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The effect of key parameters such as time, temperature, and equilibration powder 

concentration in vapour transport equilibration treatment on the Li2O content of initially 

congruent X-, Y- and Z-cut LiTaO3 crystals is experimentally investigated. The Li2O content 

across the thickness of the crystal is estimated by Raman spectroscopy with accuracy of 0.05-

0.15 mol%. The Li2O loss from equilibration powders has been monitored as a function of 

treatment temperature and duration. The results show that the Li2O content in the crystal 

nonlinearly depends on the equilibration powder composition and that homogeneous 

stoichiometric LiTaO3 crystals can be obtained by treatment for at least 36h at 1250 °C in 

Li2O rich atmosphere, created by powders containing > 54 mol% of Li2O. The anisotropic Li+ 

diffusion coefficients and its activation energy are also experimentally estimated. Finally, the 

vapour transport equilibration conditions are defined for production of different cuts of 

LiTaO3 crystals with controlled homogeneous Li2O nonstoichiometry in the range from sub-

congruent to stoichiometric compositions.  
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1. Introduction 

LiNbO3 (LN) and LiTaO3 (LT) single crystals are highly used in piezoelectric, pyroelectric, 

acousto-optic, non-linear optical and surface acoustic wave (SAW) devices. For example, the 

most of radio frequency (RF) SAW filters are fabricated from LT and LN single crystals, due 

to their piezoelectric properties such as good electromechanical coupling factor (K2= 7-10%) 

[1]. The most available commercially LN and LT crystals are produced by Czochralski method, 

have a congruent composition (48.38 mol% and 48.5 mol%, respectively) and possesses many 

intrinsic defects. However, LN and LT phase can exist in a wide range of composition (46.5 – 

50 mol% of Li2O) [2,3]. Non-stoichiometry of Li2O highly affects the structural and physical 

properties of LN and LT such as lattice parameters [2], Curie temperature (Tc) [4], [5], 

birefringence[6] and ferroelectric properties. Stoichiometric crystals exhibits less defects [7] 

than the congruent crystals, which reduce undesirable effects in optics [8]–[10].  Moreover, LT 

crystals with 49.3 mol% of Li2O present zero birefringence at room temperature [11, 12]. The 

elastic properties and the acoustic performance including electromechanical coupling factor, 

temperature coefficient of frequency and wave propagation velocity are also dependent on the 

Li nonstoichiometry [13, 14]. Besides, SLT and SLN have a coercive field strength 100 times 

smaller than congruent crystal, which facilitates its ferroelectric domain reversal [15–17].  LN 

and LT crystals with sub-congruent compositions should offer better stability of acoustic filters 

at high power densities thanks to their higher coercive fields than that of congruent crystals. 

Li is a light element, and then its concentration cannot be very precisely estimated by using 

directs methods. Several indirect methods have been proposed  for example, measurement of 

UV absorption edges (with an accuracy of 0.05 mol%)[18], birefringence (0.1 mol%)[19-21], 

Curie temperature  (0.1 mol%) [5,22], lattice parameters by X-ray diffraction (XRD, precision 

of 0.4 mol%) [2,22,23], and Raman mode dampings [20,21,24]. In this last technique, Li2O 

concentration can be determined by accurate measurement ( 0.05 mol%) of Raman mode 

damping parameters (FWHM) of phonon bands due to their linear dependence on defect 

concentration [21]. 

In order to obtain stoichiometric or nearly-stoichiometric crystals, several techniques have been 

developed without reaching industrial application maturity. For example the double crucible 

Czochralski (DCCZ) method [25,26] or the top-seeded solution growth (TSSG) with K2O 

quasi-flux [27–29]. An alternative method is the vapor transport equilibration (VTE) 

[4,5,30,31]. This technique is a treatment of the congruent LT or LN single crystal wafers grown 

by standard Czochralski technique, realized at high temperature in an atmosphere with 

controlled partial Li2O vapor pressure. In VTE processing, a Li-rich or Li-poor atmosphere at 
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high temperature surrounds the congruent crystal. It allows diffusion of Li2O from the 

equilibration powder into the crystal through vapor phase or vice versa. The Li2O content in 

crystal varies with time, temperature and initial concentration of equilibration powders. Most 

of studies of VTE process were carried out for LN crystals [4, 30,32–38]. In these works the 

study of influence of crystal cut and thickness of crystal on VTE treatment was done and the 

dependence of time and temperature of VTE for LN was also investigated. However, in the case 

of LT crystals, knowledge about VTE conditions is not exhaustive [5,40,41]. Recently a 

modified VTE process, named vapor transport infiltration (VTI), consisting of Li in-difusion at 

low temperature and composition homogenisation at higher temperature, was proposed [42]. It 

was demonstrated, that VTI enables to produce homogenous LT crystals with stoichiometric 

composition.  However, there are no published works about detailed optimization of the 

parameters in VTE process, required to produce homogeneous crystals with different Li 

compositions varying from stoichiometric (SLT) to other compositions in the composition 

range LT phase existence (47 – 50 mol%). Thus, the present work focuses on these points. The 

diffusion dependence on the LT crystal orientation and VTE temperature was investigated. 

Effort was done to optimise the VTE conditions as temperature, duration and equilibration 

powder composition for controlled VTE process enabling the fabrication of crystals with 

controlled homogeneous composition in the crystal volume. Additionally, the ability of the 

equilibration powders with different compositions to deliver the Li2O vapor and its change with 

time were studied. 

