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Abstract: All coefficients of the unclamped and clamped electro-optic tensor of zirconium-
doped congruent LiNbO; single crystals are determined as function of the dopant concentration
at room temperature. With a distribution coefficient of zirconium closer to one in the
considered range, the dopant concentration is in the range up to 2.5 mol% of ZrO,. The electro-
optic coefficients are measured by direct techniques based on interferometric and Sénarmont
optical arrangements at the wavelength of 633 nm. It is found that all the unclamped and
clamped effective electro-optic coefficients are relatively constant, except for the sample
grown with 2 mol% of zirconium. The electro-optic behavior of LN:Zr as function of the
dopant concentration was confirmed by dielectric characterizations. The concentration equal 2
mol% of ZrO, can be considered to a threshold concentration for various physical and optical
properties.

1. Introduction

Zr-doped LiNbO; (LN) is a promising substrate material for nonlinear integrated optics as it combines
excellent electro-optic (EO), acousto-optic, and nonlinear optical properties [1, 2]. Indeed, even based
on pure composition, Lithium niobate (LN) crystals have good optical quality and uniformity, an
excellent electro-optic, piezoelectric, acoustic and nonlinear optical properties. Generally, LN crystals
with the molar ratio R= [Li]/[Nb]= 0.946 corresponding to the congruent composition, are used in a lot
of optical and acoustic devices due to their physical properties but also due to their high optical quality
and growth facilities. However, these devises suffer from serious photorefractive effect, as the main
drawback of congruent LN is its relatively low optical damage resistance compared to other competing
oxide crystals such as LiTaO; (LT) or BaB,O, (BBO) [2, 3]. The photorefractive effect in LN is
mainly linked to the presence in congruent LN crystals of intrinsic defects due to the presence of Nb
ions on antisites, i.e. on Li sites (noted Nby;) [4, 5]. Different approaches have been developed to
enhance or to reduce the photorefractive sensitivity in LN as function of the type of desired
applications. In the first case, when an increase of the photorefractive properties is expected as
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involved for holographic applications, LN can be doped with metallic ions as chromium or iron ions. It
was shown that the large dependence of the EO coefficients on the Cr concentration is the signature of
a significant change in the structure of defect centers in the LN host lattice [6-8]. It was also pointed
out by Chah et al. that the diminution of the EO properties caused by the addition of even a small
amount of Fe to LN is due to the indirect iron doping effect, which modifies the crystal composition,
mainly by changing the intrinsic defects content [9]. In the second case, when a decrease of the
photorefractive properties, i.e. an increase of the damage threshold is expected as involved for laser
applications (for example EO Q-switch applications), various approaches are currently considered.
One of them consists of decreasing the number of intrinsic defects by growing LN crystals with the
ratio R closer to the one corresponding to the stoichiometric composition [10, 11]. The second
approach consists in doping congruent LN crystals by appropriate ions on lithium site, removing the
antisites Nby; to their natural sites. It is currently well-known that doping LN crystals by divalent ions
such as Mg [12, 13] and Zn®" [14, 15] can effectively suppress the photorefractive effect. Especially,
a significant reduction of optical damage was observed in doped samples with a threshold of about 5.5
mol% MgO [16, 17], 7 mol% ZnO [18, 19], respectively. Same observations were also established for
LN doped crystals by trivalent ions such as Sc’” and In’", with the threshold about 1.5 mol% for both
ions [20, 21]. Some years ago, the group of Kokanyan et al proposed a new set of non-photorefractive
ions [22, 23]. It was shown that a reduction of the photorefractive sensitivity in LN crystals doped
with tetravalent ions such as Hf*" and Zr*" could be achieved with more than 2 times lower impurity
ions concentration than in the case of divalent ions. Moreover, this advantage is also associated to a
distribution coefficient of these impurities at that concentration closer to one interesting during the
growth process [24-28].

