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Diffusivity determination in bulk materials on nanometric length scales using neutron reflectometry
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An approach based on neutron reflectometry and isotope heterostructures is presented in order to determine
self-diffusivities in bulk materials on small length scales of 1-10 nm. The method is demonstrated for lithium
self-diffusion in LiNbO; single crystals at low temperatures of 200 and 250°C using LiNbO; (amorphous
film) /" LiNbO; (single crystal) structures for analysis. Lithium diffusivities are derived from neutron reflectivity
patterns in good agreement with results obtained by secondary ion mass spectrometry on the same type of samples
but on larger length scales up to 90 nm, as given in literature. In addition, neutron reflectivity simulations were
performed in order to investigate the influence of diffusion length and scattering length density on the quality of

the results. The limitation of the method is discussed.
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I. INTRODUCTION

Self-diffusion is a fundamental matter transport process
in solids, playing a dominant role in the preparation, pro-
cessing, and application of various materials.! The deter-
mination of self-diffusivities on very short length scales of
~1 nm is important to understand the transport properties of
nanostructured” and metastable materials®* as well as of thin
films,>¢ especially at low temperatures.” Neutron reflectom-
etry (NR) is a reliable method to measure diffusion length
on the (sub)nanometer scale, as demonstrated for metallic,>°
intermetallic,'-!! semiconducting,7’9 and ceramic>™ thin
films.

In order to carry out NR-based experiments, so-called
isotope heterostructures of the material under investigation
are used,>”’ which are deposited by sputtering or molecular
beam epitaxy on appropriate substrates [see Fig. 1(a)]. In the
simplest case, two layers of chemical identical materials (A B),
which have, however, a different enrichment of stable isotopes
("AB /™A B) are deposited. Due to the different bound coherent
neutron scattering lengths of the two isotopes, a characteristic
interference pattern is recorded in the neutron reflectivity.
Annealing induces isotope interdiffusion (no chemical inter-
diffusion), which modifies the reflectivity. Simulations with a
suitable software program package such as PARRATT32 (Ref. §)
allows one to extract self-diffusivities. Note that for the
arrangement of Fig. 1(a) the mutual isotope interdiffusion
results in a symmetric broadening of the isotope depth profiles.
In order to increase the sensitivity of the method, self-diffusion
experiments are often done with isotope multilayers, where
several (typically 10-20) of the bilayers of Fig. 1(a) are
combined to a stack. Here, characteristic Bragg peaks are
formed in the reflectivity pattern and the decrease of this peak
during annealing is analyzed.>”’-°!! This efficient approach
has the drawback that it only works for as-deposited thin
films of a certain material with a thickness between 10 and
500 nm and not for bulk materials. Such thin films are often
in a nonequilibrium state after deposition, and equilibrium
properties can hardly be determined.
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Here, a methodology is presented to improve the NR
technique for application on equilibrium bulk materials, for
instance, single crystals. The basic idea of this approach
is sketched in Fig. 1(b). Chemical identical materials (AB)
with different isotope enrichment but also with different
diffusivities will be combined. On a single crystal ("AB) with
a natural isotope abundance (main isotope "A) a thin layer
of a material "AB enriched with the isotope "A, but with a
higher diffusivity is deposited. This might be, for example, an
amorphous modification of the single-crystalline material with
the same chemical composition. Due to the lower mass density
of the amorphous structure, faster diffusivities are expected in
the deposited layer. Consequently, an asymmetric broadening
of the isotope profiles is expected. Each isotope A that enters
the amorphous region from the single crystal during annealing
is instantly homogenously distributed across the whole sputter
layer due to its high mobility. In contrast, the isotope "A
penetrates the single crystal from the amorphous region slowly.
For short diffusion lengths, a complementary error function as
isotope penetration profile is expected, as sketched in Fig. 1(b).
Due to the short diffusion length in the single crystal in the
order of 1-10 nm, the constant isotope fraction ["A] in the
amorphous layer is not significantly modified if the layer
thickness, L, is considerably larger than the diffusion length,
d, inside the crystal. The main point is, that the modification
of the reflectivity profile by diffusion is dominated by the
diffusion of the "A isotope into the single crystal. As will be
shown, this allows the determination of the self-diffusivities in
the single crystal, because the scattering length density in the
amorphous region is only negligibly modified.