 

2. Results and discussion 

Crystals with a surface of 5x20 mm2 and a thickness of 500 µm were treated by VTE in a Li-

rich/Li-poor atmosphere created by an equilibration powder in a closed double crucible of 

alumina (Al2O3). The crucible arrangement is shown in Figure 1, half of the crucible volume 

was filled up by the equilibration powder. 
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Figure 1. Schematic representation and photos of the experimental set-up used for VTE 

process. Alumina crucible had diameter of 115 mm and the height of 22 mm. 

 

2.1. Composition study of equilibration powders  

Single phase Li1-xTa1+xO3+2x (hereafter LT(1-x)/2) exists in the compositional range with Li2O 

concentration, cLi2O, from 47 mol% to 50 mol% [23]. In the composition range 25 mol% < cLi2O 

< 47 mol%, Li0.94Ta1.06O3.12 (LT0.47) coexists with LiTa3O8 (LT3), while composition range 50 

mol% < cLi2O < 75 mol% consists of stoichiometric LiTaO3 (LT0.5) and Li3TaO4 (L3T) phases. 

Initially for the calibration purposes, the composition of synthesized equilibration powders was 

assumed to be the same as the molar ratio of Li:Ta in the initial mixture of Li2CO3 and Ta2O5 

powders [12]. The change of a- and c-lattice parameters (estimated from XRD data, [12, 23]) 

was calibrated as a function of molar percentage of Li2O in the powders, 𝑋𝐿𝑖2𝑂 (Figure 2 a). 

For easier differentiation, the Li2O concentration within the equilibration powders and the 

crystals will be named  𝑋𝐿𝑖2𝑂 and 𝐶𝐿𝑖2𝑂, respectively. In the single-phase Li1-xTa1+xO3+2x region, 

both a- and c-lattice parameters of the standard hexagonal unit cell decreases identically and 

linearly with the increase of the Li content up to the stoichiometric composition: 

𝑐 = 13.882 − 0.002𝑋𝐿𝑖2𝑂 and (1) 

𝑎 = 5.236 − 0.002𝑋𝐿𝑖2𝑂. (2) 

 

Figure 2. Change of a- and c-lattice parameters as a function of molar percentage of Li2O in 

the single-phase and two-phase Li2O-Ta2O5 solutions (a). Comparison of molar percentage of 

LiTa3O8 or Li3TaO4 phase, estimated theoretically and from XRD data, in the powders with 

different Li2O composition in the range from 25 mol% to 75 mol% (b). 

 

Raman spectroscopy was used as an alternative method for the composition analysis of the 

single-phase LT(1-x)/2 powders. The Raman modes were identified according to the assignment 

given in Ref. [43]. For this purpose, the damping parameters (full width at half maximum, 

FWHM) of A1(4TO) mode in unpolarized Raman spectra as a function of Li2O content in 
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powders were studied. Similarly to the XRD data, a linear relationship between FWHM and 

XLi2O was found: 

𝑋𝐿𝑖2𝑂 = 55.16 − 0.41𝐹𝑊𝐻𝑀. (3) 

In the following experiments the composition of synthetized single-phase equilibration powders 

was systematically checked before and after VTE process by XRD and Raman spectroscopy 

and in general, very good agreement (in the range of the errors) between values estimated by 

these two alternative methods was obtained as illustrated in the Table 1.  

 

Table 1. Comparison of XLi2O (mol%) in equilibration powders, as expected from initial Li:Ta 

ratio in the starting powders and those estimated by means of XRD from c-lattice parameter 

(Equation 1) and by means of Raman Spectroscopy (Equation 3). 

Expected 

XLi2O 

Measured XLi2O 

XRD 
(± 0.2 mol%) 

Raman 
(± 0.05 mol%) 

47.0 47.3 47.17 

49.0 49.1 49.20 

49.5 49.9 49.81 

50.0 50.1 49.93 

 

The Li0.94Ta1.06O3.12 (LT0.47) and LiTaO3 (LT0.5) compositions remain stable in the Li-poor and 

Li-rich two-phase composition regions, therefore their lattice parameters and damping of 

Raman modes do not change with further decrease/increase Li2O content, which is compensated 

by the increasing molar ratio of the LT3 and L3T phase in the mixture, respectively. To study 

the composition of two-phase powders, the molar percentage of the secondary phase (LT3 or 

L3T) was quantified from XRD /2 patterns by means of Rietveld refinement. The molar 

percentage of LT3 and L3T phases in Li-poor and Li-rich two-phase powders was estimated by 

equilibrating these chemical reactions: 

A Li2O+ B Ta2O5  => CLi0.94Ta1.06O3.12+D LiTa3O8   for  XLi2O < 47 mol% and  (4) 

F Li2O+G Ta2O5  => H LiTaO3+I Li3TaO4  for  XLi2O > 50 mol%, respectively. (5) 

The comparison of the theoretically expected and experimentally estimated from XRD data 

LT3 and L3T phase molar ratios in the two-component powder is given in Figure 2 b. One can 

also note that the secondary phase percentage increases nonlinearly with the change of Li2O 

content. The theoretical dependence (Figure 2 b) was used to estimate the Li2O amount in the 

equilibration two-phase powders before and after VTE process. The estimation error was 

estimated to be of 5 mol% according to the deviation of the experimentally estimated 

concentrations from the theoretical ones (Figure 2 b). 

