored intrinsic de-
fect. Nb Frenkel disorder, ‘‘LiNbO3’’↔VNb581NbI5, and O
Frenkel disorder, ‘‘LiNbO3’’↔VO2.1OI28, are not favored.34

In addition, experiments using a Rutherford backscattering
technique on;0.25 mol % Eu:LiNbO3 found that Eu

31 ions
exclusively substitute at Li and Nb lattice locations. No in-
terstitial ions were found.39

In order to model the site distribution as a function of
stoichiometry and dopant concentration a generalized model
for the defect system is necessary. A system of defect equi-
librium equations is developed with the defect concentrations

FIG. 1. Schematic diagram of energy manifolds in rare-earth
ions. The left side of the picture represents single ion relaxations in
an excited rare-earth ion. The middle portion of the figure gives an
example of a possible dimer site relaxation which involves upcon-
version via nonradiative energy transfer between the rare-earth ions
within the dimer. The right side of the figure shows the same relax-
ation process, however, the two ions within the dimer site are con-
sidered as a single fluorescing element. The straight arrows repre-
sent radiative transitions, the solid-wavy arrows represent phonon
assisted nonradiative transitions, the dotted-wavy arrows represent
energy transfer processes, and the dotted manifold level represents a
virtual energy level which is present due to the interaction between
the ions within the dimer.
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regarded as unknowns. We assume there is no defect-defect
interaction. There is concern about this assumption because
of the high concentration of intrinsic defects found even in
undoped crystals. However, to consider such interactions
would require a much more complicated modeling tech-
nique. Other researchers have applied more complicated
models to LiNbO3 systems.

35–37

The stoichiometry is defined by

~11a!AX1/2~11b!BX5/2~D!RX3/2

5RD :A~11a!B~11b!X~31a/215b/213D/2! , ~10!

where, for our case,A5Li, B5Nb, X5O, andR5Er. This
equation indicates that we are dealing with the four constitu-
ents as a ternary mixture of oxides. The equations defining
material balance are

11a5@AA#1@AB#1@AI #, ~11!

11b5@BB#1@BA#1@BI #, ~12!

31a/215b/213D/25@XX#1@XI #, ~13!

D5@RA#1@RB#1@RI #, ~14!

where [AB] represents the probability of anA ion being on a
B lattice location, [AI ] represents the probability of anA ion
being in an interstitial location.D represents the Er concen-
tration anda andb represent mol % deviations from stoichi-
ometry of the Li and Nb concentrations, respectively. The
site balance equations are

@AA#1@BA#1@VA#1@RA#51, ~15!

@BB#1@AB#1@VB#1@RB#51, ~16!

@XX#1@XV#53, ~17!

assuming the crystal is in a 1:1:35Li:Nb:O phase. The defect
equilibrium and mass action equations are given by

AA5AI1VA⇒ @AI #@VA#

@AA#
5K1, ~18!

BB5BI1VB⇒ @BI #@VB#

@BB#
5K2, ~19!

AB5AI1VB⇒ @AI #@VB#

@AB#
5K3, ~20!

BA5BI1VA⇒ @BI #@VA#

@BA#
5K4, ~21!

XX5XI1VX⇒ @XI #@VX#

@XX#
5K5, ~22!

RA5RI1VA⇒ @RI #@VA#

@RA#
5K6, ~23!

RB5RI1VB⇒ @RI #@VB#

@RB#
5K7. ~24!

We will assume that the crystal accommodates the incor-
poration of Er by changes in the cation sublattice only. This
assumption is based on the fact that we saw no evidence of
F-center defects in Er:LiNbO3 since their characteristic op-
tical absorption bands are absent.40 In addition, computer
modeling of dopant incorporation in LiNbO3 indicates that
OI are not energetically favored defects.37 Since the equa-
tions involvingXX , VX , andXI @Eqs. ~13!, ~17!, and ~22!#
are independent of the other 11 equations, the equations can
be solved as one group of three and one group of 11 inde-
pendent equations and unknowns. A final independent equa-
tion and unknown are introduced to the system of 11 by
considering charge balance,

@VA
2#15@VB

52#14@AB
42#12@RB

22#

5@AI
1#15@BI

51#13@RI
31#12@RA

21#14@BA
41#.

