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Abstract

We measured the index of refraction n(A) of Zn-doped LiNbO; grown from a congruent melt as a function of the Zn
concentration in the crystal. The Zn concentration ¢, in a sample was determined by electron microprobe technique. The
refractive index n(A, cz,) is described by a generalized Sellmeier equation for 400 < A <1200 nm and ¢, up to 8 mol% ZnO.
Calculated phase-matching conditions of nonlinear effects like second-harmonic generation are in excellent agreement with

experimental results obtained with the same set of crystals.

1. Introduction

Lithium niobate has a high potential for optical appli-
cations. Usually they require material with a distinct
index of refraction and are often hampered by the pho-
torefractive effect, also known as optical damage [1].
Both the refractive index and its sensitivity to light
illumination are influenced by the crystal composition
or — to be more specific — by the number of Nb antisites
in the crystal [2]. Besides the techniques which
improve the stoichiometry without any doping [3-5],
several dopants like Mg [1], Zn [6], In [7] and Sc
[8] are known to reduce the optical damage. While the
growth of crystals with good optical homogeneity
doped with one of the last two elements causes prob-
lems, samples of high optical quality are available up
to approximately 9 mol% ZnO in the melt.

To explore and judge a large variety of possible
applications we measured the refractive index over a
wide wavelength and composition range and fitted the
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results to a generalized Sellmeier equation as described
in detail recently for Mg doping [9]. The parameters
for various second-harmonic generation (SHG) effects
calculated with the aid of this equation are compared
with experiments. The data are presented as a function
of the Zn concentration ¢, (mol% ZnO) in the crys-
tals. Up to now only uncertain figures for the distribu-
tion coefficient of Zn in LiNbO, are published [10].
Therefore we determined more precise values using an
electron microprobe.

2. Experimental details

The Zn-doped LiNbO; crystals were grown by the
Czochralski technique from a congruent melt (48.5
mol% Li,0 and 51.5 mol% Nb,Os). Almost all speci-
mens studied were cut from the boule center. The size
of the samples was typically several mm in each dimen-
sion.
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Fig. 1. Variation of the Zn concentration in the crystal ¢z, as a
function of the mol% ZnO in the melt. The dotted curve represents
a fit to these data with Eq. (1).

The compositions of the crystals were determined
by electron microprobe analysis { Cameca SX 50 with
wavelength dispersive spectrometers). For this pur-
pose our set of optical measurement crystals was
enlarged to improve the statistics. A Zn crystal and an
undoped congruent LiNbQ; sample served as standards
for zinc, niobium and oxygen. The weight fractions
have been transformed to mol fractions and were then
normalized. This procedure avoids an increase of the
scatter induced by lithium which is a very light element
compared to niobium but contributes with a compara-
ble mol fraction to LiNbO;. For an easy comparison
with properties only reported as a function of x mol%
ZnO added to the melt we normalize the ZnO concen-
tration according to x mol% ZnO/(48.5 mol%
Li,O+51.5 mol% Nb,Os+x mol% ZnO) and call it
CZn‘melt'

The correspondence between the Zn concentration
¢z, 1n the crystal and ¢z, e 1s 'shown in Fig. 1. For
more convenience we furnish the reader with the empir-
ical equation

Czn = 1'649cZn‘melt - O~082C%n,melt > (1)

valid for ¢z, mei <9 mol% ZnO. Each concentration is
given in mol% ZnO. The errors in the determination of
the Zn concentration are approximately +0.3...0.5
mol% ZnO. Our results for Zn can be compared with
Mg-doping, where a change of the distribution coeffi-
cient with the doping concentration was found also
[11].

For the refractive index measurements we used an
interferometric method, recently described in detail

[12,13] which yields an accuracy of about
An=5X10"*, provided the optical homogeneity of
the sample is sufficient. Homogeneity tests by means
of spatially resolved SHG measurements show that the
composition varies less than 0.05 mol% ZnO, a value
well below the composition uncertainty. In addition the
uniformity of the doping along the c-axis was estab-
lished by a measured birefringence gradient of less than
3X107° per cm.

