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ABSTRACT Energy Dispersive X-ray Fluorescence Spec-
troscopy, X-ray diffraction and density measurements were
conducted on undoped and ZnO-doped congruent LiNbO3 sin-
gle crystals grown by the Czochralski method. Based on the
experimental results, an intrinsic defect evolution model was
proposed. When ZnO was doped into the congruent LN crystals,
the Zn ions replaced first the Li ions and increased the density.
Then, the Zn ions simultaneously replaced the Li ions and the
antisite Nby ;s until all Nby; ions were replaced, which increased
the density further. After that, the Zn ions substituted Nb ions
in the Nb-sublattice sites with the reduction of the Li vacancies
as self-compensation and thus reduced the density. When the Li
vacancies disappeared completely, the Zn ions substituted sim-
ultaneously both Li ions in the Li-sublattice sites and Nb ions
in the Nb-sublattice sites. The simultaneous substitution might
finally lead to the generation of oxygen vacancies and decreased
the density further.

PACS 61.72.-y; 06.30.Dr; 61.10.-1

1 Introduction

When grown from liquid phase, LiNbO3 (LN)
crystals usually have the congruent composition of the mole
ratio of Li,O/Nb,Os = 48.45/51.55 with a large Li,O defi-
ciency. To understand the intrinsic defect structure induced
by Li,O deficiency, the oxygen vacancy model [1] was first
proposed, which assumed that there was a deficiency in
both oxygen and lithium sites with the chemical formula,
[Li; 5, V2, ][Nb][O3-,V,], where the square brackets rep-
resent the lithium, niobium, and oxygen sublattices, and
V denotes vacancies. The oxygen model predicts a decreas-
ing crystal density with increasing LiO deficiency, which
is opposite to the experimental measurement [2]. That was
why the lithium vacancy model was then proposed [2], in
which excess niobium atoms occupy the lithium sites with
the creation of an appropriate amount of lithium vacan-
cies for charge compensation and thus the chemical formula
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is [Lij—s,Nb, V4 ][Nb][O3]. The lithium vacancy model is
widely accepted because it is supported by most experimental
results and theoretical analysis [3—6]. In the present work, we
shall start our analysis with the lithium vacancy model.

To improve the material properties, various dopants have
been introduced into the LN crystallographic frame, thereby
resulting in the attractive versatility for industrial appli-
cations [7]. Among the various dopants Mg and Zn ions
behave similarly in many aspects because both are biva-
lent. For examples, Mg or Zn addition into LN enhances
the optical damage-resistance two orders in magnitude and
there is a threshold of the Mg or Zn concentration, beyond
which the optical damage-resistance jumps 100 times [8—
10]. The thresholds are respectively about 5 mol % for MgO
and 6.0 mol % for ZnO in the congruent melt [9, 11]. The
mole percentage at the congruent melt may be called the
nominal concentration because the real concentration may de-
viate from it. However, as with undoped LN, a dark trace is
also induced in Mg-doped LN by the high laser beam [12].
Therefore, Volk et al. [13] suggested the use of ZnO-doped
LN that did not exhibit the darkening effect under a laser
beam with up to 120 MW /cm? in intensity. Di Paolo et al. [7]
also found that the Zn diffusion is an effective technique for
the fabrication of waveguide lasers, avoiding photorefractive
damage and allowing the design of active devices in LN sub-
strates. Espeso—Gil et al. [14] characterized surface layers
in Zn-diffused LN waveguides, showing that Zn ions might
substitute Li ions. The congruent LN crystals with high ZnO
doping are also promising candidates for making low field
poled quasiphase-matching structures [15].

Volk et al. [11] studied the properties of damage-resistant
LN crystals doped with Mg, Zn or In. They believed that
the improvement of damage resistance is due to an essen-
tial increase in the photoconductivity and the increase is di-
rectly related to the reduction of the intrinsic defects of an-
tisite Nby; because of the substitution of the doping atoms
of Mg, Zn or In. Furthermore, the high photoconductivity of
ZnO doped LN leads to a high speed in hologram record-
ing [16]. Volk et al. [17] studied the intrinsic defect structure
of ZnO doped LN crystals by using precise X-ray diffrac-
tion methods. The value of the real Zn concentration in the
ZnO doped LN crystals, [Zn], is calculated from [Zn] =
1.649[Zn]y, — 0.082[Zn]12n, where [Zn],, is the nominal con-
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centration at melt [18]. According to the experimental results
from the precise X-ray diffraction on the single crystals and
powders, Volk et al. [17] proposed the following chemical
formulas

[Li;—sxNb, V4, ][Nb][O3] (H
for undoped LN,

[Lii—s5x—2yNbyZnyVa,][ND][O3] (2)
for doped LN with 0 < [Zn] < 5 mol %,

[Li;—2,Zn, V. ][Nb][O5] €)]
for doped LN with 5 mol % < [Zn],

[Li;3yZn3,][Nb;_,Zn,][O3] 4

for doped LN with [Zn] > 7 mol %.