~25!

The imposition of charge balance brings the need for a new
dependent variable. We therefore assume thata, b, andD are
not independent of each other. This assumption is reasonable
since it has been reported that the amount of a dopant taken
up by a LiNbO3 crystal, grown from a melt, can vary by as
much as threefold with variations in the Li/Nb ratio of the
melt ~i.e., variations in the crystal stoichiometry!.25 In our
calculations one of these three quantities was taken as an
independent variable, one as a dependent variable and the
other held constant. For example, in model calculations in
which the dopant concentration~D! was used as an indepen-
dent variable, we assumedb to be a known constant anda to
be a new unknown@since Li2O is much more volatile than
Nb2O5 ~Ref. 41!#. This system of 12 equations can be re-
duced to the following four equations and four unknowns
defined in terms of the unknownsa, AI , BI , andRI :

11a5
@AI #/K1

@AI #/K11@BI #/K41@RI #/K611
1

@AI #/K3

@BI #/K21@AI #/K31@RI #/K711
1@AI #, ~26!

11b5
@BI #/K4

@AI #/K11@BI #/K41@RI #/K611
1

@BI #/K2

@BI #/K21@AI #/K31@RI #/K711
1@BI #, ~27!

D5
@RI #/K6

@AI #/K11@BI #/K41@RI #/K611
1

@RI #/K7

@BI #/K21@AI #/K31@RI #/K711
1@RI #, ~28!
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1

@AI #/K11@BI #/K41@RI #/K611
1

1

@BI #/K21@AI #/K31@RI #/K711 S 51
4@AI #

K3
1
2@RI #

K7 D
5@AI #15@BI #13@RI #1

2@RI #/K6

@AI #/K11@BI #/K41@RI #/K611
1

4@BI #/K4

@AI #/K11@BI #/K41@RI #/K611
. ~29!

Each term within these equations represents a specific defect
probability of occurrence. Equations~26!–~29! are equal
term-by-term to Eqs.~11!, ~12!, ~14!, and~25!, respectively.

This system of four equations and four unknowns can be
solved by assuming values for the constantsK1–K7. These
values are determined by assigning probabilities of occur-
rence for each defect in the crystal~Sec. IV C!. It is assumed
that the Er concentration is low and the intrinsic defect con-
centrations remain relatively unchanged by doping the pure
LiNbO3 with small Er concentrations. The equations were
solved numerically after estimating defect concentrations ac-
cording to the review at the beginning of this section. Those
defects with low concentrations were neglected in the nu-
merical solutions. This is effectively assuming that the domi-
nant defects associated with charge compensation for dopant
ions in LiNbO3 are theVNb and NbLi defects. This has also
been suggested by other researchers for dopant levels of less
than a few percent.28,38

IV. RESULTS

A. Spectroscopy

The wavelengths corresponding to the transitions between
the five 4F9/2 manifold levels and the bottom level of the
4I 15/2 ~ground state! manifold are listed in Table I for the six
sites in Er:LiNbO3.

22 Lifetime measurements from the tran-
sition wavelengths in Table I are listed in Table II. In Ref. 22
we classified the six sites in Er:LiNbO3 into three groups

based on the absorption and emission characteristics of the
various sites. We found two single ion~nonclustered! site
groups, namely, sites 1&2, and sites 3&4~as labeled in Ref.
22!. We also assigned sites 5 and 6 as Er cluster sites. Sites
1–4 were found to be major sites while sites 5&6 seemed to
be lower in concentration. The lifetime differences shown in
Table II are consistent with the classifications summarized
above from Ref. 22.