The approach will be illustrated for lithium self-diffusion
experiments in lithium niobate (LiNbOj) single crystals.
LiNbOs is an indispensable material in advanced photonics
and nonlinear optics.'>~'* For many applications, self-diffusion
of the constituents is of high importance, especially at low
temperatures.'2 The formation, stability, and dissociation of
defect clusters!® that trigger physical properties such as
the Curie temperature, the ferroelectric coercive field, and
photorefractive properties'? are closely related to diffusion
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FIG. 1. (Color online) Schematic sketch of a diffusion experiment
based on isotope heterostructures. ["A] is the relative fraction of
the isotope "A. (a) Homogeneous interdiffusion of the isotopes "A
and "A between two chemical identical, but isotope-enriched layers
("AB/™AB) deposited on a substrate (dashed line: as-deposited; full
line: annealed). (b) Inhomogeneous interdiffusion of the isotopes
"A and "A between a layer ("AB) deposited on a bulk crystal ("AB)
with different diffusivities. The layer "AB has a significantly higher
diffusivity than the crystal.

properties.'® Despite a secondary ion mass spectrometry
(SIMS) study,'” lithium tracer diffusion studies in LiNbO;
single crystals are absent at temperatures below 700°C
(Ref. 18) due to the low diffusivity which is expected in that
range. In the present study, we give experimental data that
demonstrate that diffusivities can be determined by NR in
single crystals on diffusion length scales between 1 and 8 nm.
In addition, PARRATT32-based simulations were done in order
to discuss the limits of the introduced approach.

II. EXPERIMENTAL DETAILS

For the diffusion experiments, ~50 nm thin isotope-
enriched ®LiNbOs films were deposited by ion-beam sputter-
ing on commercial c-axis-oriented "™LiNbO3 single crystals
(CrysTec, Berlin) with a Li,O content of 48.6 mol %.'” In
order to unambiguously determine which effect results from
the mutual interdiffusion of the ®Li and "Li isotopes, a control
experiment is launched, where a layer of ™LiNbO; with a
similar thickness is deposited on the single crystal.

Ion-beam sputtering was performed using a commercial
setup (IBC 681, Gatan) equipped with two Penning ion
sources. Deposition was done at 5 keV and at a current of
~200 pA in argon at an operating pressure of 5 x 107>
mbar. The base vacuum was better than 5 x 1077 mbar.
The deposition rate was ~0.03 nm/s. Details on sputter target
preparation are given elsewhere.!’

The isothermal diffusion anneals were done in ambient air
at 200°C for 2 min, 10 min, 2 h, and 8 h and at 250 °C for
4 min, 15 min, and 32 min. A conventional home-built resis-
tance furnace or alternatively, a rapid thermal annealing setup
(AO 500, MBE, Germany) was used for annealing. During
such anneals the sputtered LiNbO; layers stay amorphous.
This was demonstrated by grazing incidence x-ray diffractom-
etry on thicker sputter layers on silicon substrates.!” Crystal-
lization anneals of an amorphous sample at 500 °C showed that
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single-phase polycrystalline LiNbO; is formed without any
indication of impurity phases.!” This demonstrates that films
and single crystals have approximately the same chemical
composition.

Neutron reflectivity patterns were recorded at the time-
of-flight spectrometer AMOR (SINQ, PSI Villigen). The
simulations were done using the PARRATT32 code.® For the
simulations a resolution of AQz/Q = 5% was used. Recent
SIMS!? experiments found at least eight orders of magnitude
higher Li self-diffusivities in amorphous LiNbO3 films than in
single crystals,?’ making the system perfectly suited for our
purposes.

III. RESULTS AND DISCUSSION

A. Diffusion experiments

Figure 2 compares experimental reflectivity patterns of
a bare ™LiNbO; single crystal and a single crystal with
a sputtered ™LiNbO; layer on top in the as-deposited and
annealed state together with PARRATT32 simulations. The bare
MU iNbOj; single crystal can be perfectly fitted by PARRATT32
using a neutron scattering length density (SLD) of 4.25 x
107% A2 that corresponds to a mass density of 4.6 g/cm?
and a surface roughness of 0.6 nm. For the sample with
the ™LiNbO; layer on top we observe the formation of
characteristic fringes in the pattern, which are due to the
interference of neutrons reflected at the surface and the film/
single-crystal interface, respectively. The reflection at the
film/crystal interface results from the fact that the amorphous
film has a lower mass density than the single crystal. The
isotope concentrations are identical in crystal and film. The
experimental reflectogram can be described best by PARRATT32
using a thickness of 37.5 nm and a SLD of 3.3 x 107¢ A2
(mass density: 3.6 g/cm?) for the sputtered "*LiNbO3 film.
The parameters of the underlying single crystal are identical
to those obtained for the bare crystal. In order to obtain a