Among other optical and physical properties and closely linked in crystals of the LN family to the
optical damage effect, the electro-optic properties are also mainly influenced by photorefractive-
resistant impurities or dopants [19]. In previous contributions, we have shown that electro-optic
properties of LN crystals doped with Zn or Mg ions present a huge oscillation with the concentration
[13, 18]. By opposition, it seems that no significant dependence of the electro-optic properties on the
doping concentration was observed in LN crystals doped with tetravalent ions as in hafnium doped LN
crystals [29] or similarly, in zirconium doped LN crystals. In these crystals, the constant-stress electro-
optic coefficients 125, and r. of zirconium-doped LN crystals appears only to be slightly influence on Zr
[27, 28].

In the present work, we focalized on the electro-optic properties of zirconium-doped congruent LN
crystals, hereafter noted LN:Zr. We provide a determination of the values for all unclamped (noted r")
and clamped (noted rS) effective electro-optic coefficients n03r113, ne3r133, no3r222, and n.’r. of a series of
congruent LN:Zr crystals, with concentration from 0 up to 2.5 mol% ZrO,. Samples were grown from
the same charge, thus we emphasize that they have the same amount of unintended impurity trace. Our
experiments lead to conclude that an effective and relatively abrupt kink in the electro-optical
properties exists for crystals around 2 mol% ZrO, that is in full accordance with the threshold
observed in optical damage. This behavior exists for all the unclamped and clamped coefficients of the
third column of the electro-optic tensor, while the acoustic contribution remains constant in the studied
concentration range.

2. Experimental
2.1 Sample preparation

Based on the Czochralski technique, a growth set-up using a single platinum crucible with rf heating
element in air atmosphere was used to grow a set of Zr-doped lithium niobate crystals. In order to
obtain directly during the growth process single-domain crystals, a dc electric current with a density of
about 12 A/m” passed through the crystal-melt system. The starting materials used for sintering the
lithium niobate charges of congruent composition were high purity Nb,Os and LiCO3; compounds from
Johnson-Mattey and Merck. ZrO, was introduced into the melt with concentration equals to 0.625,
0.75, 0.875, 1.00, 1.25, 1.50, 2.00 and 2.50 mol%, respectively. In this range, the distribution
coefficient of zirconium is closer to one and we considered the same concentration in melts than in
crystals. Finally, samples were shaped in a parallelepiped shape with about x, y, z =5, 10, 5 mm
dimensions and were optically polished on all the surfaces.
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The record of the UV-Visible-NIR optical transmission spectra reveals the optical qualification of the
samples. Transmission spectra were recorded at room temperature with an un-polarized light using a
Perkin Elmer Lamda 900 spectrometer. Samples were placed with their polished faces at normal
incidence, with the c (z) axis parallel to the k vector of the incident light. The transmission spectra
recorded in all crystals present same behaviors with a flat transparency response in the whole visible
range and an absorption edge appearing in the UV. The fundamental absorption edges of the crystals
were measured at the absorption coefficient of 20 cm™. Additionally to the good transparency without
absorption parasitic peaks observed in all samples, these spectra bring interesting information on the
role and influence of the dopant in lithium niobate crystals [30]. This point will be discussed further.
However, we have plotted the interesting part for the present work of the absorption coefficient spectra
and the absorption edges for the various samples, presented in figure 1. We observe a clear
displacement of the absorption edge to UV when the concentration increases in the crystals up to 2
mol% of zirconium. Whereas for crystal doped with higher concentration, the displacement of the
absorption edge is to the visible wavelengths. The zirconium concentration of 2 mol% in congruent
LN crystal, which corresponds to the minimum observed in the absorption edge position, can be
considered as a threshold concentration.
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Figure 1. Absorption edge versus Zr concentration in congruent LN doped crystals
evaluated from absorption spectra.

2.2 Electro-optic measurements

The measurements are performed using both a Mach-Zehnder type interferometric and the one-beam
Sénarmont type ellipsometric techniques both for light propagation along the x-axis. With the first
technique, with an applied electric field parallel to the z-axis of the crystal, we have investigated the
electro-optic coefficients ry;3 and ry3;. With the second technique, with an applied electric field parallel
to the y-axis of the crystal we have investigated the electro-optic coefficient r2p, and with an applied
electric field parallel to the z-axis of the crystal, the combined coefficient r.. All measurements were
performed at room temperature and using a He-Ne laser (633 nm).

