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Abstract. Congruent lithium niobate (LN) doped with rare-earth elements is a promising host for integrated
optic combining the properties straightforwardly associated to the dopant with the good electro-optic (EO)
properties. By direct technique based on interferometric optical arrangement at a wavelength of 633 nm and at
room temperature, we have experimentally determined the figure of merit F= n’r.y, (n is the refractive index
and 7o, the effective EO coefficient) and finally calculated the EO coefficients 7o of the third-column of the
unclamped EO tensor of three series of singly doped LN with Yb®", Ho®>", Tm®" and two series of doubly doped
Er*"™-Yb?". It is found that in all the studied opto-geometric configurations, the unclamped figure of merit and
consequently the corresponding EO coefficients are relatively constant in the considered dopant concentration
range. As the figure of merit, F qualifies crystals for EO modulation and laser applications, all reported results
confirm that the LN singly or doubly doped with rare-earth elements are very promising versatile candidates for
several multifunctional nonlinear devices in optoelectronic and laser applications.

1 Introduction

Congruent lithium niobate (LN) is a versatile dielectric
material already integrated in optoelectronic devices and
laser applications and is promising for new emergent
developments in optical sensors and fast optical commu-
nications. But all devices based on LN suffer from serious
photorefractive damage when LN is grown pure in its usual
congruent composition [1,2]. Indeed, the relatively low
optical damage threshold is a major drawback in
applications based on the integration of LN such Pockels
cell [3,4]. By cons, it is to note that this low optical damage
threshold, related to its high photorefractive sensitivity,
when it is controlled could be especially interesting for
holographic applications [5,6]. Currently, it is well
established that the optical damage threshold depends
on the amount of intrinsic defects present in the lattice.
Thus, for specific optoelectronic and laser applications, the
damage threshold could be considerably increased in
congruent LN doped with dedicated ions [7] as transition
ions or metallic elements, or rare earth elements, which
offer the possibility to adapt the advantageous opto-
electronic properties of pure samples to integrated optic
applications in various passive [8-15] and active [16-19]

* e-mail: aillerie@metz.supelec.fr

devices [20-23]. Certainly it should be noted a large family
of excellent quality Er-doped low-loss waveguide lasers of
excellent quality which has been developed emitting in the
wavelength range around 1550 nm. Among these one can
mention distributed Bragg reflector (DBR), distributed
feedback (DFB) and coupled DBR-DFB-lasers were
developed in LiNbOj3 with a Ti-indiffused waveguides
[24-26], free running lasers of the Fabry—Pérot type, self-
frequency doubling devices, acousto-optically tunable
lasers, harmonically mode-locked lasers and Q-switched
lasers [16,27]. Some of these devices, as the two last above
mentioned, are electro-optically active and utilize the
excellent EO properties of LN crystals. Beside the Er-
doped LN recently another rare earth ions, Tm-doped
channel waveguides have been developed for single photon
storage and retrieval [28]. It should be noted that beside the
mentioned rare earth ions there are a large number of active
ions with numerous electronic transitions. These possible
transitions and the interesting EO properties of doped LN,
associated to the possible control of the photorefractive
damage in co-doped crystals, and these active rare earth
ions in LN are potentially very attractive for the
development of amplifiers, lasers and quantum memories
in LN waveguides. A large number of dopants with a large
concentration range can dope congruent LN and it is
possible to combine the properties straightforwardly
associated to the dopant with the good electro-optic
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(EO), acousto-optic and non-linear optic properties of LN
[29-34]. Among existing possible dopants for LN crystals
some researches point out that divalent ions such as Mg? "
[1,3,4,35,36] and Zn>" [4,37 38] trivalent ions such as Sc*’
[39 40] and, more recently, In*" [41] and finally tetravalent
ions as HEF [31,32,42-45] and Zr*" [46-51] can improve
the optical damage resistance of LN crystals for specific
concentrations. Compared with the Mg doped congruent
LN crystal with 6mol% corresponding to the damage
threshold concentration, crystals doped with Hf* " and Zr*"
present a threshold at around 2 mol% for which a compar-
able photorefractive resistance is achieved [43,46,50,52,53].
Thus, with additionally the advantage of a distribution
coefficient near one at the threshold concentration, high
crystallographic and optical quality Hf*™ and Zr*" doped
crystals with a good optical damage resistance can be
grown [32,46-50].