To test the (4) formula, Sulyanov et al. [19] used a compro-
mised formula,

[Lilf3y75xzn3bex V4x ] [Nblfyzn_v] [03]
for doped LN with [Zn] > 7 mol %,

&)

which allowed both residual Nb ions on the Li sites and Zn
ions on both the Li and Nb sites. Through neutron and X-ray
study of 8.2 at. % Zn doped LN crystals, Sulyanov et al. [19]
found that Zn ions occupied both Li and Nb sites, and there
was no residual Nb ions on the Li sites, thereby verifying (4).
For [Zn] = 7.6 mol %, however, Volk et al. [17] used the for-
mula, [Lio.939Zn0.06 Vo.001J[Nbo.9sZn.015V0.0051[03], in their
analysis because their experimental results indicate that va-
cancies exist in both Li and Nb sites.

Using X-ray diffraction on powder samples, Abdi et
al. [20] measured the change in lattice constants of ZnO doped
LN single crystals as a function of the Zn concentration that
was estimated from the same equation as used by Volk et
al. [17]. Zhang et al. [9] also conducted X-ray powder ana-
lyses and observed similar changes in the lattice parameters
as those reported by Abdi et al. [20]. The lattice constants
were given by Zhang et al. [9] as a function of the nominal
Zn concentration at melt. We may convert the nominal Zn
concentration at melt to the Zn concentration by the same
formula used by Volk et al. [17] and then compare Zhang
et al.’s results [9] with Abdi et al.’s [20], which is shown
in Fig. 3 and will be discussed later. However, the experi-
mental results by Kim et al. [21], who determined the lattice
constants by the least square method of X-ray diffraction,
show an opposite trend. Furthermore, Kim et al. [21] found
that the a- and c-lattice parameters were 0.53316 nm and
1.35887 nm, respectively, for the nominal Zn concentration of
9 mol %. They attributed the abnormal change in the lattice
constants to the formation of secondary phase. Nevertheless,
the experimental results do indicate that the lattice volume
changes with the dopant concentration, which may play a cru-
cial role in density calculations. Comparison of calculated
density with measured density is a widely used method to ex-
plore the intrinsic defect structure of doped LN crystals. We
shall employ the density method to study the intrinsic defect
structure of Zn-doped LN crystals. In addition to the direct
measurement of the lattice constants, we directly measure
the Zn concentration by energy dispersive X-ray fluorescence
spectroscopy.

2 Experiments

A series of Zn doped LN single crystals were
grown along the ¢ axis in air from the melt of the congruent
composition using the conventional Czochralski method. The
starting materials were prepared by mixing a designed amount
of ZnO powders with the powders of Li,CO3 and Nb,O5 at
the mole congruent ratio of [Li]/[Nb] = 0.946 for 24 hours.
The concentrations of ZnO powders were 4, 6, 8, 10 mol %,
respectively. All raw materials were of 99.99% purity. After
mixing, the powders were put into a 50 mm high platinum
crucible with a 50 mm diameter, and heated to 700 °C for 2 h
to decompose the carbonate, then to 1150 °C for 2 h to have
the ZnO doped LN polycrystalline materials. The crystals
were grown from the polycrystalline materials in diameter-
controlled Czochralski equipment with a SiC heater furnace.
The temperature gradient along the ¢ axis was setas 40 °C/cm
and the growth rotation rate was 20 rpm, thereby yielding
a growth rate of 2.5 mm/h. About 80% of the melt was crys-
tallized to produce a 20 mm long crystal with a diameter of
20 mm. After growth, the crystal was cooled down to room
temperature in air at a cooling rate of 150 °C/h. Then, the
crystal was poled at 1180 °C by conducting a dc current with
a current density of 5 mA/cm? for 30 minutes. After poling,
the crystal was cooled down to 800 °C at a cooling rate of
30-40°C/h and then to room temperature at a cooling rate
of 80-90 °C/h. The crystals were sliced perpendicularly to
the ¢ axis into about 1 mm thick plates and then to 5 mm x
5 mm x 1 mm samples. The samples were polished on two
sides carefully to have good optical quality.

