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ABSTRACT

A two-stage vapor transport equilibration (VTE) has been employed to mitigate

lithium deficiency in single crystals of lithium tantalate, LiTaO3. This work

details a low-temperature vapor transport infiltration (VTI) anneal step that

establishes a lithium-rich surface layer in the treated samples which annihilates

the intrinsic point defect complexes of congruent LiTaO3 while allowing depth

and concentration profiles of the point defects to be measured via confocal

Raman spectroscopy at different stages in the process. These data are then used

to calculate diffusion coefficients for lithium in LiTaO3, which range between 4.2

9 10-11 and 2.9 9 10-10 cm2/s between 950 and 1100 �C. The lithium gradients

are removed, and sample chemistry is equilibrated during a second, higher-

temperature anneal in an ambient atmosphere and confirmed via additional

Raman measurements. Temperature-dependent impedance spectroscopy data

are also used to confirm the presence or absence of lithium gradients in these

samples and show that lithiation of LiTaO3 takes place at temperatures as low as

950 �C.

Introduction

Lithium tantalate (LiTaO3) is a uniaxial ferroelectric

commonly used in a variety of electro-optic, nonlin-

ear-optic, photo-refractive, and acoustic devices.

Typically, this material is produced as single crystals

grown at the congruent melting composition of Li/Ta

& 0.94. The lithium deficiency is accommodated

through a combination of lithium vacancies (VLi�)

and charge compensating tantalum antisite defects

(TaLi
����) that cluster together below *200 �C to form

tetrahedra in which the central antisite ion is bor-

dered by three vacancies in the nearest cation plane

and an additional independent vacancy that lies

along the z-axis [1–3]. These defect complexes have

drastic effects on optical and ferroelectric properties

including an increased saturated space charge field

[4], increased susceptibility to photorefractive dam-

age [5], an approximate two hundred-fold increase in

coercive field [6, 7], and an*100 �C decrease in Curie

temperature over stoichiometric crystals [8, 9]. The
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changes in coercive field and Curie temperature in

particular have been shown to be linearly related to

the change in point defect concentration and are

frequently used as rapid and effective methods to

indirectly determine lithium stoichiometry in LiTaO3

[9, 10]. The Raman spectrum of LiTaO3 is also sen-

sitive to Li stoichiometry, with Li deficiency causing

peak broadening and the development of new Raman

modes with increasing point defect concentration

[11–13].

Avoidance of Li deficiency during growth is pos-

sible using a double-crucible Czochralski technique

and a melt chemistry with significant lithium excess,

but this approach suffers from significantly greater

occurrences of stress cracking and inclusions than

growth of the congruent composition [6, 8]. A post-

growth technique known as vapor transport equili-

bration (VTE) increases the Li content in the speci-

men by annealing the crystal in a loosely enclosed

system above a powder that evolves Li2O vapor at

high temperatures [9, 14]. VTE anneals convention-

ally occur at temperatures in excess of 1200 �C for

LiTaO3 and can last for a few hundred hours,

depending upon crystal thickness [2, 15].

Despite the clear interest in restoring Li/Ta stoi-

chiometry over the last thirty years, the authors could

find only one quantitative report of Li diffusion in

LiTaO3 over a similar temperature range [16]. This

presents a problem for those seeking to fine-tune the

VTE process and tightly control the intrinsic defect

concentration in LiTaO3. The current work introduces

a lower-temperature lithium infiltration anneal (VTI)

that is designed to establish a lithium gradient within

the treated sample. In this new VTI process, the

LiTaO3 crystals are fully buried in a LiTaO3 ? Li3-
TaO4 powder that acts as a Li2O source during the

VTI step. This allows partial lithiation to be more

observable via measurements of Curie temperature

(TC) and confocal Raman spectroscopy. The VTI

thermal treatment is then followed by a high-tem-

perature equilibration anneal lacking any additional

lithium sources. Lithium diffusion coefficients in this

material are estimated by application of a modified,

unrestricted error function or an error function that is

constrained by strict boundary conditions to confocal

Raman spectroscopy profiles, and the results closely

agree with the previous work from Carruthers et. al.,

who estimated diffusion coefficients by measuring

changes in refractive index [16].

Materials and methods

Z-cut single crystals of congruent LiTaO3 (CLT), 10 9

10 9 0.5 mm, were purchased from MTI Corp. Curie

temperatures (TC) of the as-received crystals were

confirmed to be *597 �C via temperature-dependent

impedance measurements using painted silver elec-

trodes and an HP 4294A impedance analyzer with

500 mV oscillator from 1 kHz to 1 MHz. These

specimens were heated and cooled at a rate of 2 �C/
min under ambient atmospheric conditions and a

short-circuit configuration. Only the cooling data are

reported here.