On contrary of the numerous functional properties for
divalent and tetravalent-doped LN crystals available in
literature as mentioned above, only few studies mentioned
the doping of LN with trivalent ions such as Sc*" and In*"
[39,41,45,54,55]. Except the Contrlbutlons of Du et al.
[56, 57] on LN crystals doped with Er®" ions, no work has
been devoted to the study of the dlelectric and electro-
optical properties of crystals doped or co-doped with others
rare-earth elements as Er®", Yb®*" and Ho® " as function of
the concentration and of the structural properties. In a
previous work [41L, by EO and dielectric measurements it
was shown that In® " doped congruent LN crystals present a
smaller optical damage, for a concentration threshold equal
to 1.7 mol%, i.e. about 3 times lower than that of Mg*'
doping [36,58,59]. It is to be also of note that the value of
the EO coefficient 155 (involved when the beam propaga-
tion is along the axis z of the crystal with an electric field
applied along x (or y)) presents a non-monotonous
dependence with the dopant concentration as already
observed for crystals doped with other ions such as Zr, Zn
or Mg [11,38,45,49,50]. Recently for the first time it was
shown that doping of LN crystals with trivalent rare earth
ion Ho®" also leads to an increase of resistance to optical
damage for specific dopant concentrations [60]. In addition,
it has also been shown that in this crystal, it would be
possible to achieve optical cooling and that in fact, this
crystal was a material in strong perspective from the point
of view of laser applications [61].

Coming back to the structural properties of doped LN
crystals and due to the necessary electronic compensation
in the lattice structure when doping, the material
homogeneity and the optical quality of the crystals are
improved with low dopant concentration especially when
co-doping with rare-earth ions is considered [62,63]. It is
thus challenging to know the EO properties of singly or
doubly doped LN with rare-earth elements as Er®*, Yb**
and Ho®" and to determine if the co-doping affects the
EO properties of singly doped LN. As above mentioned,
Du et al. [56,57] characterized the EO properties of smgly
Er*" doped and In*"-Er*" co-doped LN crystals. Their
experimental results show that Er®" doping affects the EO
coefficient 3 (beam propagation along the axis x (or y) of
the crystal with an electric field applied along z) when the
dopant concentration is close the concentration threshold,

whereas, In® ~Er® " co-doping does not cause the change of
the EO coefficients 3 and 733, which represents an
interesting advantage for applications based on EO
modulation.

Particularly, when we consider applications integrating
pulse lasers based on EO Q-switch, one of the most
important features is the voltage required to switch losses.
This voltage is defined as the half-wave voltage, V, that
changes the phase of the light wave that passes through the
crystal EO by a value of 7 relative to its initial phase. This
voltage depends on the opto-geometric configuration as
shown by the relationship

rd

Vi=—+F
3..L
M7 ot

(1)

where A is the vacuum wavelength, n the refractive index
seen by the eigen-wave propagating in the crystal, r.s the
absolute value of the effective EO coefficient and d and L
are the dimensions of the crystal along the electric-field
direction and along the beam-propagation direction. So
that, for the qualification of an EO material, we will
consider the reduced half-wave voltage V', for which L = d.
Thus, for the EO Q-switch laser applications, the factor of
merit F= n’ry is introduced which makes it possible to
overcome the wavelength. This equation also has a certain
advantage in the comparison of materials for which we do
not have the value of the refractive indices because the term
nPrer appears directly in the expression of the EO
modulation allowing for EO characterizations of samples
(see Eq. 2).

In the present work, as function of various rare earth
elements, we report experimental results and analysis
obtained in the characterization of the figure of merit F'in
the specific opto-geometric configurations involving the
unclamped EO coefficients r;3, r33 and 7, of various series of
singly and doubly doped LN crystals by rare-earth
elements. These coefficients are mainly involved as EO
modulator in laser applications. Three series of singly
doped LN with Yb*", Ho®>", Tm®" and two series of doubly
doped Er* -Yb*' elements were characterized by EO
measurements performed on a Mach—Zehnder interferom-
eter. Additionally, we have also characterized a pure
congruent LN sample allowing us to enlighten the specific
role of the dopant in the EO properties.

It is to be of note that numerous studies concerned the
Er*"-Yb*" co-doped LN but they focus mainly to the
luminescence and spectroscopic properties of such com-
pound [28,64,65]. Particularly, time-resolved photolumi-
nescence measurements give evidence of an efficient energy
transfer from Yb*" ions to Er®" ones [66]. To our
knowledge, for the first time, the EO properties of Er®"
Yb?*" co-doped LN will be determlned by the current Work
and starting from this initial result, it seems interesting to
check the influence of co-doping in the EO properties.

2 Experimental

Congruent LN crystals doped with Yb*", Ho*", Tm*" and
co-doped by Er* ~Yb?" impurity ions were grown by the
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Table 1. Characteristics of the studied LN crystals. EO figures of merit, F= n’r.g and EO coefficients 7. of the third
column of the EO tensor. In calculation of the EO coefficients, we assumed the typical values of the refractive indices for

pure congruent crystal (at 7=25°C and A = 632.8 nm).