Sites 5 and 6 are assigned to clustering since only these
sites produced upconverted light when pumping the4F9/2
manifold ~;650 nm!. Upconverted light was observed from
the 2P3/2→4I 13/2 ~;475 nm!, 4G11/2→4I 15/2 ~;388 nm!,
2H9/2→4I 15/2 ~;412 nm!, and4S3/2→4I 15/2 ~;540 nm! tran-
sitions. Upconversion can arise from two possible processes,
excited-state absorption and/or nonradiative energy
transfer.19,20From a materials engineering point of view, the
distinction between these two processes is significant.
Excited-state absorption in any medium is a fundamental
consequence of a given pump/signal choice; as a result it is
not easily altered. In contrast, nonradiative energy transfer
arises from a distinct subset of the total Er31 population,
namely cluster sites, and can be enhanced or suppressed by
changing the relative concentration of these sites.19,20 We
assign the dominant upconverting mechanism in sites 5 and 6
to energy transfer between two excited Er ions that are clus-
tered. The alternate mechanism, a sequential two-step ab-
sorption~excited state absorption!, is unlikely for the follow-
ing reasons: upconversion is not observed for the major sites
~1–4! despite the similarity of their electronic states to the
upconverting sites; and the quantitative fittings we have
made of fluorescence transient kinetics are consistent with
energy transfer but not with sequential absorption~see Sec.
IV B !.29 In addition, Fig. 2 shows the crystal-field manifolds
for a single Er ion and a cluster site. The cluster site has
more electronic states available due to energy transfer be-
tween the ions within the dimer. The energy of two excitation
photons@2~4F9/2!# is also shown in Fig. 2 to simulate excited-
state absorption in single ion sites. Figure 2 shows that there
are no absorbing levels at the wavelength required for a se-
quential absorption of the 5 ns pulse. This result is specific to

TABLE I. Wavelengths of the transition peaks for the sites identified in Ref. 22. Values are given in angstroms.

Line a Line b Line c Line d Line e

Site 1l ~Å! 6514.4 6521.5 6557.8 6584.3 6600.9
Site 2l ~Å! 6512.5 6523.6 6556.6 6584.2 6599.6
Site 3l ~Å! 6506.4 6515.8 6552.5 6582.2 6598.4
Site 4l ~Å! 6506.8 6518.6 6553.2 6579.1 6596.8
Site 5l ~Å! 6504.1 6512.9 6551.3 6578.1 6596.1
Site 6l ~Å! 6501.1 6508.6 6549.0 6574.0 6592.7

TABLE II. Measured lifetimes from the transition wavelengths
listed in Table I. Values are given in microseconds.

Line a Line b Line c Line d

Site 1 ~ms! 1.7 1.7 1.7 1.7
Site 2 ~ms! 1.7 1.7 1.7 1.7
Site 3 ~ms! 1.5 1.55 1.55 1.7
Site 4 ~ms! 1.6 1.57 1.56 1.6
Site 5 ~ms! 1.55 1.55 1.58 1.58
Site 6 ~ms! 1.65 1.7 1.65 1.55
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pumping the4F9/2 manifold at low temperatures. A given
manifold which has levels that are more accessible for ex-
cited state absorption, for example the4I 9/2 manifold for the
4I 13/2 ~;1480 nm! excitation, the4F7/2 manifold for the

4I 11/2
~;980 nm! excitation or the2H9/2 manifold for the 4I 9/2
~;810 nm! excitation~Fig. 2!, will have stronger contribu-
tions to the upconverted fluorescence via this alternate
mechanism.