The crystals were VTI treated in an enclosed plat-

inum crucible and fully buried in a two-phase, reac-

ted powder comprising 62 mol% LiTaO3 and 38

mol% Li3TaO4 as a lithium oxide vapor source. The Pt

crucible and contents were heated to temperatures

between 950 and 1100 �C at a rate of 5 �C/min and

soaked for between 15 and 30 hours. After cooling to

room temperature at 2 �C/min, the crystals were

sectioned, and one half of each crystal was used for

TC and Raman measurements of the chemically gra-

ded specimen, while the other half was placed back

into a furnace for an equilibration anneal in an

ambient atmosphere without the presence of excess

lithium oxide. These equilibration anneals varied in

duration from twelve to twenty-five hours, but all

took place at 1350 �C.
Observation of extremely broad or multiple peaks

in the post-equilibration anneal impedance data near

the known Curie temperatures of both CLT and sto-

ichiometric LiTaO3 (SLT) was interpreted as indica-

tions of retained compositional heterogeneity,

requiring the sample to undergo additional thermal

treatment to achieve homogeneous Li distribution.

Confocal Raman spectroscopy was performed

using a WiTec alpha300 R instrument outfitted with a

532 nm incident laser in ZðXYÞZ backscatter � con-

figuration to estimate the stoichiometry profile

through the bulk of the single crystals. This was

accomplished by stepping the height of the optical

lens in 5 lm increments and comparing the measured

intensity ratio of the Raman mode associated with the

intrinsic defects at each step to that of the unaffected

A1(4LO) mode. The confocal optics that the vibra-

tional signal from the samples passes through allow

the thickness of the focal layer to be reduced to one

micron.
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Results and discussion

Indirect stoichiometry analysis for the VTI-treated

and air-equilibrated LiTaO3 was carried out via

temperature-dependent impedance measurements to

identify the Curie temperature of these samples.

Figure 1a gives the TC values for the commercially

acquired CLT and SLT crystals, measured at 597 and

697 �C, respectively. These curves are sharp and

centered near the temperatures that are well associ-

ated with their compositions [17]. Figure 1b shows

the effect of the low-temperature VTI anneals on the

temperature-dependent permittivity of the originally

CLT specimens. In this figure, blue (triangles and

dashed) lines represent a specimen that underwent

VTI at 950 �C for 15 hours, red (squares and dotted)

lines represent a specimen VTI treated at 1000 �C for

10 hours, and black (circles and solid) lines represent

a specimen VTI treated at 1050 �C for 10 hours. Each

sample that is shown in this figure exhibits two Curie

temperature peaks, one at * 601 �C and the other at

* 701 �C, the typical temperatures associated with

congruent and stoichiometric LiTaO3 chemistries.

The e� curves in Fig. 1b exhibit two peaks with a

valley at 701 �C, while the e�� traces show a single

peak at the same temperature. The high conduction

current leads to massive uncertainties in the phase

angle reported by the LCR meter and thus ambiguity

in the assignment of real versus imaginary compo-

nents. Thus, we use the point where the local extrema

align (i.e., valley minimum for e� and peak for e��) to
indicate the temperature of the phase transition. The

positions of the two apparent Curie temperatures

indicate that both SLT and CLT chemistries are pre-

sent within these specimens after the VTI treatments.

Additionally, the relative permittivity peaks of the

VTI specimens are much broader than the peaks of

the homogeneous commercial specimens whose

chemistries lie at the congruent and stoichiometric

points, which would seem to corroborate a broad

chemical gradient in the VTI-treated specimens that

spans these distinct stoichiometry regions. The real

and imaginary permittivity data sharpen consider-

ably after the samples were annealed under ambient

conditions and trend toward a single peak that is

characteristic of the overall chemistry of the sample.

The data in Figure 1c, whose coloring and symbol

scheme follows directly from Figure 1b to indicate the

parameters for VTI, show the relative permittivity

profiles from those selfsame samples after ambient

atmosphere equilibration anneals at 1350 �C for 25

hours (blue triangles and dashed line), 12 hours (red

squares and dotted line), and 12 hours (black circles

and solid line). Cases such as those shown in Fig-

ure 1b, where the post-equilibration permittivity data

have not yet converged to a single temperature,

imply that additional annealing time is required to

fully remove the chemical gradient within these

samples. In Figure 1c, the real permittivity data

denoted by the blue triangles were multiplied by 10x

in Figure 1c to better visually distinguish that curve

from the other datasets.