TLS ™3

n’ 733 ?

N°  Dopant/(mol%) Dopant/(mol%) nr, T3 T33 .
In the melt In the crystal (pm/V) (pm/V) (pm/V) (pm/V) (pm/V) (pm/V)
Pure cg 0 0 102 314 213 8.5 29.4 19.9
Ho*" 1-1  0.092 0.092 112 315 203 9.3 29.5 19.0
1-2  0.69 0.69 99 290 190 8.3 27.1 17.8
Tm?" 2-1 0.009 0.012 107 309 201 9.0 28.9 18.9
2-2  0.09 0.12 110 314 205 9.2 29.4 19.2
Yb3" 3-1 0.01 — 111 332 222 9.2 31.1 20.8
3-2 0.02 - 101 297 196 8.5 27.8 18.3
33 1 1.2 91 258 167 7.6 24.2 15.6
Er*'-Yb®" 4-1 0.2-05 0.33-0.96 103 309 206 8.6 28.9 19.3
4-2  0.50.5 0.78-0.93 98 262 164 8.2 24.5 154
Er*-Yb*" 51 0.2-1.0 0.33—1.57 92 265 173 7.7 24.8 16.2
5-2 0.5-1.0 0.62-1.47 100 284 184 8.3 26.5 17.2

modified Czochralski method in air using a setup with an
rf heating furnace and a platinum crucible having a size
of 50 x 3 x50mm®. The Er*', Yb*", Ho®" and Tm?*'
impurity ions concentrations in the melt were varied
between 0 and 1.0 mol%. The doping with rare earth ions
was performed by adding the dopant in their oxide forms
into the LN melts’ pellets. Special measurements of the
concentration of used impurity ions were not performed,
but we used corresponding data from the literature. For the
case of Er—Yb co-doped samples values of the impurity ions
in the crystal were taken from the papers [67,68], for the
case of Yb-doped ones from [69], for the case of Tm-doped
ones from [68,70]. For estimation of Ho concentration in the
samples the data from the [68] has been used. The
mentioned concentration values of the impurity ions in the
crystals under study are presented in the Table 1. The
crystals were pulled along the c-axis at a rate of 1 mm/h
and a rotation speed of about 20 rpm. High purity materials
in powder form from Johnson-Mattey (NbyOj5) and Merck
(LixCO3) were used to obtain the initial congruent
composition LN powder. During the growth process, a
direct electric field (electrical current of about 12 A/m?)
was applied to the crystal-melt system in order to obtain
single domain crystals directly during the growth process
and a rather homogeneous distribution of impurity ions
within all the grown crystal.

We have investigated, at room temperature and using a
He-Ne laser (633nm), the unclamped EO coefficients r3
and 73 using a Mach—Zehnder type interferometric
technique with light propagation along the x-axis,
polarization parallel to the y and z axes, respectively, for
the two coefficients, and an applied electric field parallel to
the z-axis of the crystals. The associated method is the
“Modulation Depth Method” (MDM) previously described
in references [71,72]. As a reminder, MDM is a dynamic
method in which the EO coefficient is calculated from the
measurement of the modulated beam amplitude induced

by an ac-voltage applied on the sample under test. In the
current study, the peak-to-peak amplitude of the applied
ac-voltage is equal to 250 V at 1 kHz, and a lock-in amplifier
and an oscilloscope are used for the measurement of the
intensity amplitude of the modulated component of the
transmitted laser beam.

Under the above-mentioned conditions, within the
MDM method, the maximum frequency limit is defined by
the specifications of the power supply and the signal
acquisition electronic apparatus used for these experi-
ments. In this method, the peak-to-peak amplitude of the
sinusoidal modulated beam Ai is measured at the point
located at 50% transmission, i.e. to the so-called linear
working point corresponding to the ([a.x—Inin)/2 point,
with I, and I,;, the maximum and minimum of the
transmitted intensity. The absolute value of the effective
EO figure of merit can be determined from the experimen-
tal intensities and voltage measurements within an
equation having the form [72,73]

Ard Ai(v)
n(Imax _Imin)L AV(U) .

(2)

n?’reff(v) =2

In this equation AV is the corresponding amplitude of
the modulated voltage applied to the crystal. From the two
effective EO figures of merit corresponding to r5 and r3s,
experimentally determined, the combined figure of merit
corresponding to r. is calculated by

nirc = Tl37‘33 - niﬁs- (3)

The calculation of the unclamped EO coefficients 73
and r33 were performed for each crystal under investiga-
tion. We assumed in calculations, n,=2.863 and n,=
2.2025, which are the typical values of the refractive
indices for pure congruent crystal at room temperature and
at A =632.8nm. The small change in the value of the
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Fig. 1. The experimental ’I’Lg’f‘lg and ni r33 and calculated ngrc figures of merit of lithium niobate crystals singly doped with Ho* ", Tm®"

and Yb>" as function of the concentration of dopant.

indices induced by a change of composition and by doping
will require a correction in the EO coefficients of the order
of 5%, below the accuracy of the measurements.

