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We investigated lithium self-diffusion in amorphous lithium niobate layers between 298 and 423 K.
For the experiments, amorphous °LiNbO;/’LiNbO; isotope hetero-structures were deposited by
ion beam sputtering and analysed after diffusion annealing by secondary ion mass spectrometry
(SIMS). This arrangement allows one to study pure isotope interdiffusion. The results show that the
diffusivities obey the Arrhenius law with an activation enthalpy of 0.7 eV, which is considerably
lower than the activation enthalpy found for LiNbO; single crystals in literature. Consequently, the
Li diffusivities are higher by at least eight orders of magnitude in the amorphous samples in the
temperature range studied.

1. Introduction

Lithium niobate (LiNbO;) in its single crystalline state is a very interesting techno-
logical oxide with extraordinary ferroelectric, piezoelectric, electro-optic and acoustic
properties [1,2]. It does not exist as a stable compound in nature, however, it can be
grown as a single crystal from the melt by the Czochralski method. Lithium niobate
is stable over a wide solid solution range (44.0 to 50.5 mol % Li,O [3]). A LiNbO;
single crystal is a relatively slow three-dimensional ion conductor (~ 1072 S/cm at
500 K [4]) and consequently not suitable for technical applications in, e.g. solid elec-
trolytes of secondary Li ion batteries [5]. However if structural disorder is introduced,
e.g., by changing the structural state from single crystalline to amorphous, the ion mo-
bility and therefore the conductivity is expected to increase significantly. Consequently,
this material is an ideal model system to study how structural disorder may modify ionic
diffusivity.
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CLiNbO, tracer layer '

Sapphire substrate

Fig. 1. Sketch of the isotope hetero-structure on a sapphire substrate after the sputtering process. Thick-
nesses: °LiNbOj; layer ~ 20—-50 nm; "LiNbOj5 layer ~ 800 nm.

Most of Li diffusion experiments in LiNbO; have been conducted by nuclear
magnetic resonance spectroscopy (NMR) [4,6—10] and impedance spectroscopy stud-
ies [11,12]. The only studies on Li diffusion based on mass tracers are limited to single
crystalline LiNbO; [13—15]. Consequently, in the present study Li self-diffusion studies
are carried out on amorphous lithium niobate at temperatures between 298 and 423 K
using secondary ion mass spectrometry. The results are compared to studies on Li self-
diffusion in single crystals as given in literature [15].

In order to realize tracer diffusion studies for Li containing solids, stable tracers
have to be used. Radioactive tracer isotopes with a half-life larger than some seconds for
radio-tracer measurements do not exist. Lithium has two stable isotopes °Li (7.5%) and
"Li (92.5%). In the present study we used °LiNbO;/’LiNbOj; isotope hetero-structures
for analysis. This is an extremely reliable method to study self-diffusion processes in
solids because pure isotope interdiffusion takes place undisturbed by chemical gradi-
ents [16-20].

2. Experimental

For tracer diffusion studies in amorphous lithium niobate we prepared so-called iso-
tope hetero-structures (Fig. 1). As substrate we used a 10 x 10 x 0.5 mm® c-axis ori-
ented polished sapphire single crystal, supplied by CrysTec (Berlin, Germany). First,
an amorphous layer of "LiNbO; of 800 nm thickness was deposited. Afterwards, the
tracer layer of °LiNbO; (~ 20-50nm) was deposited (Fig. 1). Each isotope layer
was prepared by ion beam sputtering using a commercial set-up (IBC 681, Gatan)
equipped with two penning ion sources. The deposition was done at 5keV and a cur-
rent of about 200 WA in Argon at an operation pressure of 5 x 107> mbar. The base
pressure was better than 5 x 1077 mbar. The sputter process was carried out at room
temperature and no significant heating of the substrate took place. Sharp material
interfaces can be produced. The structural state of the deposited LiNbO; was char-
acterized using grazing incidence X-ray diffractometry on a Bruker D5000 diffracto-
meter.

Sputter targets were prepared by solid state syntheses. In an agate mortar coarse
Nb,Os (99.9985%, Alfa Aesar) was pestled to a fine powder and mixed with enriched
®Li,CO;5 (96% °Li, Eurisotop) or ’Li,CO; (99.9% "Li, Alfa Aesar) respectively. After
subsequent ball milling the powder mixture in a SPEX 8000M shaker mill, pellets of
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Fig. 2. X-ray diffraction patterns of a LiNbOs sputter layer after deposition and after annealing at 623 K
and 773 K, respectively. All Bragg peaks correspond to the LiNbO; phase (space group R3c) [1]. For clar-
ity, the patterns are shifted to higher intensity.