Relatively strong upconversion is also seen when exciting
the 4S3/2 manifold ~;540 nm!. If the 4F7/2,

4F5/2 or
4F3/2

manifolds are excited, comparatively weak upconversion is
seen. Quantitative fittings of the radiative decay transients
not only indicate that upconversion from these four levels is
predominantly caused by nonradiative energy transfer@Eq.
~9!#, but also that the energy-transfer process is originating
from the4S3/2 manifold regardless of whether the

4S3/2,
4F7/2,

4F5/2 or
4F3/2 manifold is excited. Complementary total site

selective scans of upconverted and nonupconverted fluores-
cence obtained while pumping the4S3/2 manifold are shown
in Figs. 3~a! and 3~b!. Correlations between upconverted and
nonupconverted spectra can be made by comparing these
two plots. Figures 3~a! and 3~b! show that the mean4S3/2
energy is red shifted for the dimer sites just as observed for
the 4F9/2 excitation experiments~Ref. 22!. Figure 3~b! also
shows that the two dimer sites are not resolved when excit-
ing the4S3/2 manifold. However, this result is not surprising
since the spectrum shown in Fig. 3~a! shows that even the
major nonupconverting sites cannot be resolved when excit-
ing the4S3/2 manifold.

B. Lifetime determinations

Table III~a! is a listing of the lifetimes found for the vari-
ous crystal-field transitions in a 1.0 mol % Er:LiNbO3 crys-

tal. Table III~b! shows the rise and fall times of the transients
collected. There is a range of lifetimes reported because the
transients show a continuous shift from one lifetime to an
other as one tunes the excitation and fluorescence wave-
lengths from one site to another through the inhomogeneous
distribution.

To quantitatively apply the rate equations associated with
the dimer sites~Sec. III A!, some transition lifetimes from
the individual ions must be known. Direct measurement is
difficult since the cluster sites are minor sites. Excitation
capabilities were limited to the;650, ;540, ;475, and
;450 nm manifolds~4F9/2,

4S3/2,
4F7/2,

4F5/2, and
4F3/2 mani-

FIG. 2. Diagram of the manifold transition energies in
Er:LiNbO3. The left side of the figure shows the single ion elec-
tronic states, and the right side of the figure shows the dimer site
electronic states. The additional energy states in the dimer sites are
made available through energy transfer between ions within the
dimer.

FIG. 3. ~a! Total site-selective contour plot of fluorescence from
the4F9/2→4I 15/2 transition while exciting to the

4S3/2 manifold with
a x-propagating, pulsed~;5 ns!, and unpolarized excitation beam.
~Excitation line width;0.4 Å; fluorescence resolution;0.5 Å!. ~b!
Total site-selective contour plot of upconverted fluorescence from
the 2P3/2→4I 13/2 transition while exciting the4S3/2 manifold. The
excitation beam wasx propagating, pulsed~;5 ns! and unpolar-
ized.~Excitation line width;0.4 Å; fluorescence resolution;3 Å!.
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folds, respectively!. Strong upconversion was only seen
when pumping the;650 and;540 nm lines. Since fluores-
cence from the nonclustered sites dominated the nonupcon-
verted fluorescence, lifetimes from the cluster site4F9/2 level
could not be reliably measured. Lifetimes for the4S3/2 level
were determined by assuming values for the4F9/2 manifolds
and fitting the upconverted4S3/2 transients. This assumption

is justified by the large difference between the lifetimes of
the 4F9/2 and

4S3/2 cluster manifolds~Table III!. The upcon-
verted4S3/2 fluorescence transients from the two dimer sites
were best fit using lifetimes of 20 and 110ms for sites 5 and
6, respectively. In order to fit the fluorescence transients pro-
duced when both dimer sites were being excited, Eq.~9!
must include the relaxation rates from both dimers:

N35
Nd
0wu

~5!

@w3
~5!2~wa

~5!1wb
~5!1wu

~5!!#
$exp@2~wa

~5!1wb
~5!1wu

~5!!t#2exp~2w3
~5!t !%1

Nd
0wu

~6!

@w3
~6!2~wa

~6!1wb
~6!1wu

~6!!#

3$exp@2~wa
~6!1wb

~6!1wu
~6!!t#2exp~2w3

~6!t !%. ~30!