3. Results and discussion

Both the ordinary and the extraordinary index of
refraction are shown in Fig. 2 for five selected wave-
lengths in the range 4001200 nm as a function of the
mol% ZnO in the crystal. The refractive index n, varies
monotonically while the graph for n, exhibits a weak
kink. The results can be well described by a generalized
Sellmeier equation which takes into account the defect
structure of Li-deficient LiINbO; with a divalent dopant
(Mg or Zn). For details of the derivation the reader is
referred to Schlarb and Betzler [9].

The generalized Sellmeier equation is defined as

_ Ao+ Ao T Azn,iCzn
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Fig. 2. Variation of the ordinary (n,) and extraordinary (n,) refrac-

tive index of congruently melting LiNbO; doped with Zn for selected

wavelengths at room temperature. The lines are calculated with the

generalized Sellmeier equation, experimental values are represented

by dots.
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Table 1
Parameters of the generalized Sellmeier equation. For the definition
see Eq. (2) in the text

ny ne

Aoo=223.219
Loo=1.1082%107°
Ag,=4.5312X107"
Appro= —7.2320x1078
Az, 0o=6.7963%X 1078
Ago=3.6340X1078
Ayy =2.6613

Ao =218.203
Hho,e=6.4047 X 1076
Ago=3.9466X 105
Anpre=11.8635x 107
Azae=19221x1077
Ar.=3.0998X 1073
Agy=2.6613

2(50—cp) —cz/azy  for oz, < az,2(50—cyy)

CNbL
0 for ¢z, > az,3(50 —cy;)

ay, =6.5;

F=f(T) —f(Ty), To=24.5°C;

261.6
=(T+273 2+4.0238><105[ th( )—1].
A =( ) cothl 3

ci; denotes the initial Li content, i.e., the ratio [Li,O]/
([Nb,Os] + [Li,0]) extrapolated to undoped material
(measured in mol% Li,0). The threshold concentra-
tion ¢y = @z, 2 (50 — ¢y;) = 6.5 mol% ZnO for crystals
grown from congruent melt was estimated from empir-
ical results reported by Volk et al. [14] (The melt
compositions given by the authors were normalized and
converted to crystal compositions by Eq. (1)). The
wavelength A is given in nm, T'in °C, and i =e denotes
the extraordinary, i = o the ordinary light polarization.

Since all other parameters can be adopted from Ref.
[9] it was only necessary to determine the parameters
Az, ; by a fit to our refractive index data as a function
of wavelength and Zn concentration at room tempera-
ture. The standard deviation is about 1.8 X 1073, The
numerical results for all parameters of the generalized
Sellmeier equation are listed in Table 1.

Although the monotonic behavior of the ordinary
refractive index and the weak kink of the extraordinary
refractive index are shared with the corresponding
properties of Mg-doped LiNbOj;, a remarkable differ-
ence is clearly observable for n,. While n, decreases
with increasing Mg doping it increases in the case of
Zn. Since Mg- and Zn-doped LiNbO; crystals have
almost identical bandgaps this might be explained by

the higher ionic radius of Zn>* (83pm, Mg>" 74pm)
and its larger number of electrons: The transition matrix
element for optical excitation is a measure of the over-
lap of the wave functions for the initial (p orbitals of
oxygen) and final state (d-orbitals of Mg or Zn, respec-
tively ). A higher ionic radius causes a higher transition
matrix element and therefore increases the refractive
index.

We have put the Sellmeier equation to the proof by
calculating the birefringence and comparing it with
experimental data.The agreement demonstrated in
Fig. 3 is convincing. The results exhibit a threshold in
the Zn concentration, where the birefringence reaches
a minimum. As mentioned above, the position of this
threshold concentration at about 6.5 mol% 7ZnO is
based upon empirical data and is not a result of the
defect structure model used.

Nonlinear optical effects like noncolinear frequency
doubling and phase matching due to a variation of the
angle or temperature are governed by n,(A) and n.(A).
This in turn allows us to calculate the corresponding
data. As a test we measured the dependence of the type
I phase matching angle on c¢z,. The results are shown
in Fig. 4 for room temperature and a fundamental
wavelength A, = 1064 nm as open dots, the solid line
is calculated from the equation