Although these data indicate that there is a spread

in lithium concentration within these samples,

Figure 1 Curie temperature measurements for LiTaO3. a Real

and imaginary relative permittivity, e� and e��, respectively, of
untreated CLT and commercially VTE annealed SLT.

b Permittivities of specimens immediately after VTI treatment.

c e� and e�� for the same specimens from (b) after undergoing

equilibration annealing at 1350 �C.
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impedance spectroscopy alone cannot quantify the

stoichiometry gradient magnitude or depth or

attempt to measure lithium diffusion in LiTaO3. The

equilibration step, in removing the point defect/ca-

tion gradient, qualitatively reduces stress gradients

within the VTI crystals, observable from a nearly

100% survival rate compared to traditional VTE and

Li-rich, nearly stoichiometric crystal growth from

melts.

The profile of the cation gradient in the VTI-treated

samples was measured via Raman spectroscopy. An

example of data from a confocal Raman scan is

shown in Figure 2, where the focal plane of the

Raman measurement was lowered in 5 lm steps from

the surface of the crystal to approximately one half of

the full thickness of the specimen. The signal-to-noise

ratio decreased rapidly at depths beyond *200 lm
regardless of sample or annealing history, so we

focus our Raman analysis on the outer 200 lm of each

specimen, which is sufficient for confirming the

depth of lithiation in these samples. Each Raman

spectrum was normalized to the intensity of the

A1(4LO) band at *862 cm-1. The relative intensity of

the defect-associated peak at *748 cm-1 to the

A1(4LO) peak is known to correlate with Li stoi-

chiometry [18], and Figure 3 plots this relationship

across a subset of the VTI conditions studied here.

Figure 3a, b contains compilations of intensity ratio

data of the two targeted Raman peaks for samples

that underwent VTI at varying times and tempera-

tures. In both plots, the signal ratio is lowest within

the top 15 lm of the surface of these samples with an

asymptotic rise over 30 to 80 microns to a background

level indicative of an unlithiated bulk. While this

measurement does not directly quantify Li content, it

has been shown previously that mass transport of Li

in this system stops when the Li2O concentration

reaches 50.5 mol% [19, 20]. For all samples that were

VTI treated at a given temperature, an increase in VTI

time appears to increase the lithium concentration at

the surface as well as increase the thickness of the

lithium-rich surface layer, as expected from classical

applications of Fick’s laws [21]. This is demonstrated

in Fig. 3a by a dataset from samples VTI treated at

950 �C. Increasing the temperature of the VTI treat-

ment has a similar effect, reducing the defect peak

intensity and increasing the depth of the lithiated

surface layer as shown in Fig. 3b. A Raman profile of

a commercially VTE-treated LiTaO3 wafer (Crystal

Technology, Inc., VTE parameters unknown, Li/Ta

*0:994) has been added to these plots to provide a

reference frame to the in-house treated specimens

and shows that even a nearly fully stoichiometric

specimen retains measurable amounts of VLi� and

TaLi
���� defect complexes.

The samples that are shown in Fig. 3b were sub-

jected to additional annealing, as detailed in the fig-

ure caption, in an ambient atmosphere that did not

contain excess Li2O at 1350 �C. Raman data collected

after these secondary anneals are shown in Fig. 3c–e.

According to these data, the equilibration heat treat-

ments provide sufficient energy to smooth the cation

gradient and distribute the lithium that was built up

in the surface of the VTI crystals, establishing a more

uniform point defect population throughout the bulk

of the specimens.

The partial lithium pickup from these lower-tem-

perature VTI anneals established measurable point

defect profiles that were mapped with confocal

Raman spectroscopy. Reduction of the intrinsic point

defect complexes of non-stoichiometric LiTaO3

allows us to track a lithium concentration profile and

thus determine lithium diffusion coefficients from the

Raman data.

Diffusion coefficients for lithium were calculated

from the point defect profiles provided by the Raman

data by fitting them with a modified error function

(equation 1). Use of the error function necessitates

certain assumptions about the diffusion conditions of

this study, namely that the system consists of two

semi-infinite bodies, that diffusion is constant, and

- Surface

- 100 μm

Increasing depth

E(TO2)
E(TO3)

E(TO4)
A1(LO1)

A1(LO2)

E(TO1)

E(TO5) & E(TO6)

E(TO7)
E(TO8)

E(TO9)

A1(LO3)

A1(LO4)

*

Figure 2 Confocal Raman data from a depth profile down the c-

axis of a VTE-treated LiTaO3 crystal. Only half the scans from the

complete depth profile are shown to prevent data crowding, in

addition to shifting the data vertically for clarity. The known

Stokes modes are labelled above, and one of the primary

extraneous modes that develop with the presence of intrinsic

point defects is highlighted by the asterisk.
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that diffusion is only occurring during the soak step

of VTI and not on heating or cooling.

c x; tð Þ ¼ Aþ Berf
xþ y
ffiffiffiffiffiffiffiffi

4Dt
p

� �

ð1Þ

In equation 1, c(x, t) is lithium concentration as a

function of position in the sample and duration of

VTE treatment, A and B are unitless constants, x is

depth into the sample, y is an offset factor to x that

shifts the inflection point of the error function to the

proper location within the relithiated surface layer to

compensate for the potential of an increasing thick-

ness of a fully lithium-saturated region of LiTaO3,

D is the diffusion coefficient, and t is the duration of

the VTE treatment. This equation is not bound by any

starting or final chemical information, so another

calculation with a slightly more structured set of

boundary conditions was utilized to confirm the

coefficients indicated by equation 1.