For the determination of the unclamped electro-optic coefficients reTff, we used a method called the
“Modulation Depth Method” (MDM) [31]. This method consists in the measurement of the amplitude
of the modulated beam induced by an ac-voltage applied on the sample under test. In the present
study, we performed measurements with an ac-voltage of up to peak-to-peak amplitude equal to 250 V
at 1 kHz. For the determination of the clamped (i.e. constant strain) electro-optic coefﬁcientsresf Fo WE
used a method called the “Time Response Method” (TRM), which consists in the measurement of the
time response of the EO crystal to a fast step voltage [32]. This method also alloys the determination

doi:10.1088/1742-6596/879/1/012004
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of the unclamped EO coefficients when the long time range contribution is considered in the EO
response. We performed measurements with a pulse voltage of amplitude 300 V having a rise time
equal to 5 ns and a repetition rate equal to 10 ps. It is to be of note that the unclamped coefficients can
be determined by both methods MDM and TRM allowing the validation of the experimental results. In
the same manner, we can note that the combined EO coefficients can be directly measured by the
Sénarmont arrangement, offering a high accuracy and verified by its determination from the direct EO
coefficients as measured by the interferometric setup.

Under the above-mentioned conditions, within both MDM and TRM methods, the absolute value of
the effective EO coefficient 7.5 can be determined within an equation having the form [30, 32]

AD Ai(v) (D
n( —I )LAV(v)

max min

n’r,(V)=A

where A =2 or 1 for interferometric or Sénarmont measurements, respectively. In this equation, D is
the inter-electrode distance, L the length of the crystal along the beam-propagation direction, A is the
vacuum wavelength, n the refractive index seen by the eigen-wave propagating in the crystal, I, and
Lnin the maximum and minimum of the transmitted intensity and Al is the peak-to-peak amplitude of
the sinusoidal (in MDM method) AV is the corresponding amplitude of the modulated voltage applied
to the crystal.

For TRM technique we measure the instantaneous variation of the transmitted beam intensity Ai(t)
induced by the applied voltage AV(t) which is given by:

L (Imax — Imin)

Ay == e (DO AV(D) 2)

where ® is the convolution operator and r.s(t) is the instantaneous value of the EO coefficient.
In this technique, we display and measure with the help of an oscilloscope, the time signals Ai(t) and
AV(t).
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Figure 2. Time and frequency responses of the ry; EO coefficient. Response Ai(t) to one
step voltage AV(t) and the frequency dependence obtained by the Z-transform (the insert) in
the case of the EO coefficient r,y, in 0.8%-Zr-doped LN single crystal. Measurements were
performed at the wavelength of 633nm.



NAMES'16 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 879 (2017) 012004 doi:10.1088/1742-6596/879/1/012004

As example of obtained results, figure 2 shows the recording of both the applied voltage and the
optical signal measured in the 0.8 mol%-Zr doped LN sample at different time within the TRM
method in the case of 15, EO coefficient. In the long-time range, the optical signal oscillates with
periods corresponding to the main piezo-electric frequency resonances. For time shorter than 350 ns
the oscillations do not exist since the acoustic waves need more time to propagate across the crystal.
The value of the intensity corresponding to the plateau appearing for time below 350 ns is much
smaller than this obtained for time larger than 200 ps, which indicates a large acoustic contribution.
After the Z-transform of the two time dependent signals, Ai(t) and AV(t), the frequency dispersion of
the EO coefficients is calculated from the ratio of Ai(v) and AV(v) according to Eq. 1, as it is the case
with the MDM method [33]. We report in the insert of figure 2 the frequency dependence of the EO
coefficient ry2, in 0.8%-Zr-doped LN single crystal. We can observed that the answer is flat and quite
at the same level on both sides of the piezoelectric resonances.

The measurements of all studied EO coefficients were performed for all crystals under investigation.
All crystals in the ry,; opto-geometric configuration, present the same behavior with frequency as that
of the 0.8%-Zr-doped LN single crystal reported in figure 2. By cons, in the ry;3 and r333 configuration,
the contribution of the piezo-optic effect was observed smaller that the accuracy of the methods for all
the crystals under studies. Thus, we can experimentally consider that when the electric field is applied
onto samples in the z direction, Tyyg = Iz = Iz, with xx =11 or 33.