Lattice parameters of undoped and ZnO-doped LN sam-
ples were determined at room temperature by powder X-ray
diffraction (XRD) (Philips, PW1830). With an agate mortar
we manually milled the LN single crystals into powders to
prepare samples for the X-ray diffraction.

An energy dispersive X-ray fluorescence spectrometer
(EDXFS) (Model JSX-3201Z) with a resolution of 0.05% in
detecting Zn and Nb elements was used to determine the ex-
act concentration of ZnO in each LN sample. For a LN crystal
doped with a nominal ZnO concentration, we examined three
samples taken from three different parts of the single crys-
tal and the measurements were repeated three times on each
sample. The accuracy of the measurements of Zn concentra-
tion was better than 1%. The averaged values were used in the
following analysis.

Densities of the LN samples are determined according to
Archimedean principle. The weight measurement was carried
out in air and in water by using an electronic balance (METT-
LER TOLEDO) and the absolute error of the balance was
0.1 mg. Then, the density of a LN sample was calculated from
© = Owater Wair/ (Wair — Wyater), where Owater = 1.00 g/cm3 de-
notes the water density, Wyi; and Wy, denote the measured
weights in air and in water, respectively, and the air density is
ignored here.

3 Results and discussion

Figure 1 shows the X-ray diffraction (XRD) pat-
terns for the undoped and doped LN crystals with the zoom-in
diffraction patterns of the (006) and (110) peaks. The diffrac-
tion patterns exhibit only the LN structure in the crystals for
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all the dopant concentrations, thereby excluding the formation
of a secondary phase in the range of the dopant concentra-
tions. After determining the peak positions with the Cohen
least square method, we calculated the lattice constants by
using the Bragg equation.

Figure 2a illustrates a typical EDXFS result for all the un-
doped and doped LN crystals. From the EDXFS results, we
plot the Zn concentration as a function of the nominal Zn con-
centration at melt in Fig. 2b. As can be seen in Fig. 2b, the Zn
concentrations are correspondingly smaller than the nominal
ones. As a comparison, we also plot the calculated Zn concen-
tration from the equation [Zn] = 1.649[Zn],, — 0.082[Zn]ﬁ1. It
seems that the calculated concentrations do not agree with the
experimental results. The calculated concentration is higher
than the nominal concentration at melt until the nominal con-
centration of about 7.9 mol %, whereas the measured con-

centration is always lower than the nominal concentration.
The calculated and measured concentrations for the nomi-
nal concentration of 4 mol % are respectively 5.28 mol % and
2.16 mol %, yielding a difference of 3.12 mol %.

The XRD and EDXFS results enable us to plot the lat-
tice constants as a function of the Zn concentration. Figure 3a
and b show respectively the a- and c-lattice parameters. For
comparison, we also plot the a- and c-lattice parameters de-
termined by other researchers [9,20,21] in Fig. 3a and b. As
mentioned above, the Zn concentrations in [9, 20, 21] were es-
timated from the equation [Zn] = 1.649[Zn],, — 0.082[Zn]12n.
The present work, as shown in Fig. 3a, indicates that the a-
lattice parameter increases monotonically, which is consis-
tent with most results of the previous works’ expectation of
a decrease at 3mol % Zn in [9] and a decrease at 8 mol %
Zn in [21]. On the other hand, we found that the c-lattice
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FIGURE 2 a Typical EDXFS result for all the undoped and doped LN crys-

tals. b The measured and calculated Zn concentration as a function of the
nominal Zn concentration at melt

parameter decreases from 1.38625 nm to 1.38562 nm, then
increases to 1.38624 nm and almost saturates at 1.38658 nm
when the Zn concentration increases from zero to 2.16 mol %,
to 4.83 mol % and then to 7.83 mol %. The reduction of the
c-lattice parameter caused by ZnO doping has been reported
in [9, 20]. Figure 3b indicates that the present result is more
or less consistent with the results in [9, 20]. The values of the
c-lattice parameter reported in [21] are much smaller than the
corresponding values measured in the present work and those
in [9, 20] as well. From the lattice constants we calculate the
lattice volume as a function of the Zn concentration and plot
the result in Fig. 3c. Figure 3c also illustrates the values of the
lattice volume calculated with the data of lattice constants re-
ported in [9, 20, 21]. Clearly, the present result is comparable
to the other results [9, 20].