2 cm in diameter were pressed and heated to 973 K with a rate of 2 K/min. The reaction
step was followed by a sintering process at 1173 K for 12 h, which yielded polycrys-
talline dense targets. In order to account for loss of lithium in the sputtering process,
the molar ratio of oxide and carbonate was chosen as 5 : 6. This results in targets of the
composition 90% LiNbO; + 10% Li;NbO,.

For the Li isotope interdiffusion experiments the prepared samples were annealed
in an Argon atmosphere between 333 and 423 K using a commercial rapid anneal-
ing setup (AO 500, MBE, Germany). The annealing time was between 10 sec and
2 min.

Secondary ion mass spectrometry (SIMS) investigations were carried out using
a CAMECA IMS-3F machine. Due to electrical charging during the measurements
we used an O~ primary ion beam (15keV, 30 nA). The sputtering area was of 250 x
250 wm?. However, for analysis of the isotopes in a double focused mass spectrometer
the signal resulting from an area of about 60 um x 60 wm in the centre of the sputtering
area is used in order to exclude crater edge effects.

The secondary ion intensities of °Li* and "Li* ions were recorded as a function of
sputter time using the depth profiling mode. Since the two Li isotopes are chemically
identical (neglecting the small isotope effect), for diffusion analysis the intensity of the
signals is converted into °Li atomic fractions c(x, f) according to

I(°Li)

D) = Tern T 100D

6]

The depth of each measurement crater was quantified by a mechanical profilometer
(Tencor, Alphastep).
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Fig. 3. Atomic fraction of °Li as a function of depth, measured with SIMS for different storing times at
room temperature without any additional annealing.

3. Results

In order to investigate the structural state of the samples, X-ray diffraction patterns of
conventional 300 nm thick LiNbOs; layers in the as-deposited state and after annealing
were recorded, which are given in Fig. 2.

As obvious, the layers are X-ray amorphous after deposition. Annealing up to 623 K
for 10 h showed that still no crystallization occurs. Consequently, the diffusion experi-
ments were all done on amorphous samples. Investigations on sputter layers annealed at
773 K exhibited polycrystalline phase formation. Phase analysis was carried out using
the program Powdercell for Windows 2.3. All Bragg peaks correspond to single phase
LiNbO; [1], while no secondary phase as, e.g., Li;NbO, or LiNb;Og has been found.
This was checked for sputter layers of each target material. The excess Li,O present in
the targets is lost during the sputtering process, as expected.

In Fig. 3 typical SIMS isotope depths profiles of as-deposited *LiNbO;/’LiNbO;
isotope hetero-structures are shown, which were stored in air at room temperature
(298 K) for different times after deposition. The °Li fraction, c(x, £), was plotted as
a function of depth for various times. With increasing storage time the °Li successively
penetrates into the ’LiNbO; film.

The results in Fig. 3 show that self-diffusion of °Li in the amorphous ’LiNbO;
layer is fast, also at room temperature. After about 24 h of storing the penetration depth
reached more than 800 nm. This result implies that non negligible Li self-diffusion
takes place also during sputtering and SIMS analysis. This has to be taken into account
in the following analysis. The experimentally determined depth profiles was described
by the following solution of Fick’s second law for self-diffusion across an interface [21]

_ (CO_COO) h+x h—x
c(x,t)—coo+T|:erf( R )—I—erf( R )i| 2)
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Fig.4. R? as function of storage time at room temperature. As an example, the determination of R(t) is il-
lustrated for the sample annealed at 423 K (#, =2.72 h, R(,) = 183 nm). Experimental data: squares; linear
fit: straight line.

where ¢, is the measured natural abundance of °Li in the amorphous "LiNbO; layer
and ¢, that in the *°LiNbOj tracer layer. The original thickness of the as-deposited tracer
layer is denoted as i, which ranges between 20 and 50 nm for different samples. The
quantity R describes the broadening of the tracer profile. The self-diffusivity D at time
t is determined from the difference in R squared of the diffusion profile and of a starting
profile, R(%), according to