The dependence of all clamped and unclamped EO coefficients, on the molar Zirconium concentration
is shown in figure 3 and presented in Table 1 and Table 2. The coefficients obtained experimentally
are given within accuracy better than 10% with the different methods used in this study.

In these results, the effective EO coefficient nir. defined by

3. _ .3 3
Nelc = Nel333 ~Npl113 3)

is obtained by direct measurements using the Sénarmont set-up and, also calculated by equation 3,
allowing the check of the methods and the results.

The curves in figure 3 highlight the quasi-constant values, within the associated error-bars for all the
electro-optic coefficients with dopant concentration except for the sample doped with 2 mol% of
zirconium where a kink exists, which corresponds to a lower value of the coefficients presenting a
change greater than the amplitude of the experimental uncertainty. This concentration of 2 mol%
zirconium in LN crystal can be considered as the threshold concentration and could suggest the
existence of a doping-induced lattice reorganization.

In ferroelectric inorganic materials, it was established that the EO properties are linked to the linear

dielectric properties and their temperature or frequency dependence reproduced the behavior of the
dielectric permittivity € [34]. This relationship between EO coefficients and permittivity also exist in
their dependence on crystal composition or dopant concentration [35]. It is for this reason that we have
experimentally measured the dielectric permittivity for all samples in the studied zirconium doped
series. These measurements were done in a large frequency range up to 1 GHz by means of the
impedance analyzers HP4151 and HP4191A. We can note that the behavior of the dielectric
permittivity is the same observed in the case of the effective EO coefficients with frequency for all
samples for as well.

However, contrary to r. coefficient, where the difference between r.' et r.> is smaller than the accuracy
of the methods, the difference Aez; between the dielectric permittivities e33" and €5;° gives a delta epsilon
equal to 5. This variation has to be found in the electromechanical process mainly originate from the
elastic stiffness contribution.
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Figure 3. High and low frequency effective EO coefficients n’rversus Zr concentration in
congruent LN.
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Figure 4. Dielectric constants versus Zr concentration in congruent LN.

Results for the unclamped and clamped dielectric constants obtained for all crystals are plotted in
figure 4 and reported in Table 1 and Table 2.
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Table 1. Absolute values of the 1y, EO coefficient and related parameters of LN:Zr crystals as

function of zirconium concentration: The EO coefficient ry,; is obtained when the beam propagates

along the c-axis of the sample and an external electric field was applied along the a-axis (or

equivalently the b-axis). The EO coefficients at constant stress (r') were obtained by both MDM and
TRM methods and at constant strain (%) by the TRM method, at 633 nm and at room temperature.

. . e e T
The dielectric permittivities €,  and 8223 were measured at room temperature.

Sénarmont setup
TRM method MDM Dielectric constant
method

r222T Tzzzs 1‘222T T s

(m/V) | (pm/V) | (pm/V) F22 c22
LN-Cg 6,6+0.4 3,9+0.3 6,4+0.4 87+5 62+3
0,625%Zr0O, 6,1+0.4 3,5+0.3 6,1+0.4 82+5 61+3
0,75%2Zr0, 6,5+0.4 3,7+0.3 6,2+0.4 83+5 62+3
0,875%Zr0, 6,6+0.4 3,9+0.3 6,4+0.4 84+5 61£3
1%Zr0O, 6,2+0.4 3,5+0.3 6+0.4 84+5 62+3
1,25%Zr0, 6,4+0.4 3,7+0.3 6,3+0.4 81+5 60+3
1,5%Zr0, 6+0.4 3,5+0.3 6.1+0.4 83+5 62+3
2%7Zr0, 5+0.4 2.9+0.3 5.2+0.4 72+4 51+3
2.5%Z7Zr0, 6,1+0.4 3,6£0.3 6+0.4 80+5 59+3

Table 2. Absolute values of the third column of the electro-optic tensor ry;3 and r333 EO coefficients
of LN:Zr crystals as function of zirconium concentration measured by interferometric setup at 633

nm. Configuration obtained when a light propagation along the axis (b axis) and an external electric

field was applied along the c-axis. The combined coefficient r, is measured by Sénarmont setup is

compared with the calculated values given b y Eq. 3. The dielectric permittivities €33" and €3;° were
measured at room temperature.