2.2. Li2O loss in powders during VTE process 
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 Li2O partial pressure is the key parameter in VTE process defining the homogeneity and the 

composition of treated LT crystal. In most of previous works the VTE process was assumed to 

be equilibrium process with constant Li2O vapor pressure. However, if the used crucible is not 

completely hermetically closed and/or the crucible is made of ceramics (like in the set-up used 

in this work, Figure 1), the Li2O oxide escapes from the VTE environment and the powders 

continuously change their composition.  Therefore, the change of equilibration powder 

composition as a function of time was studied at two VTE temperatures 1250 °C and 1300 °C. 

For this purpose, the initial equilibration powder with XLi2O = 60 mol%, was treated sequentially 

at VTE temperature and its composition was checked after each treatment by means of Raman 

spectroscopy and/or XRD (see above). The change of equilibration powder composition as a 

function of time at 1250 °C and 1300 °C is presented in Figure 3 a. In the case of L3T and 

LT0.5 phase mixture (XLi2O > 50 mol %), the powder looses 0.17 mol%/h of Li2O at 1300 °C 

and 0.02 mol%/h at 1250 °C, indicating a very strong dependence of VTE process on the 

temperature. This Li2O loss can be attributed to the decomposition of L3T phase to LT0.5 and 

Li2O as the LT phase remains stoichiometric up to the single-phase region in the phase diagram. 

This decomposition is very fast at 1300 °C and the equilibration powder changes from 60 mol% 

of Li2O to < 50 mol% in less than 60h, while it requires about 500h at 1250 °C. The single-

phase LT(1-x)/2 powders loose considerably less of Li2O as compared to the powders containing 

L3T phase. Furthermore, the series of equilibration powders were synthesized and VTE treated 

for 24h at 1250 °C and 1300 °C. The total molar percentage of lost Li2O during this duration as 

a function of the initial composition of the equilibration powder is presented in Figure 3 b. 

Li2O loss decreases from 14 mol%/24h for XLi2O = 60 mol% to 5 mol%/24h for LT0.5 at 

1300 °C, while it is < 1 mol%/24h at 1250 °C. The loss of Li2O quickly decreases also in the 

LT phase with the increase of its nonstoichiometry. Although, the important Li2O vapor 

pressure can be generated at 1300 °C, the powder composition is changing very fast, which 

makes possible only very short VTE processes and this makes the composition control 

challenging.  



  

7 

 

 
Figure 3. Composition change of equilibration powder (starting composition of powder XLi2O 

= 60 mol%) as a function of time during VTE at 1250 °C and 1300 °C (a). Li2O loss (in mol%) 

per 24h of VTE treatment at 1250 °C and 1300 °C as a function of initial equilibration powder 

composition (b). 

 

2.3. Effect of VTE temperature on crystal concentration 

For the study of VTE temperature effect, X-, Y- and Z-cut LT crystals were treated with 

equilibration powders with 40, 50 and 60 mol% of Li2O for 10h at 1150 °C, 1200 °C, 1250 °C 

and 1300 °C. Short VTE duration (10h) was used to limit the effect of the change of the 

equilibration powder concentration with time and to decouple it from the studied effect of the 

VTE temperature. Li2O concentration profile in the thickness of the crystal was estimated by 

measuring Raman spectra on the polished cross section of diced LT crystals after VTE treatment.  

Li2O concentration in the cross-section of treated crystals was estimated from damping 

parameters (FWHM) of E(1TO) and E(7TO) modes in Raman spectra, measured in crossed 

polarization configuration:  

CLi2O(± 0.15 %mol)= 54.505 - 0.492FWHME(7TO) for X- and Y-cut LT and                    (6) 

CLi2O (± 0.06 %mol)54.247 - 0.591FWHME(1TO) for Z-cut LT.                                     (7) 

The polarization configurations used for the study of cross sections of different LT cuts were 

𝑍(𝑋𝑌)�̅�  for X- and Y-oriented crystals and 𝑌(𝑍𝑋)�̅�  for Z-orientation. The concentration 

profiles across the thickness of X-, Y-, and Z-LT crystal, treated by VTE at different 

temperatures by using equilibration powders with 40 mol%, 50 mol% and 60 mol% of Li2O for 

10 h are presented in Figure 4.  

The Li2O concentration on the treated X-, Y- and Z-LT crystal was also estimated on the crystal 

surface (few m depth), Cs, by measuring polarized Raman spectra on the crystal surface 

(𝑋(𝑌𝑍)�̅�, 𝑌(𝑍𝑋)�̅�, and 𝑍(𝑋𝑌)�̅� polarization configurations, respectively). For this purpose, 

the E(1TO) and E(7TO) mode damping parameters (FWHM) were analysed: 

CLi2O(± 0.06 %mol)= 53.785 - 0.473FWHME(1TO) for X- and Y-cut LT and                     (8) 
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CLi2O(± 0.15 %mol) = 54.247 - 0.591FWHME(7TO) for Z-cut LT.   (9) 

Then, ΔCLi2O - the difference between the Li2O concentration on the crystal surface (Cs) and 

that in the depth of 250 m (in the middle of the crystal thickness, Cm) was evaluated: 

ΔCLi2O = Cs - Cm. (10) 

The ΔCLi2O, 𝑐̅ (average concentration across the crystal thickness), and Cs (concentration on 

crystal surface) of X-, Y-, and Z-cut crystals treated at different VTE temperatures are 

summarized in Table 2. The crystals treated in the temperature range from 1150 °C to 1250 °C 

present the Li2O concentration gradient in the crystal thickness. The crystals treated at 1300 °C 

by using equilibration powders with XLi2O ≥  50 mol% present almost homogenous Li2O 

concentration across the crystals thanks to the significant Li2O loss from equilibration powders 

and very fast Li+ diffusion rates at 1300 °C. One can note that, Z-cut crystals in this case are 

homogenous while still small gradient can be observed in X- and Y- oriented crystals indicating 

that Li+ diffusion is anisotropic and faster along Z-axis than those along X- and Y-axes.  