Herew3
~5! andw3

~6! are the decay rates of the4S3/2 manifolds
in the dimer sites 5 and 6, respectively, without upconver-
sion. While lifetimes for the dimer4S3/2 manifolds can be
measured, the transition lifetimes of the individual ions
within the dimer could not be resolved, precluding the deter-
mination of energy transfer rates within the dimer. The clus-
ter sites labeled 5 and 6 could not be resolved when exciting
the4S3/2 manifold while collecting upconverted fluorescence.
Consequently, the upconverted2P3/2 fluorescence transients
collected while exciting the4S3/2 manifold were fit with Eq.
~9! ~Table III!.

The upconverted2H9/2 fluorescence collected while
pumping the4F9/2 state is very weak. This transient has a

very fast rise and fall time~Table III!. The lifetime of the pair
state which produces the upconverted2H9/2 fluorescence is
much faster than that of the pair state which produces the
upconverted4S3/2 fluorescence, even though the same mani-
fold is being excited. Therefore, the fluorescence associated
with these two transitions is either coming from different
processes or different sites. The2P3/2→4I 11/2 transition fluo-
rescence~475 nm! collected while exciting the4F9/2 mani-
fold is also surprising because the4F9/22

4F9/2 pair state is
lower in energy than the2P3/2 state. Since the sample is at
;12 K it is unlikely that the dimer is absorbing phonons
from the lattice to produce this signal. This signal could be
originating from three-body energy transfer in higher-order
cluster sites.

TABLE III. ~a! Measured lifetimes from a 1.0 mol % Er:LiNbO3 crystal. ~b! Rise and fall times of the
transients collected from the listed transitions.

~a!
Fluorescence
state

Wavelength
~nm!

Lifetime
~ms!

2P3/2 323 10–12
2H9/2 410 0.5
4S3/2 540 15–110
4F9/2 650 1.8–4
4I 9/2 810 0.25
4I 11/2 980 300–320

~b!

Pump
level

4I 11/2
980 nm

4I 9/2
820 nm

4F9/2
650 nm

4S3/2
540 nm

4S3/2
852 nm

2P3/2
475 nm

2H9/2
412 nm

2P3/2
407 nm

2P3/2
323 nm

4F5/2 2.5 2 0.2 12
450 nm 35 32–36 40 22
4F7/2 35–40 2 1.8–2 0.1 0.1 12
490 nm 300 37 35–38 35 35 22
4S3/2 35 2–5 1.8–4 0.1 10 10 12
540 nm 300 19–30 20–37 15–40 20 22 22
4F9/2 2 0.25 0.1 1.5–2 2 0.4
650 nm 300 1.8–2 1.6–1.8 20–110 10 0.5
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C. Model calculations

Results from the solution of Eqs.~28!–~31! are shown in
Tables IVa–IVc. The model predicts that at low dopant lev-
els the change in Er site distributions as a function of dopant
concentration is very small. This insensitivity occurs because
at relatively low Er concentrations~,0.5 mol %! the dopant
has little effect on the intrinsic defect populations which are
in a concentration of;5% ~assuming the dopant ions are
charge compensated predominantly by the intrinsic defects
NbLi andVNb , Sec. III B!.38,40 As the dopant levels are in-
creased in the model, the incorporation of the Er starts to
shift the intrinsic defect concentrations. This shift changes
the probability of ErLi and ErNb site formation. Table IVa
indicates that ifb is held constant~whereb is the Nb devia-
tion from stoichiometry! and the dopant levels are increased,
there is an increase in both Li2O deficiency and the relative
ErLi site population. Alternatively, as the crystal is brought
closer to stoichiometry and the dopant level is held constant
~Tables IVb and IVc!, the model predicts an increase in the

relative concentration of ErNb sites. The general trend seen in
this simple model is that increasing the dopant concentration
and increasing the Li2O content have opposite effects on the
site distribution in the crystal. These model calculations are
compared to spectroscopic measurements below.