Interferometric setup Sénarmont setup
MDM Dielectric constant
TRM method TRM method
method
rs rs |1 (cale.) | M (meas.) | 177 (meas.) e, €3,

LN-Cg 8.5+£0.6 29.442 20+2 21+1 20.7+1 3542 30+2
0,625%ZrO, 8+0.6 29.542 20.6+2 20.5+1 20.3+1 34.5+2 29.84+2
0,75%Z10, 8.4+0.6 30+£2 20.7£2 21.7+1 21.3+1 35.542 30.3£2
0,875%7ZrO, | 8.8+0.6 30+2 20.2+2 20.8+1 20.8+1 34,742 30+2
1%Z1r0O, 8+0.6 29+2 20.1£2 21+1 21.2+1 3542 3042
1,25%7Z1r0, 8+0.6 29.542 20.6+2 20+1 20.3+1 34.5+2 30+2
1,5%Zr0, 7.8+0.6 28.84+2 20.14+2 20.8+1 20.6+1 33.3+£2 29.5£2
2%7Zr0O, 6.4+0.4 23.5+2 16.4£2 16+1 16.2+1 2942 2542
2.5%7Z10, 7.2+0.5 28+2 2042 21.5+1 21.2 £1 36+2 30.5+£2

We have demonstrated in our experiments that both the unclamped and clamped effective EO
coefficients and the dielectric permittivity present a kink at a threshold zirconium concentration of
around 2 mol%. We can note that this concentration corresponds to the threshold concentration
determined in absorption measurements. However, Kovacs et al. have shown that the absorption edge
is affected by the [Li])/[Nb] ratio [31]. Therefore, below the threshold concentration, the reduction in the
absorption edge can be attributed to the increase of the [Li]/[Nb] ratio due to the substitution by Zr ions
of Nb ions on lithium site, i.e. on antisite Nby;. The increase of the absorption edge for higher
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concentration, above the threshold concentration, is linked to the disorder induces by zirconium
incorporation on both Li and Nb sites and to the necessary charge compensation process. Thus, the
threshold concentration can be explained by the existence of doping-induced lattice reorganization.
The threshold observed in the EO and optical properties is in coincidence with the photorefractive
concentration threshold observed by straightforward photorefractive measurements in Ref. [36].

Conclusion

We have determined the unclamped and clamped electro-optic (EO) coefficients of zirconium doped
lithium niobate crystals, for two opto-geometric configurations of samples. Two optical arrangements,
Mach-Zehnder and Sénarmont were used for the determination of all coefficients of the electro-optic
tensor of the LN:Zr crystal series from pure congruent to zirconium doped with 2.5 mol% of ZrO; in
the crystal considering a distribution coefficient of zirconium closer to one. The first configuration,
with an electric field parallel to the crystallographic c¢ axis involves rij3 and r3;; direct coefficients,
determined with the interferometric setup, and r. combined coefficient measured with the Sénarmont
arrangement. The second configuration, with an electric field parallel to the crystallographic a or b
axis allows the determination of the ry,, coefficient with the Sénarmont setup.

Experimental results clearly highlight a specific zirconium concentration that can be considered as a
threshold concentration where the EO properties decrease of about 20% in all opto-geometric
configurations. This threshold appears in crystal doped with 2 mol% of zirconium.

The EO results were analyzed by the consideration of the dielectric properties of the crystals, which
are also characterized in this work. The experiments show that the low and high frequencies dielectric
coefficients, present also a kink at the concentration 2 mol%. The presented analysis corroborates the
existence of a doping-induced reorganization of the lattice in the doped LN crystal appearing at a
zirconium concentration of 2 mol%. This concentration value corresponds to a threshold for numerous
physical properties.

The present study confirms the interest for electro-optic applications of all zirconium-doped LN
crystals and, when considering also the photorefractive sensitivity, for laser applications with the
crystal doped at the concentration threshold value equal to 2 mol% of zirconium.
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