The surface of the crystals treated by using Li-rich powders (60 mol% of Li2O) presents nearly 

stoichiometric composition and the average crystal cLi2O concentration approaches the 

stoichiometric one and the concentration gradient decreases with the increase of the VTE 

temperature. One can note that the Z-cut crystals present homogeneous stoichiometric 

composition after the VTE treatment at 1300 °C for 10h, while still small gradient exists in X- 

and Y-cut crystals treated at the same conditions. Temperatures lower than 1300 °C resulted in 

the concentration gradient across the thickness in all studied LT cuts. The gradient decreases 

and the Li2O concentration in the central part of the thickness gradually increases from 

congruent to the stoichiometric one with the increase of VTE process temperature (Figure 4). 

The crystals treated at 1150 °C presented the Li concentration change in the depth of about 150 

m and the centre of the thickness presented unchanged composition (48.5 mol%). At higher 

temperatures (1300°C), the distribution of Li content becomes more homogenous in the crystals 

because the volatility and concentration of Li2O vapor in powders depends strongly on 

treatment temperature, which agrees with results reported in literature [37,39]. It is important 

to note that these crystals presented very strong gradient, which induced in the thermal stresses 

during cooling down and resulted in the formation of twins [21].  

The equilibration powders with XLi2O = 50 mol% generate lower Li2O partial vapor pressure 

with respect to the powders with 60 mol% of Li2O. Thus, the X-, Y-, and Z-crystals treated at 

1300 °C present homogeneous but nonstoichiometric composition with slightly increased Li2O 

concentration with respect to the congruent composition (48.71 mol%, 48.54 mol%, and 48.66 

mol%, respectively). The crystals treated at 1200 °C - 1250 °C present concentration gradients 
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and average Li2O composition close to 49 mol%.  In this case, the VTE treatment at 1150 °C 

resulted in the crystals with nearly stoichiometric composition on the surface (Table 2) which 

can be explained by the saturation of the Li concentration on the surface due to low diffusion 

to the crystal volume. The increase of the VTE temperature to 1200 °C, 1250 °C, and 1300 °C 

increases the diffusion rates and the surface concentration decreases to 49.3 mol%, 49.1 mol% 

and 48.5 mol%, followed by the smaller concentration gradients, respectively.  
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Figure 4. Li2O concentration profile (measured by means of Raman spectroscopy, for more 

details see text) across the thickness of X-, Y- and Z-cut LT crystals, treated by VTE at different 

temperatures (1150 – 1300 °C) for 10h using equilibration powders with 60 mol%, 50 mol% 

and 40 mol% of Li2O. The profiles of untreated crystals are given for comparison. 
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Table 2. The ΔCLi2O (difference between Li2O concentration on the crystal surface and in the 

middle of the thickness – depth of 250 m, Equation 10) , �̅� (average Li2O concentration 

across the crystal thickness of 500 m), and Cs (concentration on the crystal surface) of X-, Y-

, and Z-cut LT crystals (initially with congruent composition containing 48.5 mol% of Li2O) 

treated by VTE  at 1150 °C – 1300 °C for 10h using Li-poor powders (40 mol% of Li2O), LT 

stoichiometric powders (50 mol% of Li2O), and Li-rich powders (60 mol% of Li2O). 

T 

(°C) 

XLi2O in equilibration powders (mol %) 

40 50 60 40 50 60 40 50 60 

C̅ in crystal (mol%) ΔCLi2O in crystal (mol %) Cs in crystal (mol %) 

X-cut                                                          (± 0.15 mol%) (± 0.05 mol%) 

1150 48.44 48.78 48.96 0.18 1.76a 1.94a 48.50 49.62 49.87 

1200 48.5 48.91 49.26 0.07 1.26 1.26 48.61 49.26 49.79 

1250 48.48 48.97 49.85 0.42 0.6 0.45 48.24 49.10 49.89 

1300 48.39 48.71 49.99 0.54 0.11 0.09 48.16 48.55 49.93 

Y-cut                                                         (± 0.11 mol%) (±0.05 mol%) 

1150 48.38 48.70 49.01 0.02 1.57a 1.64a 48.51 49.43 49.88 

1200 48.43 48.88 49.23 0.06 1.15 0.86 48.52 49.34 49.92 

1250 48.37 48.96 49.69 0.25 0.81 0.68 48.33 49.05 49.93 

1300 48.28 48.54 49.98 0.43 0.1 0.12 48.10 48.42 50.00 

Z-cut                                                          (± 0.06 mol%) (± 0.14 mol%) 

1150 48.44 48.78 48.96 0.18 1.49 1.59 a 48.37 49.66 49.88 

1200 48.50 48.91 49.26 0.12 0.77 1.27 48.40 49.49 49.88 

1250 48.48 48.97 49.86 0.28 0.39 0.34 47.85 49.20 49.83 

1300 48.39 48.66 49.99 0.34 0.14 0.01 47.90 48.39 49.92 
a ΔCLi2O should be 1.5 as these crystals were twinned and the Raman dampings were affected by presence of oblique modes. 