D. The redistribution of Er sites as a function
of Er concentration

Site-selective spectroscopy was used to detect the change
in the relative site distributions between the 0.4, 1.0, and 2.0
mol % Er:LiNbO3 crystals~Table V!. The site distributions
are determined by measuring the fluorescence intensity from
a selected transition in six different sites. The six measured
values are added and the relative contribution from each site
is defined as its relative site concentration. The most striking
result is that the proportion of cluster sites, for example site
6, relative to the single ion sites increases in an approxi-
mately linear manner with an increase in the Er concentra-

TABLE V. Percent changes in the relative site concentrations between 0.4 and 1.0 mol % Er:LiNbO3
crystals and 0.4 and 2.0 mol % Er:LiNbO3 crystals.

Site number as identified
in Ref. 22

Percent change between
0.4 and 1.0 mol %

Er:LiNbO3

Percent change between
0.4 and 2.0 mol %

Er:LiNbO3

1 21 224
2 24 27
3 215 228
4 22 111
5 15 116
6 168 1158

TABLE IV. Defect concentrations as predicted by our model. The numbers given represent the probability of occurrence for each defect.
~a! The Er concentration~D! is taken as the independent variable, the Li2O content~a! is the dependent variable and the Nb2O5 content~b!
is assumed to remain constant.~b! The Li2O content~a! is the independent variable, the Nb2O5 content~b! is the dependent variable and the
Er concentration~D! is assumed to remain constant.~c! Same as~b! but with a higher Er concentration.

D a b ErLi ErNb LiLi NbNb LiNb NbLi VLi VNb Li I NbI ErI

~a!
0.001 20.0579 0.010 98 0.000 49 0.000 31 0.942 0.955 1.0531026 0.0575 0.000 09 0.046 0.000 1 1.0531029 5.3 310210

0.002 20.0609 0.010 98 0.001 0.001 0.939 0.951 1.0031026 0.0599 0.000 1 0.048 0.000 1 1.0031029 1.003 1029

0.005 20.07 0.010 98 0.002 65 0.002 35 0.930 0.944 8.7631027 0.0673 0.000 13 0.054 0.000 08 8.8310210 2.093 1029

0.01 20.0851 0.010 97 0.005 74 0.004 26 0.915 0.933 7.2331027 0.0792 0.000 18 0.064 0.000 05 7.4310210 3.203 1029

0.02 20.1152 0.010 96 0.012 81 0.007 19 0.885 0.909 5.2931027 0.1021 0.000 31 0.084 0.000 03 5.5310210 4.113 1029

~b!

0.002 20.0398 0.0068 0.000 78 0.001 22 0.960 0.968 1.5931026 0.0392 0.000 04 0.031 0.000 24 1.5731029 1.873 1029

0.002 20.0609 0.010 98 0.001 0.001 0.939 0.951 1.0031026 0.0599 0.000 1 0.048 0.000 1 1.0031029 1.003 1029

0.002 20.0800 0.014 78 0.001 14 0.000 86 0.920 0.935 7.3431027 0.0788 0.000 18 0.063 0.000 06 7.5310210 6.5 310210

~c!
0.01 20.0397 0.002 0.003 73 0.006 27 0.960 0.966 1.7231026 0.036 0.000 03 0.028 0.000 29 1.7431029 1.073 1028

0.01 20.0600 0.006 0.004 79 0.005 21 0.940 0.951 1.0931026 0.055 0.000 08 0.044 0.000 12 1.0931029 5.683 1029

0.01 20.0800 0.009 98 0.005 57 0.004 42 0.920 0.936 7.7831027 0.074 0.000 16 0.060 0.000 06 7.9310210 3.543 1029

0.01 20.0851 0.010 98 0.005 74 0.004 26 0.915 0.932 7.2331027 0.079 0.000 18 0.064 0.000 05 7.4310210 3.203 1029
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tion for the crystals studied~Table V!. This increase is con-
sistent with the dependence expected for dimer clusters.42