We weighted each sample in air and in water and then
calculated its density. Figure 4 shows the variation of the dens-
ity with the Zn concentration. The density increases from
4.61599 g/cm® to 4.71340 g/cm® and then reaches a peak
value of 4.739454 g /cm? when the Zn concentration increases
from zero to 2.16 mol % and to 4.83 mol %. After that, further
increasing the Zn concentration to 5.35 mol % and 7.83 mol %

reduces the density to 4.72535g/cm’ and 4.71810g/cm?
accordingly.

The measured density and the lattice volume results allow
us to explore the intrinsic defect microstructure. We start with
the Li-site vacancy model and calculate the undoped LN dens-
ity with (1), [Li;—s5,Nb, V4, ][Nb][O3]. Following Volk et al.’s
approach [17], we believe that the doped Zn ions substitute
Li ions first. Thus, (2), [Lij—sx—2yNbxZn, V4,1, ][Nb][O3] is
adopted to calculate the density of the 2.16 mol % Zn doped
LN crystal. Since the atomic weight of a Zn atom, 65.37,
is much larger than the atomic weight of two Li atoms,
2 % 6.939, one Zn atom replacing two Li atoms increases the
density. In this case, the occupying ratio of the Li-sublattice
sites is smaller than that in the undoped LN crystals. When
there are more vacancies in the Li-sublattice sites, the c-lattice
parameter is reduced and the lattice volume is decreased as
well. On the other hand, the atomic size of Zn, 0.074 nm, is
bigger than the Li size, 0.068 nm [22], which makes the a-
lattice parameter larger. Further increasing the Zn concentra-
tion will generate more vacancies. When the vacancy concen-
tration is too high, the microstructure becomes thermodynam-
ically unstable and the Zn ions will simultaneously replace Li
and antisite Nby; ions, as proposed by Volk et al. [17]. In the
present study, we are not able to determine the critical value
of Zn concentration, at which simultaneous replacement of
Li and antisite Nby; ions by Zn ions takes place, due to the
lack of experimental and/or theoretical information. Volk et
al. [17] did not detect any antisite Nby; ions at the estimated
Zn concentration of 5.2 mol %. Considering that the estimated
7Zn concentration is lower than the measured one; therefore, it
seems to be reasonable to assume that the antisite Nby; ions
disappear at the Zn concentration of 4.83 mol %. Thus, we
may use (3), [Li;—»,Zn, V,][Nb][O3], to calculate the density.
According to (3), the vacancy concentration is the same as the
Zn concentration of 4.83 mol %, while the vacancy concen-
tration is about 5 mol % for the undoped LN crystals. That is
why the c-lattice parameter in the 4.83 mol % Zn doped LN
crystals is more or less the same as that in the undoped LN
crystals. When the Zn concentration is higher than a critical
value, Volk et al. [17] proposed (4), which indicates that the
Zn ions replace Li ions in the Li-sublattice sites and Nb ions
in the Nb-sublattice sites and no vacancies will be involved. If
considering the transition from (3) to (4), we have to answer
how the vacancies in the Li-sublattice sites, as indicated by
(3), disappear. We, therefore, propose (6)
[Lij—2xy3yZn, Vi 3y][Nby_yZny][O3]. (6)

The scenario for (6) is that when exceeding the critical
value of 4.83 mol % Zn, the Zn ions replace Nb ions in the Nb-
sublattice sites, while the Zn concentration in the Li-sublattice
sites remains unchanged at 4.83 mol %. For charge compen-
sation, the vacant Li-sublattice sites are occupied by Li ions.
This process continues until the Li-sublattice sites are fully
occupied. Since the antisite Nby; ions disappear at the Zn
concentration of 4.83 mol %, (6) is valid from the Zn concen-
tration 4.83 mol % to another critical value at which all the
vacancies have disappeared and beyond which (4) describes
the defect structure. For clarification, we may rewrite (6) as
[Lio.9034+3yZ1n0.0483 V0.0483-3y [Nb1 _yZny][O3]. From the ex-



plicit formula, we have the consequence that no vacancies will
exist when y = 0.0161, which yields another critical value of
the Zn concentration to be 6.44 mol %. At the critical con-
centration of 6.44 mol %, (6) is reduced to (4). Therefore,
for the LN crystals doped with 5.35 mol % Zn, which is be-
tween 4.83 mol % (3) and 6.44 mol % (4), we should use
(6), [Lio.9189Zn0.0483 V0.0327][Nbo.9948Zn0 0052 ][ O3], to calcu-
late the density. (6) indicates that one Zn atom and three Li
atoms are added in as one Nb atom is taken out. Since one Nb
atom (atomic weight=92.91) is heavier than the total weight of
one Zn atom and three Li atoms, the density of the LN crys-
tals doped with 5.35 mol % Zn is smaller than that doped with
4.83 mol % Zn, which is observed experimentally and shown
in Fig. 4. When the vacant Li-sublattice sites are fully occu-
pied, (6) is reduced to (4), thereby describing the transition
state from (3) to (4) in the defect evolution.