2l _ c20s20pM N szin20pM ’ 3)
no(Ay) no(Al/z) ne(Al/z)

where 6y, denotes the direction of propagation in the
crystal with respect to the optical axis. Since the [Li]/
[Nb] ratio in the crystal may be influenced by the
growth conditions and the Zn doping [15], we also
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Fig. 3. Comparison of calculated (lines) and measured birefringence
data of Zn-doped LiNbO, at room temperature for A=633 nm.
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Fig. 4. Phase matching angle as a function of the crystal composition.
The angles are measured inside the crystal with respect to the optical
axis. The lines are calculated (see text). The grey shaded area cor-
responds to a variation in the initial Li-content in the crystal of
c1;=48.510.2 mol% Li,0.
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Fig. 5. Phase matching temperature of LiNbO5:Zn as a function of
the Zn concentration in the crystal for a fundamental wavelength of
1064nm. The curves are calculated from the generalized Sellmeier
equation for an initial Li-content of ¢;;=48.5+0.2 mol% Li,0
(solid line and grey shaded area).

=

calculated the phase matching conditions for slightly
different Li concentrations. Within a variation of + 0.2
mol% Li,O there is good correspondence with our
measurements.In our simple model this variation has
no effect at concentrations above the threshold value,
because all Nb antisite defects are already replaced by
Zn.

Although no temperature dependent refractive index
data were used to determine the parameters A, ;, the
temperature variation of the refractive index of Zn-
doped lithium niobate can be extrapolated from undo-
ped material by the generalized Sellmeier equation with

high accuracy. In the case of colinear noncritical type
I second-harmonic generation (see Fig.5), whose
phase matching condition is given by

Angug=n.(A,/2, Tpm) — o (A, Tpm) =0, 4)

the phase matching temperature 7py can be computed
for a given Li and Zn concentration. The calculations
agree well with experimentals results, a maximum
deviation of about 20°C is observed. This deviation
allows us to estimate the error in the calculated refrac-
tive index. Neglecting the temperature variation of
n,(1064 nm) and assuming 9n.(532 nm)/9T =
1X10~*/°C yields An=0.002 which is comparable to
the standard deviation of the fit to room temperature
refractive index data.

As a final example we present data on spontaneous
noncolinear frequency doubling (SNCFD). In this
technique the vectorial phase matching condition is
obeyed by the fundamental beam and its Rayleigh scat-
tered light, resulting in a cone of second harmonic radi-
ation. Qutside the crystal in a plane normal to the optic
axis the cone angle 2@gncpp 1S given by

) . (%)

_m(A/2)
na(Ay)
Within a variation of +0.2 mol% Li,O our calculations
are in good agreement with experimental results (see
Fig. 6).

PSNCED = arCSin(ne(/\l/z)

SNCFD ANGLE ggpcrp (deg)

: ! I i
0.0 2.0 4.0 6.0 8.0
ZINC CONCENTRATION ¢z, (mol% Zn0Q)

Fig. 6. Cone angle for spontaneous noncolinear frequency doubling
as a function of the Zn concentration in the crystal. The curve is
calculated using the generalized Sellmeier equation (see text) for a
fundamental wavelength of 1064 nm, T=24.5°C and an initial Li-
content in the crystal ¢;; =48.5 + 0.2 mol% Li,O (solid line and grey
shaded area). Data points represent our measurements. The angles
are measured outside the crystal in a plane normal to the optic axis.
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The main differences of our results for Zn-doped
material and Mg-doped lithium niobate (see Ref. [9])
are the higher threshold value (6.5 mol% ZnO versus
5 mol% MgO) and a slightly lower value for | Angyg|
which leads, for example, to a slightly lower phase-
matching temperature even at the threshold value.

4. Conclusion

We measured the refractive indices of LiNbO5:Zn as
a function of composition and wavelength. The results
can be very well described by a previously proposed
generalized Sellmeier equation, which takes into
account the defect structure of Zn-doped LiNbO; in a
simplified manner.

The generalized Sellmeier equation allows one to
calculate the phase-matching conditions for all refrac-
tive-index-dependent effects in undoped and Zn-doped
lithium niobate with excellent accuracy. Calculations
of nonlinear effects like second-harmonic generation
in LiNbO;:Zn verify that the equation gives an accurate
description of the refractive indices in the composition
range from O to 8 mol% ZnO, in the wavelength range
from 400 to 1200 nm and for temperatures between
room temperature and at least 100°C. The maximum
error in the calculated refractive indices is about 0.002.
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