While the concentration of site 5, the second cluster site, also
increases with concentration, it does so more slowly. This
difference is probably caused by the spectral overlap be-
tween sites 4 and 5~there is minimal overlap between site 6
and any other site!. Closer inspection of the data in Table V
shows that the relative concentration of the major sites~1–4!
do not significantly change between Er concentrations of 0.4
and 1.0 mol %. There is a small reduction in the relative
concentration of site 3, but this change is near the error limit
of our system~;15%!. Larger changes in the site distribu-
tions are seen if the 0.4 and 2.0 mol % Er:LiNbO3 crystals
are compared. These results are also consistent with our
modeling results.

Changes in the relative proportion of the Er sites were
determined by considering the three groups of Er sites pre-
viously discussed in Sec. IV A~sites 1&2, 3&4, and 5&6!.
We further assume that the Er31 ions exclusively substitute at
Li and Nb lattice locations, as has been shown for Eu31 in
Eu:LiNbO3.

39 We suggest that one pair of similar single ion
sites ~sites 1–4 are identified as the single ion sites! repre-
sents Er ions in two different Li sites and the other pair
represents Er ions in two Nb sites. The dimer sites~sites
5&6! are assumed to be predominantly composed of one ErLi
and one ErNb . This self-charge compensating scenario pro-
duces a neutral defect which contributes equal numbers of
ErLi and ErNb sites to the total population. Therefore, when
determining the changes in the ErLi and ErNb site popula-
tions, the contributions from the dimer sites are ignored.

Table VI shows the changes in the Er site groups as a
function of concentration. A slight increase in the relative
concentration of sites 3&4 over sites 1&2 is seen with an
increase in Er concentration. Since the modeling indicates an
increase in ErLi sites with an increase in Er concentration, we
assign the 3&4 site group as ErLi sites. There is still insuffi-
cient evidence to make this assignment definitive. However,
these results are consistent with the redistribution of Er sites
associated with changes in the crystal stoichiometry dis-
cussed in the next section.

E. The redistribution of Er sites as a function
of Li/Nb stoichiometry

Figure 4 shows normalized low-temperature~;12 K! ab-
sorption scans of the4F9/2 manifold from an untreated~con-
gruent! Er:LiNbO3 crystal ~;48.6% Li2O and ;51.4%
Nb2O5! and a crystal which was vapor phase equilibrated

toward a more stoichiometric composition. The scans show
two distinct results: a redistribution in the relative concentra-
tions of the spectroscopic sites~shown by a change in the
shape of the spectrally dependent absorption! and;15% in-
crease in the amount of light absorbed by the total Er popu-
lation in the treated crystal~determined by comparing the
areas under each curve!. This figure also shows a 35% in-
crease in the low-temperature absorption cross section at
651.5 nm in the treated crystal. Low-temperature excitation
scans of individual sites also showed a 10% narrowing of the
absorption lines as a result of the vapor phase equilibration
toward stoichiometry. The linewidth is a measure of the de-
gree of variation between ions in similar sites. The narrowing
in the linewidth is an indication that the inhomogeneous
broadening is reduced in the treated crystal. Room-
temperature absorption scans, Fig. 5, also show an increase
in the amount of light absorbed by the treated crystal.

The measured site redistribution~as indicated by changes
in fluorescence peak heights! caused by the vapor phase

FIG. 4. Low-temperature~;12 K! absorption scans of the4F9/2
manifold in Er:LiNbO3 for a congruent crystal~dashed line! and a
crystal brought closer to a stoichiometric composition using vapor
phase equilibration~solid line!. ~Monochromator resolution;0.4
nm.!

FIG. 5. Room-temperature absorption scans of the4I 15/2 mani-
fold in Er:LiNbO3 for a congruent crystal~dashed line! and a crystal
brought closer to a stoichiometric composition using vapor phase
equilibration~solid line!. The inset shows an expanded view of the
1531 nm transition.