When the Zn concentration increases further from
5.35mol %, Volk et al. [17] believed that (4), [Lij_3,Zn3,]
[Nb;_,Zn,][Os], describes the intrinsic defect microstruc-
ture. (4) indicates that four Zn atoms are added in as one Nb
atom and three Li atoms are taken out. Four Zn atoms are
heavier than the total weight of one Nb atom and three Li
atoms. Thus, if (4) is used in the calculation of the density of
the LN crystals doped with 7.83 mol % Zn, the density will
be higher in comparison with the density of the LN crystals
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doped with 5.35 mol % Zn. However, the opposite trend was
observed experimentally, as shown in Fig. 4. To understand
the reduction in density, we consider all possible models of
intrinsic defects from literature and only an oxygen vacancy

4.74 | —m— Experiment i
—@— Calculated ¥
472 X{
s~ 4.70 |

. /'\.\

Formula (3) \

Formula (6)

Formula (4)

4.70

Formula (8)
.

4.60 *%50 55 a0 65 70 75 60

IZnO (mol%)

1

2 4
ZnO (mol%)

FIGURE 4 The measured and calculated densities of the Zn-doped LN
crystals as a function of the Zn concentration, where the inset shows the
calculated densities of the LN crystals doped with 7.83 mol % Zn
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model can be used to explain the phenomenon. As indicated in
(6), all vacant Li-sublattice sites are gradually occupied as the
Zn concentration increases. Therefore, in the proposed oxy-
gen model there are no vacancies in the Li-sublattice sites.
When two Zn*? ions replace one Li* ion and one Nb*3 ion,
the following self-compensation is possible:

27Zn0O+ LiNbO3 —
[Zn,]" + [Znno] 2 4+ [Vl 12 4+ LiNbOs;.

(N

The self-compensation requires a concentration ratio of
[Zon,] ™2 ¢ [Zngi]t =1 : 1and an oxygen vacancy. Thus, (8)
should take the form of
[Lii_3y—;Zn3y; ][Nbi_,_.Zn,, ][O3_;V,]. (8)

Comparing (8) with (4) implies that the defect microstruc-
ture described by (8) may be regarded as an evolution result
from the defect microstructure described by (4). With (8), we
calculate the density of the LN crystals doped with 7.83 mol %
Zn. As expected, the density value is lower than the calculated
density of the LN crystals doped with 5.35 mol % Zn. The
calculated trend is the same as that observed experimentally,
as shown in Fig. 4. The inset of Fig. 4 illustrates the calcu-
lated densities of the LN crystals doped with 7.83 mol % Zn
by using four formulas. The reduction in the density of highly
Zn doped LN crystals cannot be explained by (3), (6), and (4),
which all predict an increasing trend in density, except of (8),
the oxygen vacancy model.

4 Conclusions

All calculated densities are plotted in Fig. 4 for
comparison with the measured results. The absolute values of
the calculated densities deviate from the corresponding meas-
ured ones with the maximum error less than 1%. Nevertheless,
the calculated density, as a function of the Zn concentration,
exhibits the same behavior as the measured density. The be-
havior consistency between the measured and calculated den-
sities supports the scenario of the intrinsic defect microstruc-
ture evolution caused by Zn doping. The scenario is basically
consistent with that proposed by Volk et al. [17] with the start-
ing from the Li vacancy model. When ZnO is doped into the
congruent LN crystals, the Zn ions replace first the Li ions and
hence increase the density. Then, the Zn ions simultaneously
replace the Li ions and the antisite Nby;s. The simultaneous
replacements of Li and Nby; ions continue until all Nby; ions
are replaced by the Zn ions. It is generally accepted that the

resistance to optical damage will jump two orders in magni-
tude when all Nby; ions are replaced [9, 11]. After that, the
Zn ions substitute Nb ions in the Nb-sublattice sites with the
reduction of the Li vacancies as self-compensation. When
the Li vacancies disappear completely, the Zn ions may sub-
stitute simultaneously both Li ions in the Li-sublattice sites
and Nb ions in the Nb-sublattice sites. The simultaneous sub-
stitution might finally lead to the generation of oxygen va-
cancies. This oxygen model should be further investigated in
detail.
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