 

 

Li2O-poor equilibration powders are supposed to serve as an Li2O sink and to accelerate the 

loss of Li2O from the treated crystals. However, the change of Li concentration remains small 

(0.1 - 0.2 mol%), and the compositions of treated crystals are close to the congruent one (Figure 

4, Table 2). The induced gradients by these treatments were considerably smaller than those 

obtained by using stoichiometric LN or Li-rich powders at the same temperatures. The strongest 

gradient was attained by the treatment at 1300 °C and the change of the concentration was 

observed up to the depth of approximately 100 m. The average Li2O concentration across the 

thickness (�̅�) in the crystals treated using Li-poor powders in the temperatures of 1150 °C -

1300 °C ranged from 48.5 mol% to 48.28 mol%. These results are consistent with the observed 

decrease of the Li2O loss with the increase of nonstoichiometry of Li1-xTa1+xO3+2x phase (Figure 

3). This indicates that very long VTE times are needed for the out-diffusion treatments. For 

example, Bordui et al. have used 400h long treatments with Li-poor powder at 1100 °C for LN 

crystals [5]. 

The diffusivity in each cut of LT was estimated according to the second Fick’s law: 
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𝜕𝐶

𝜕𝑡
(𝑥, 𝑡) =

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
),                                                         (11) 

Where C is the concentration in the crystal, which is dependent on depth position in crystal, x, 

time, t, and Dc is the concentration dependent Li-diffusion coefficient. We approximate that: 

- At t = 0 the crystal initial concentration, C0,   is homogeneous and congruent one (C = 

C0 = 48.5 mol% at 0 ≤ x ≤ L, where L is the thickness of the crystal (L = 500 m) ;  

- The surface concentration C = Cs (at x = 0) is constant (saturated, Cs = 50 mol%)  while 

crystal concentration at x, Cx, is a function of time during VTE treatment for t > 0.  

- At t = ∞, the final concentration, Cs = Cx = C∞, of crystal is homogeneous across the 

thickness and do not change anymore with time.  

Applying these boundary conditions and adapting the first approximation solution for diffusion 

from a sheet with finite thickness, proposed by D.W. Readey [44], to VTE case, the solution of  

Equation 11 can be written as 

𝐶𝑥 = 𝐶∞ − (𝐶∞ − 𝐶0)𝑒
−

𝜋2

𝐿2𝐷𝑡
sin (

𝜋𝑥

𝐿
), (12)                                           

and accordingly, the diffusion coefficient D can be expressed as 

𝐷 = −
𝐿2

𝜋2𝑡
ln (

𝐶∞−𝐶𝑥

(𝐶∞−𝐶0)sin (
𝜋𝑥

𝐿
)
)⬚.  (13) 

 

According to Figure 4, the surface concentration is constant only during the treatments using 

Li-rich (XLi2O = 60 mol%) equilibration powders as the surface is saturated to the stoichiometric 

composition. Thus, diffusion coefficients as a function of temperature and the treated crystal 

orientation were estimated only in the case of the VTE treatments using with 60 mol% of Li2O. 

It is important to note that this approximation is valid for diffused concentration profiles which 

can be described by the single sin function. Thus, the concentration profiles treated at 1150 °C 

for 10h were not considered for Z- and X-cut LT, as well.  

The coefficient of self-diffusion of Li2O, D, was estimated from the Equation 13 for X-, Y-, 

and Z-cuts of LT crystals treated by VTE for 10h at 1200 - 1300 °C by using equilibration 

powder with XLi2O = 60 mol% (Figure 5). The diffusion coefficients at 1250 °C were found to 

be 6.4x10-13 m2/s, 7.1x10-13 m2/s and 6.0x10-13 m2/S along X-, Y- and Z-axes, respectively. The 

Li self-diffusion coefficients in Z-LT were reported to be 2.9 x 10-14 m2/s at 1100 °C [42] 

indicating that diffusion is accelerated by a factor of 20 when temperature is increased from 

1100 °C to 1250 °C. The diffusion activation energies along these three directions, estimated 

by plotting lnD=f(1/T) (Figure 5), were 672  95 kJ/(mol.K), 619  55 kJ/(mol.K), and 531  

67  kJ/(mol.K), respectively. The difference between the activation energies of Li+ self-

diffusion along different axis is in the error limit. Although smaller activation energy of 
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diffusion along Z-axis than along the X- and Y-axes could be suspected as the shorter times are 

needed to attain homogeneous composition in Z-axis oriented LT crystals (Figure 4, Table 2). 

Anisotropic  and faster diffusion along the Z direction was reported in literature for LN crystals 

[34, 38]. The faster diffusion along the polarisation axis can be explained by the –(Ta-Li-

Vacancy)n-  channels, while X- and Y-directions do not present such direct paths for the 

diffusion (see the structure projection in Figure 6).  

 

Figure 5. Dependence of Li+ self-diffusion coefficient along X-, Y- and Z-axes of LT crystals 

on the VTE temperature, T, in Li-rich atmosphere created by equilibration powder with 60 

mol% of Li2O (left). The lnD dependence on 1/T was fitted by using a linear relationship. The 

related slopes, intercepts and R-square are indicated in the inset.  The average Li2O 

concentration, C̅ ,   within X-, Y-and Z_LT crystals, treated by VTE at 1250 °C using the 

equilibration powders with 60 mol% of Li2O for different durations (right). The duration 

dependence was fitted by exponential function assuming that the crystal concentration saturates 

to 50 mol% of Li2O at t  48h.  