(R2 -RrR (to))
4¢,

D= 3

where 7, is the annealing time. In order to illustrate the calculation of D, a classical ex-
periment is described in more detail. After deposition of the °LiNbOj; layer the sample
was instantaneously transferred to the furnace and annealing was started. This time is
termed f,;, where diffusion takes place at room temperature. The annealing time at ele-
vated temperature with accelerated diffusion is termed #,. Afterwards the cooled down
sample is transferred to the SIMS machine during time t,,. The time of the SIMS meas-
urement at room temperature is termed fsps. Now 7 is defined as #y = #,; 4, +0.5%51ys.-
The use of the factor 0.5 is a reliable approximation, which results in a negligible error
in diffusivity. The quantities #, and ¢, are fixed by the individual condition of each single
experiment. Now, R(f) is calculated from the experimental results done exclusively at
room temperature as given in Fig. 4. It is shown that R* as a function of storage time
at room temperature can be described by a straight line. The R value corresponding
to a given time ¢, is extracted from Fig. 4. The procedure is illustrated for the sample
annealed at 423 K. For example, for 7, = 2.72 h we get R(t)) = 183 nm.

In Table 1 the results of two samples stored exclusively at room temperature are
given. Here, 7, corresponds also to room temperature and is the time the sample is
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Table 1. Compilation of parameters of the diffusion experiments on as-deposited samples stored at room
temperature; £, is the starting time, ¢, is the annealing time, R(Z) is the diffusion length at #, as obtained
from Fig. 4, and R is the diffusion length obtained from the fit with Eq. (2). D is the calculated lithium
self-diffusivity. Typical relative errors attributed to the diffusivities from the fitting of Eq. (2) are about
30-40%.

Sample T [K] # [h] R(%) [nm] ¢, [h] R [nm] D [m?/s]

1 298 1.58 138 1.87 199  7.7x107"
1 298 1.58 138 487 305 1.1x107"
2 298 1.70 123 2.79 199 6.1x107"
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Fig. 5. Atomic fraction of °Li as a function of depth after annealing at 383 K for 2 min. A least-squares fit
of Eq. (2) to the experimental data is also shown (2 =24 nm, R = 327 nm).

stored at room temperature between successive SIMS experiments. Based on the data
of Table 1 corresponding diffusivities at room temperature are obtained. For samples
annealed at elevated temperature the annealing time is used for ¢,.

In Fig. 5 an example for a typical experimentally determined isotope depth pro-
file and the corresponding fit is illustrated (7 =383 K, #, = 2 min). From this fit
a value of R =327nm is derived. Further results obtained for different samples
are given in Table 2 together with the calculated diffusivities. We have to note
that not all depth profiles can be perfectly fitted by Eq. (2) at present, especially
for low penetration depth < 50 nm. This fact will be elucidated in closer detail in
future.

From the room-temperature investigations of the as-deposited sample three diffu-
sivities are obtained (Table 1). These are identical within error limits. Consequently,
a possible annealing time dependence of diffusivities could not be confirmed in this
study. All diffusivities are plotted in Fig. 6 as a function of reciprocal temperature. They
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Table 2. Compilation of parameters of the diffusion experiments at temperatures between 333 and 423 K
done on different samples. 7 is the annealing temperature, £, is the starting time, #, is the annealing time,
R(1,) is the diffusion length at 7, as obtained from Fig. 4, and R is the diffusion length obtained from the fit
with Eq. (2). D is the calculated lithium self-diffusivity. Typical relative errors attributed to the diffusivities
from the fitting of Eq. (2) are about 30-40%.

T [K] to[hl  R@t) [nm]l £ [s] R[om] D [m/s]

333 1.12 101 120 132 1.5x107"
343 1.59 107 120 166 3.3x 107"
353 1.81 127 120 269 1.2x107'
363 1.54 101 120 264 1.2x 107"
373 1.47 115 60 277 2.6x 107"
383 1.51 100 120 327 2.0x 107"
423 272 183 10 347 22x107"
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Fig. 6. Diffusivities (D) of lithium in amorphous lithium niobate as a function of reciprocal temperature in
comparison to the diffusivities of a lithium niobate single crystal [15].

obey the Arrhenius law

—AH
D:Doexp<kT> (@]
B

where kg is the Boltzmann constant and 7 is the temperature. A least-squares fit of
Eq. (4) to the diffusivities results in an activation enthalpy of AH = (0.704+0.03) eV
and a pre-exponential factor of Dy, = 5.0 x 1077 m?/s (error: In Dy/m?*/s = +1.2) in the
temperature range between 298 and 423 K.
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4. Discussion