Application of chemical information gained from

TC data after VTI and equilibration anneals and the

depth at which the Raman data returned to nomi-

nally congruent levels post-VTE provided the chem-

ical and physical boundary conditions that were used

to confirm the results found with the unbounded

equation 1. Equation 2 is structured as follows:

c x; tð Þ ¼ ci þ cs � cið Þerfc xþ y
ffiffiffiffiffiffiffiffi

4Dt
p

� �

ð2Þ

where ci represents the initial chemistry of the

crystal, i.e., congruent, and cs is the chemistry of the

lithiated surface layer of the specimen as determined

by the best fit of the Raman profile considering an

upper limit of 50.5 mol% Li2O due to the thermody-

namic termination of any mass transfer due to VTE.

The resulting diffusion coefficients for lithium in

LiTaO3 are displayed in Figure 4. Reports for similar

diffusion coefficients are available in the literature for

lithium niobate but are largely lacking for lithium

tantalate. Manually applying the chemical boundary

information into the error function equations does

not appear to have significantly impacted the diffu-

sion coefficients calculated in this work, as the
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Figure 3 Intensity ratios for the Raman peak associated with

intrinsic defect concentration vs. the A1(4LO) mode plotted as a

function focal depth into VTI-treated LiTaO3 single crystals.

a Signal versus depth profiles of different samples VTI treated at

950 �C for 2.5, 15, and 45 hours. b A comparison of many

specimens VTI treated at different times and temperatures. Data

from a commercial VTE-treated stoichiometric crystal are featured

for comparison to show that a nonzero signal is detectable in

approximately fully lithiated LiTaO3. c–e Comparisons between

the samples from 3b (color based on VTI treatments listed in plot

b) and their counterparts after having undergone the equilibrium

annealing process to homogenize crystal chemistry (black) for 12,

10, and 10 hours (c–e, respectively).

Raw data fit
Bounded equa on
Carruthers, LiTaO3

Carruthers, LiNbO3

Figure 4 Diffusion coefficients for lithium in VTE-treated

LiTaO3 calculated from Raman and Curie temperature data and

compared to literature values for LiTaO3 and LiNbO3 along the

polar axis.
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coefficients differ by less than 3.5 9 10-10 cm2/s at all

investigated temperatures, adding confidence to the

conclusions. The mean lithium diffusion coefficients

found at 950 �C and 1100 �C are 4.2 9 10-11 cm2/s and

2.9 9 10-10 cm2/s, respectively. Data on lithium out-

diffusion in LiTaO3 as a function of temperature,

from Carruthers et al. [16], remain within an order of

magnitude of our data and suggest that surface

adsorption and desorption reactions are not rate-

limiting steps in lithium gain or loss during the VTI

and VTE processes. Figure 4 also features lithium

diffusion coefficients in LiNbO3 for visual reference.

All of the coefficients being reported for LiTaO3 are

noticeably lower than those for LiNbO3, though this

phenomenon is not unexpected given that the lattice

of lithium niobate is likely to be much softer than that

of LiTaO3 at these temperatures due to the relative

proximity to the melting point [22–26].

Locating the Matano plane through a Boltzmann–

Matano analysis to ensure that the integrated areas

bound by the diffusion profile are equal on both the

surface and crystal-bulk sides of the concentration

curve would be one method to increase the accuracy

of the diffusion coefficients calculated here. Addi-

tionally, full consideration of ambipolar diffusion

principles to account for tantalum diffusion in con-

cert with lithium would be prudent for a more

complete discussion of multi-species diffusion in

LiTaO3.

Conclusions

Low-temperature vapor transport infiltration was

used to develop a lithium concentration gradient in

lithium tantalate single crystals, which was later

removed through a chemistry-equilibrating and

stress-reducing anneal in ambient atmosphere.

Lithium concentration profiles were inferred from

confocal Raman spectroscopy measurements of point

defect concentration, and diffusion coefficients of

*4.2 9 10-11 to *2.9 9 10-10 cm2/s were calculated

for lithium in LiTaO3 between 950 and 1100 �C. Curie
temperature values determined by permittivity

measurements suggest that these conditions achieve

a nearly stoichiometric composition within the outer

*15 lm of the single crystals, and that, as vapor

transport infiltration temperature increases, lithium

concentrations decrease to CLT levels at increasing

distances from the crystal surface, ranging between

30 and 80 lm.
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