The values for each individual EO coefficient of each
crystal are deduced of an average of a minimum of
ten experimental measurements and after suppression
of the extreme obtained values. Within this procedure
and the equipment used for experimental measurements,
the accuracy in the EO coefficient values is +5%. The
dependence of the EO figure of merit, F' on the molar
dopant concentration is shown for singly doped with Ho®",
Tm*" and Yb*" series in Figure 1 and for doubly doped
with Er* "~ Yb?" series in Figure 2. The various experimen-
tal values of F with the calculated EO coefficients are
summarized in Table 1.

We can see in Figures 1 and 2 that for all rare-earth
singly and doubly doped LN samples in the considered
concentration range, the unclamped EO coefficients of the
third column of the EO are slightly smaller than the values
in the undoped or pure congruent crystal and do not change
with dopant concentration within the experimental error.

It is to be noted that in LN crystals, this quasi-constant
value of unclamped EO coefficients ry3 and r33 versus rare-
earth dopant concentration has to be emphasized, since
this coefficient presents a very large and non-monotonous
dependence for crystals doped with other ions, such as Zn,
Mg and Zr [11,49,74].

Based on the general model of the role of the dopant for
the EO coefficients of inorganic crystals and thus for LN, it
is now well established that the ionic contribution is the
predominant contribution considering the change in the
composition, i.e. the Li/Nb ratio of in the doping effect
[22,23,50-53,56,57]. In this model, the two main contribu-
tions being considered are the deformability of the oxygen
NbOg and LiOg octahedron, at low dopant concentration
and the change in the ionic and electronic polarizabilities of
the Nb ions for higher concentrations. Indeed, due to the
incorporation of extrinsic defects in the congruent LN
structure, with dopant having various atomic sizes and
polarizabilities and, also, as function of their concentration,
the dopants are incorporated in either Li or Nb or both sites
with the necessary decreasing of the number of Nbr;
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antisites and creation of ionic vacancies [35]. In other
worlds, the incorporation of dopants will induce non-
stoichiometric and extrinsic defects in the structure with
in fine, an ordering of the structure when dopants are
incorporated in antisite and disordering when dopants
are incorporated on both sides or when the compensation
phenomena create ionic vacancies. By this, we can see
that, in the low dopant concentration range, i.e. when
the polarizability of Nb ions is slightly influent, the lattice
deformability, mainly due to the deformability of the
oxygen octahedron, will have a straightforward effect in
the change with dopant concentration of the EO proper-
ties. Based on this model, the large changes in the EO
properties observed in pure LN [29] with the composition or
in doped LN with Zn, Mg and Zr dopant [22,23,50,53] have
been explained as well as the small changes in Hf or In
doped LN [41,45,57]. Thus, in the current EO character-
izations of LN doping or co-doping with rare earth
elements, the dopants concentrations are in a range at
relatively low level and dopant ions do not largely affect the
EO coefficients as they do not significantly affect the
stiffening of the LN lattice.

Now, considering the co-doping Er—Yb influence on the
EO properties. Our results point out that no significant
change between the EQO properties behavior can be
observed between the two Yb series, [Yb]=0.5mol%
and [Yb] =1 mol% within the experimental errors and in
the Er concentration range. This result points the interest
of co-doping LN crystals with Yb*" ions to Er*’ ions
allowing to associate in a same device, both the interesting
efficient energy transfer from Yb*' ions to Er®' and
EO properties for laser and modulation or Q-switch
applications.

3 Conclusion

We have experimentally determined the unclamped EO
coefficients in various singly and doubly doped LN crystals
with rare earth elements. Three series of singly doped LN

with Yb*", Ho®", Tm® " and two series of doubly Er* "~ Yb* "
elements were characterized by EO measurements per-
formed on a Mach—Zehnder interferometer associated to
the MDM. Whatever the rare-earth dopant in samples,
in the considered concentration range, both 73 and r33
present small dependences with the dopant concentration
with, however, within the experimental error, a general
tendency to slightly decrease from the coefficient in the
pure congruent sample. This small doping effect is of interest
for electro-optical applications. Indeed, as the EO coef-
ficients of rare-earth doped LN remain quasi-constant with
dopant concentration, the present study confirms the
interest of LN crystals doped with rare earth elements for
multi-functional applications associating the EO modula-
tion one. Indeed, these doped LN crystal families offer
the possibility to adapt the second functional property
involved in the consider application by an adjustment of the
concentration with only a slight modification of the EO
properties.
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