 

One can note again that the activation energies along X- and Y-directions are close but with 

slight difference although they are supposed to be identical for the second rank tensor properties. 

In the stoichiometric and defect free trigonal crystal structure the diffusion along X- and Y-axes 

is not aligned to the concentration gradient. In the case of X-cut surface, most of the lithium 

sites are hindered by oxygen sites and –(Li+-O2-)n- chains are perpendicular to the surface, while 

in the Y-cut the Li+ ions containing planes are less hindered by O2- ions. This may explain the 

difference between diffusion rates in X and Y-cut LT crystals, which was also observed for Ti4+ 

and proton diffusions in LN which also imply Li sites [45-46]. It is also known that defects and 

impurities highly affect the diffusion process due to Coulomb interactions with diffusing ions 

and vacancies [47]. The congruent LT crystals, used for VTE, present considerable amount of 

lattice defects due to nonstoichiometric composition, which are not necessarily equally 

distributed with respect to the X- and Y-directions (Figure 6) and Li stoichiometry equilibration 

implies not only Li+ ion diffusion but also Ta5+ ions must move out from antisites.  Moreover, 
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the X- and Y- crystals do not originate from the same boule and X-LT crystals were optical 

grade while Y-cut LT of SAW grade. In SAW grade crystals there are more impurities and most 

of the impurities are on Li sites as they are bigger than the Ta ones [45-46].  

  The volume diffusion rises significantly once the Tammann temperature (1/2 of melting 

temperature, Tmelt) is attained and the reasonable diffusion rates can be achieved at temperatures 

higher than 2/3 of Tmelt [48]. The self-diffusivity of Li+ along Z-axis in congruent LN (with 

48.38 mol% of Li) was reported to be 0.3 x 10-12 m2/s and in nearly stoichiometric LN (49.85 

mol% of Li2O) - 5 x 10-12 m2/s at 0.88Tmelt [49]  indicating that diffusion is highly dependent 

on the defect concentration/stoichiometry. According to our results in the case of initially 

congruent LT, the diffusion is of the same order as in nearly stoichiometric LN (3.2 x 10-12 m2/s 

at 0.79Tmelt) although the temperature was more distanced from meting point. According to the 

linear relationship lnD=f(1/T) (Figure 5), the D = 2.0 x 10-10 m2/s at 0.88Tmelt for LT being two 

orders higher than that of LN.  

 

Figure 6. Illustration of LT unit cell and structure projections along X-, Y-, 36°Y- and Z-

orientations. The red balls correspond to oxygen ions, green ball- tantalum ions, and blue ones 

– lithium ions. 

 

2.3. Effect of VTE duration on crystal concentration 

In order to investigate the Li+ concentration gradients as a function of VTE treatment duration 

and to find out the minimum duration needed to obtain homogenous stoichiometric crystals, X-
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, Y-, and Z-cut congruent crystals were treated by VTE using equilibration powder with 60 

mol% of Li2O for duration of 5h, 10h, 24h, 48h and 64h at 1250°C. The Li2O concentration 

change across the crystal thickness, estimated by means of Raman spectroscopy, as a function 

of VTE duration is presented in Figure 7. The ΔCLi2O,  �̅�  , and Cs of these samples are 

summarized in Table 3. In the case of the short treatment durations (5-10h), the crystals present 

strong composition gradients. After 5h of treatment, the X- and Y- crystals presented the 

composition still close to the congruent one in the central part of the thickness while the 

diffusing Li+ ions already diffused to the depth of > 250 m in the Z-cut LT confirming that 

Li+ self-diffusion is faster along Z-axis. The VTE with duration longer than 24h is needed to 

attain nearly stoichiometric composition homogeneous composition across the thickness in all 

studied crystal cuts. The crystals treated for 48h and 64h presented homogeneous composition 

across the thickness.   

Once the homogeneous stoichiometric composition is attained, longer diffusion times are 

supposed as well to results in the homogeneous stoichiometric composition across the thickness 

if the equilibration powders continue to supply constant partial vapor pressure of Li2O as Li-

rich phases do not form from LT phase during VTE process and the saturated composition 

corresponds to the stoichiometric one. In the case of the VTE treatment at 1250 °C using 

equilibration powder with 60 mol% of Li2O, the average concentration of the LT crystals,  

C̅,  as a function of treatment duration, t, can be represented by exponential function (Figure 5 

right): 

C̅ = (50.00 ± 0.04) − (1.5 ± 0.08)𝑒−(0.14±0.02)𝑡. (14) 

The difference between different cuts is within the experimental errors indicated in the 

Equation 14. According to Equation 14, homogeneous 49.99 mol% concentration can be 

attained by treatment of 36h. It is important to note that we have observed that the crystals 

treated for 48h or 64h became slightly more deficient in Li2O than the stoichiometric 

composition (Table 3) indicating that the equilibration powders were losing their Li2O vapor 

delivery efficiency during long treatments. This issue must be considered in the VTE treatments 

using ceramic crucibles although they are closed with cover. To overcome this issue and to 

make the fabrication of crystals with controlled homogeneous composition less duration 

dependent, the amount off the treatment powders must be increased. It should be noted that 

temperatures lower than 1250 °C (0.76 Tmelt) need longer duration for obtaining homogenous 

crystals. This agrees with results reported by P.F. Bordui et al.[5], in their work, the VTE of LT 

carried out by using Li-rich powders, at 1100°C (0.67Tmelt), requires a minimum of 60h. Z. 