TABLE VI. Percent changes in the relative site concentrations
as a function of Er concentration and Li/Nb stoichiometry of the
1&2 and 3&4 site groups. Contributions from the dimer sites are
ignored.

Relative change
between a 0.4
and 2.0 mol %

crystal

Relative change
between a

congruent and
VPE crystal

1&2 site group 22.8% 120.8
3&4 site group 13.6% 29.0

2342 53D. M. GILL, L. McCAUGHAN, AND J. C. WRIGHT



equilibration is shown in Table VII. The most striking result
is ;30% reduction in the relative proportion of Er cluster
sites ~sites 5 and 6! as a result of the equilibration. The
observed increase in absorption is attributed to the redistri-
bution of Er sites as a result of the vapor phase equilibration.
This redistribution is caused by a change in the defect popu-
lations which compensate for the Er incorporation. The si-
multaneous increase in absorption and decrease in cluster
sites indicate that the cluster sites have a smaller cross sec-
tion than the single ion sites. From an applications perspec-
tive, these results are interesting because a reduction in the
cluster population not only reduces upconversion in the crys-
tal ~which is undesirable for applications such as Er based
optical amplification at 1.5mm! but also increases the
amount of light absorbed by the crystal.

The change in the relative proportion of ErNb and ErLi
sites was also determined for the vapor phase equilibrated
crystal and the results are shown in Table VI. The data shows
an increase in the relative concentration of the 1&2 site
group after vapor phase equilibration toward stoichiometry.
Comparison to the modeling calculations suggest assigning
the 1&2 site group to ErNb . This assignment is consistent
with those from Sec. IV D. In addition, the data show that
increasing the Er concentration and increasing the Li2O con-
tent have opposite effects on the relative Er site distribution
~Table VII!, as predicted by our model. Therefore, we con-
clude that increasing the Er concentration increases the Li2O
deficiency in LiNbO3 crystals. One way to independently

check this conclusion would be to look for the types of de-
fect structures found in Li2O deficient LiNbO3 and Ti dif-
fused LiNbO3.

38 These structures are thought to be associ-
ated with an increase inVNb and NbLi defects.

38 An increase
in VNb and NbLi defects is also predicted by our model cal-
culations~Tables IVa–IVc!.

V. CONCLUSIONS

The determination of site redistributions in rare-earth-
doped LiNbO3 is facilitated by the use of site-selective spec-
troscopy. The demonstration of materials engineering in rare-
earth-doped LiNbO3 was presented via changes in the Li/Nb
stoichiometry. The site redistribution associated with an in-
crease in Er concentration is very similar to that associated
with an increase in Li deficiency. Therefore, we conclude
that increasing the dopant concentration tends to increase the
Li deficiency in the crystal. Our simple model calculations
agree with these experimental results. Bringing a 1.0 mol %
Er:LiNbO3 crystal closer to stoichiometry, i.e., reducing its
Li2O deficiency, not only reduces the cluster site concentra-
tion ~;30%! but also increases the absorption of light by the
crystal. This behavior indicates that the transition cross sec-
tion of the Er is larger in the nonclustered sites.

Our results may also have implications for other doped
LiNbO3 materials. For example, difficulty has been reported
in the Czochralski growth of codoped Nd:MgO:LiNbO3. The
formation of striations in boules with high Nd concentrations
has limited the amount of Nd that can be incorporated into
these crystals.43 The fact that high Er concentrations in
LiNbO3 increases Li2O deficiency may indicate that Li2O
deficiency is the source of these striations. Altering melt con-
centrations and/or post growth vapor phase equilibration may
therefore be useful for enhancing the quality of these crys-
tals. The Li/Nb ratio can also significantly effect the photo-
refractive effect,44 ion diffusivity,28 dopant solubility,25 and
the Curie temperature28 in LiNbO3. Therefore, we feel that
vapor phase equilibration may be a potentially useful pro-
cessing technique for the optimization of rare-earth-doped
LiNbO3 devices.
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