In the following discussion the present results on lithium diffusion in amorphous
lithium niobate are compared to those of a lithium niobate single crystal, as given in
Ref. [15]. These diffusivities are also shown in Fig. 6. As obvious, the diffusivities in
amorphous lithium niobate are higher by at least eight orders of magnitude in the tem-
perature range investigated. This is a tremendous difference not commonly found for
other types of ceramics [17]. It was further found in literature that diffusion in single
crystals is mediated by single positively charged vacancies [15]. The activation enthalpy
of self-diffusion is 1.33 eV. It consists of the vacancy migration enthalpy only. Struc-
tural vacancies are present whose concentration is fixed by a frozen-in defect structure
formed during growth of the single crystal [15]. The activation enthalpy of diffusion in
amorphous lithium niobate of 0.7 €V is significantly lower by a factor of almost two.
Further, it is proven that the pre-exponential factor of single crystalline LiNbO; of 1.7 x
1077 m?/s (error: In Dy/m?/s = +0.8) and of amorphous LiNbO; of 5.0 x 1077 m?/s
(error: In Dy/m?/s = £1.2) are identical within error limits. This is a strong hint that
despite of the different activation enthalpies a similar diffusion mechanism is present in
both lithium niobate modifications. The pre-exponential factor is given by

Dy = xa*v, exp <§> 5)
kg

where a is the Li-Li jump distance, x is the mole fraction of (structural) lithium vacan-
cies, v, is a characteristic vibrations frequency and AS is the entropy of ionic migration.
A small modification of the Li-Li jump distance of @ = 3.771 A [22] in amorphous
LiNbO; has no significant influence on the pre-exponential factor. The same is true
for the vibration frequency of v, = 2.5 x 10'*/s. The migration entropy of vacancies in
the single crystal is assumed to be AS ~ 0 [15] and the mole fraction of lithium va-
cancies is given by x = 0.04 [23]. Consequently, the identical pre-exponential factors
mean that the latter two quantities (AS and x) are similar in amorphous and crystalline
lithium niobate. We conclude that very likely in the amorphous modification diffusion
takes place via vacancy-like defects with a similar vacancy concentration as in single
crystals. This means that in the amorphous configuration localized defects are present,
e.g. “point defects”, where an atom is absent in the local short range order of the
amorphous structure. If in contrast de-localized defects are present, like e.g. described
by the free volume concept of metallic glasses [27], a significant higher entropy fac-
tor and also a higher pre-exponential factor would be expected. The same might be true
for a possible collective diffusion mechanism. Considering the fact that in amorphous
and crystalline lithium niobate a similar diffusion mechanism is present, the activation
enthalpy attributed to the amorphous structure of 0.7 eV is relatively low. The lower ac-
tivation enthalpy corresponds to the much higher lithium mobility (at least eight orders).
A qualitative explanation might be that in the amorphous state the atomic distances are
slightly larger than in the crystalline state in average. Consequently, a lower migration
enthalpy is necesssary for ionic movement.

In literature, no tracer diffusion studies on amorphous lithium niobate can be found.
However, dc conductivities, o, as determined by impedance spectroscopy, were pub-
lished for sol-gel derived amorphous LiNbO; between 320 and 450 K [4]. It was found
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that the quantity o7 follows the Arrhenius law with an activation enthalpy of 0.59 eV.
According to the Nernst—FEinstein relation

Tc

ng?

the diffusivity, D, is proportional to o7, where n denotes the number density of the
conducting species, g = e the electrical charge, kg the Boltzmann constant, and 7 the
temperature. Consequently, the activation enthalpy of the present tracer diffusion study
and of the conductivity study can be compared. The activation enthalpy found for
the sol-gel derived material is lower by 20%. This is not very surprising if materi-
als are compared which were synthesized via completely different routes (sol-gel, ion
beam sputtering) and which were also characterized by different methods (conductiv-
ity, mass tracer diffusion). Nevertheless, the extraordinarily high diffusivity found for
the amorphous state is showed up in both studies.

5. Conclusion

Tracer diffusion experiments based on SIMS depth profiling have been carried out
in order to investigate lithium self-diffusion in amorphous lithium niobate layers. We
determined diffusivities in the temperature range between 298 and 423 K. An Arrhe-
nius behaviour is found with an activation enthalpy of 0.7 eV. In comparison to single
crystalline LiNbO; the pre-exponential factor is identical within error limits, while the
activation enthalpy is lower by a factor of roughly two. This points to a similar diffusion
mechanism via vacancy-like defects, which, however, takes place in the loosely packed
amorphous structure. The overall diffusivities are several orders of magnitude higher
than in the single crystal.
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