Wang et. al found that VTE duration of 20h and 15.6h is needed for congruent LN crystals at 
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1100 °C (0.88Tmelt) by using Li-rich powders (68 mol% of Li2O) to attain the stoichiometric 

composition on the surface, estimated from the birefringence measurements. However, the 

studied thickness/depth were not estimated and the homogeneity across the thickness was not 

studied in this work [38]. It is important to note that according to our results, the Li2O average 

concentration of surface layer across 2 m thickness is around 49.55 mol% after 5h treatment 

and it reached stoichiometric composition after 24h (Table 3). Further increase of treatment 

time starts to reduce the surface stoichiometry confirming the continuously changing 

equilibration powder composition (Figure 3). 

 

Figure 7. Li2O concentration profile (measured by means of Raman spectroscopy, for more 

details see text) across the thickness of X-, Y- and Z-cut LT crystals, treated by VTE at 1250 

°C for different durations, ranging from 5h to 64h, using equilibration powders with 60 mol%, 

of Li2O. The profiles of untreated crystals are given for comparison. 

 

Table 3. The ΔCLi2O (difference between Li2O centration on the crystal surface and in the 

middle of the thickness – depth of 250 m, Equation 10) , �̅� (average Li2O concentration 

across the crystal thickness of 500 m), and Cs (concentration on the crystal surface) of X-, Y-

, and Z-cut LT crystals (initially with congruent composition containing 48.5 mol% of Li2O) 

treated by VTE  at 1250 °C for different durations in the range of 5h - 64h using Li-rich powders 

(60 mol% of Li2O). 

Crystal cut time C̅ ΔCLi2O Cs 

 (h) (mol %) (mol %) (mol %) 

  ±0.15 mol%  ±0.05 mol% 
 5 49.19 0.96 49.56 
 10 49.65 0.38 49.89 

X-cut LT 24 49.84 0.16 49.96 
 48 49.82 0.04 49.75 
 64 49.82 0.06 49.60 
  ±0.15 mol%  ±0.05 mol% 
 5 49.19 1.42 49.54 
 10 49.69 0.65 49.92 

Y-cut LT 24 49.95 0.15 50 
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 48 49.84 0.05 - 
 64 49.83 0.02 49.68 
  ±0.06 mol%  ±0.10 mol% 

 5 49.19 0.93 49.55 

 10 49.54 0.86 49.91 

Z-cut LT 24 49.93 0.11 49.99 
 48 49.84 0.04 49.77 
 64 49.79 0.02 49.60 

 

2.4. Effect of equilibration powder composition 

In order to fabricate the LT crystals with different compositions varying from sub-

congruent to (nearly) stoichiometric composition, the Y-, 36°Y- and Z-cut LT crystals were 

treated using equilibration powders with Li2O concentration of 40-60 mol% (100 g of powders 

were placed in crucible with 115 mm diameter and 22 mm height, Figure 1) at 1250°C for 64 

h. Longer treatment times than previously estimated 36h needed for homogenization were used 

to assure the absence of any composition inhomogeneity, which might induce the twin 

formation. The rotated LN orientations are frequently used in piezoelectric devices, therefore, 

the possibility to control the concentration in the rotated 36°Y-cut was studied, as well. Li2O 

concentration was homogeneous across the crystal thickness as illustrated for the Y-cut LT 

crystals treated by stoichiometric LT and Li-rich powders (Figure 8).   

  

Figure 8. Homogeneity of Li2O concentration in crystal thickness in Y-cut LT crystals treated 

by VTE at 1250 °C for 64 h using equilibration powders with different Li content (a). Li2O 

concentration in the Y-, 36°Y- and Z-cut LT crystals as a function of equilibration powder 

concentration used for VTE at 1250°C for 64h (b). The points are connected for the guideline. 

The relationship between the crystal concentration and that of the equilibration powders 

is presented in Figure 8. The Li2O concentration in crystals is not equal to that of powders and 

it changes nonlinearly with increasing Li2O content in powders. Crystals, treated with Li-poor 

powder (40 mol % of Li2O) acting as infinite sink of Li2O [31], present Li2O content slightly 

lower than that of untreated congruent crystal (between 48.0 and 48.4 mol%). The crystals, 
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treated with powders containing Li2O concentration > 48.5 mol % Li2O had a higher Li2O 

concentration (48.6-50 mol%) than the composition of congruent initial crystal composition 

(48.5 mol%) but lower than that of the equilibration powder (Figure 8 b). Nearly stoichiometric 

crystals were attained by using equilibration powders with XLi2O ≥ 54 mol % at these VTE 

conditions. As mentioned above, the maximum Li2O concentration in LT crystals is 

stoichiometric one (50 mol%). Lithium concentration in treated crystals depends also on the 

crystallographic cut because the diffusion velocity changes with crystallographic axis, as 

described above. One can note that the enrichment in Li-rich atmosphere and the decrease in 

Li-poor atmosphere is slower in X-cut crystals and the obtained final treated X-LT crystal 

concentration is smaller or higher than those of Z- and 36°Y-LT crystals treated at the same 

VTE conditions. Z- and 36°Y-LT crystals have presented identical concentrations (within 

measurement errors) after VTE treatments. In the case of the 36°Y rotated cut, the Li ions are 

placed exactly above another layer of Li ions (Figure 6), which facilitates the diffusion like in 

the Z-axis crystals.  

4. Concluding remarks 

To summarize, the relationship between VTE conditions such as temperature, duration and the 

composition of the equilibration powder and the composition and its homogeneity of the LT 

crystals was studied.  For this purpose, the Li2O loss from equilibration powders was 

determined as a function of treatment temperature and duration and it was shown that the 

equilibration powder capacity to deliver Li2O vapor changes continuously their composition 

with the treatment time. The treated crystal composition on the surface and across the thickness 

were mapped by means of Raman spectroscopy. In agreement with literature on VTE process 

on LN crystals, it was found that Li+ self-diffusion is anisotropic and it is faster along c-axis 

due to the –(Nb-Li-Vacancy)n- structural channel. This was confirmed by the shorter times 

needed for the homogenisation of the treated crystal composition across the thickness and 

higher Li2O amount obtained in the Z-LT than Y-oriented LT treated at the same conditions. 

The diffusion coefficients were found by using first approximation solution, considering single 

sinus function for diffusion concentration profile, of the second Fick law. The diffusion 

activation energies along X-, Y- and Z-axes were estimated to be 672  95 kJ/(mol.K), 619  

55 kJ/(mol.K), and 531  67  kJ/(mol.K), respectively. VTE temperature of 1250 °C was 

selected as optimal one as it enables relatively fast diffusion and reasonable Li2O concentration 

in the powders with treatment time. At this temperature, the homogeneous stoichiometric LT 

crystals can be obtained by VTE treatment for 36 hours in Li-rich atmosphere, created by 

powders containing more that 54 mol% of Li2O. The ability to obtain the homogeneous X-, Y-
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, 36°Y- and Z-LT crystals with intermediate compositions between subcongruent composition 

to stoichiometric one was demonstrated. It is important to note that the out-diffusion of Li2O 

oxide from congruent and sub-congruent compositions is very slow. To attain homogeneous 

composition across the crystal is essential in order to avoid the development of the mechanical 

stress and consequently crack or mechanical domain formation. As VTE treatment is done 

above the Curie temperature, the equilibrated LT crystals present ferroelectric polydomain 

structure and requires electrical poling. In general, the compositions with higher Li content 

present lower coercive fields (congruent LT – 211 kV/cm and stoichiometric LT – 1.6 kV/cm) 

and this facilitates the fabrication of the periodically poled structures [16]. The ferroelectric 

domain structure was studied in our as-treated samples and it was shown that it is highly 

dependent on the concentration gradients, as domains form during the cooling below the Curie 

temperature, which varies significantly with the composition (700 °C for stoichiometric 

composition and 603 °C for congruent one) [50].  Consequently, the depolarizing fields also 

depend on composition gradients, and it would require to develop different poling strategies. 

This further motivates usage of the VTE treated crystals with homogeneous composition.   

 

5. Experimental Section/Methods 

VTE processing: X-, Y-, 36°Y- and Z-cut wafers of commercially available congruent lithium 

tantalate (CLT) (containing 48.5%mol of Li2O) with optical and saw grade quality (supplied 

by MTI Corporation) were used for the present study. Hereafter (X,Y,Z) is an orthogonal 

reference system where Z is parallel to the c-axis and X to the a-axis, which is taken 

perpendicular to the mirror plane of the 3m point group. 

Single (Li1-xTa1+xO3+2x) and two-phase [Li0.97Ta1.03O3+2x + LiTa3O8 (Li-poor)] or LiTaO3 + 

Li3TaO4 (Li-rich)] powders were prepared using Li2CO3 (99.9%) and Ta2O5 (99.9%) as 

starting chemicals.  To eliminate moisture, the Li2CO3 was dried for 16h at 250 °C. Powders 

with different molar ratio of [Li2CO3] / [Ta2O5] were prepared by mixing and milling of initial 

powder mixture and reacting for 120h at 1000°C. 

Characterization by Raman spectroscopy: Raman Spectroscopy was used to determine the 

Li2O concentration in crystals and powders. The Jobin-Yvon/Horiba LabRam HR 

spectrometer and S&I Monovista spectrometer with 514 nm line of an Ar+ ion laser was used 

in a backscattering geometry. The Raman spectra were fitted with oscillator functions by 

using the Igor Pro software and a procedure “Unifit” (written by I. Gregora). In order to check 

the homogeneity of Li content within the crystals, their cross-sections were diced and 
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polished by using an automatic dicing saw DISCO DAD 320. The cross section were checked 

by depth scans at intervals of 5 µm. 

X-ray diffraction measurements: XRD measurements were performed by using a Bruker D8 

Advance diffractometer (Cu Kα1 radiation, λ=1.54056Å). Two phase powders were analyzed 

by XRD and the content of secondary phase was estimated from Rietveld refinement.  
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Homogeneous X-, Y-, 36°Y- and Z-cut crystals with homogeneous and controlled Li2O 

(non)stoichiometry in the composition range of LT phase existence (47 – 50 mol%)  are 

fabricated by means of vapor transport equilibration. Effort is done to optimise the VTE 

conditions as temperature, duration and equilibration powder composition for controlled 

fabrication process.  
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