Neutron reflectivity (a. u.)
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FIG. 2. (Color online) Measured NR patterns (open symbols) and
corresponding PARRATT32 simulations (lines) for a bare "™LiNbO;
single crystal, for the single crystal plus deposited "LiNbO; film,
and for the latter arrangement annealed at 200 °C for 10 h. For clarity
the data are shifted in intensity. For further details see text.
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TABLE 1. Parameters of the PARRATT32 simulations for *LiNbOj; sputtered on ™LiNbOj single crystals (x = nat or 6) as shown in
Figs. 2, 3, and 6. For the as-sputtered layers and the annealed " LiNbOj layer, the simulations are based on a three-layer arrangement: surface
layer/sputter layer/ single crystal. For the annealed °LiNbOs layers, the simulations were performed using the model presented in Fig. 5. The
SLD of the semi-infinite single crystal is 4.25 x 10~° A~? and the corresponding surface/interface roughness is 0.6 nm for all samples.

Surface layer

Sputter layer Diffusion

Type

Thickness (nm) SLD (A=2) Roughness (nm) Thickness (nm)

SLD (A7) Roughness (nm) length (nm)

"t iNbOs, as deposited 04 x 10°° 0.6
mtT iNbOs, 10 h at 200 °C
SLiNbOs3, as deposited
SLiNbOs5, 2 min at 200 °C
SLiNbO3, 10 min at 200 °C
SLiNbOs, 2 h at 200 °C
SLiNbOs, 8 h at 200 °C
SLiNbO3, as deposited
SLiNbOs5, 4 min at 250 °C
SLiNbOs, 15 min at 250 °C

6LiNbO3, 32 min at 250 °C

10.4

10.9 12 x 10°° 0.6

1.2 x 1078 1.5

37.5 3.3 x 10°¢ 0
42.0 33 x 107° 0.5
46.0 39 x 107° 0
50.0 39 x 10°¢ 3.0 1.0
51.5 39 x 107° 2.8 1.5
535 39 x 107° 2.4 35
51.5 3.9 x 10°¢ 23 6.0
41.0 39 x 107° 0.6
48.5 39 x 107° 25 4.0
47.5 39 x 10°¢ 1.7 8.0
47.5 39 x 107° 1.7 >10

good description of the reflectivity pattern of the as-deposited
sample, on top of the layer with a SLD of 3.3 x 107 A2 a
second small surface layer of ~10 nm and a SLD of 0.4 x
107® A=2 has to be introduced. This can be explained with
the existence of a low mass density layer at the surface of
the sputtered layer, which is formed by reaction with the
environment at room temperature. All parameters of these and
the following PARRATT32 simulations are given in Table I. After
annealing for 10 h, the NR pattern is modified (Fig. 2). Now,
a layer thickness of 42.0 nm is obtained, while the SLD is not
changed. However, an additional surface layer with reduced
SLD is no longer necessary for an adequate description. This
effect is attributed to structural relaxation taking place in the
amorphous structure during annealing. The most important
result of these experiments is that the SLD of the sputtered
film, and consequently the mass density are not modified
during annealing in the film region adjacent to the film/crystal
interface. In this context, the small 10-nm-thick surface region
with reduced SLD found for the as-deposited sample is not
important for our further investigations in good approximation.

Figure 3 gives a reflectivity pattern of a single crystal
with a °LiNbOj3 layer on top of it together with a PARRATT32
simulation. In contrast to the already discussed result on
the ™'LiNbO; film, the measured neutron reflectivity of the
as-deposited ’LiNbO; film is not much different from that of
the bare single crystal. Only slightly developed fringes are
observed for the nonannealed sample. This is due to the fact
that the difference in SLD of the °LiNbO; film and of the
MU iNbO; crystal due to different isotopes is nearly balanced
by the difference in mass density between the amorphous film
and single crystal. By comparison to PARRATT32 simulations
we get a value of 46 nm for the thickness and a value of
3.9 x 107 A2 for the SLD of the °LiNbOj; film. The latter
value corresponds to a mass density of 3.6 g/cm® in good
accordance with the former experiments, proving an identical
mass density of SLiNbO; and "™LiNbO; films. Similar to the
NR results for the ™LiNbO; film system already discussed,
for the as-deposited °LiNbO; film also an additional surface

layer with 11 nm thickness and a SLD of 1.2 x 107¢ A2
has to be introduced in order to obtain a good description. The
lack of well-developed fringes corresponds to the preferable
situation of SLD contrast matching. This makes the neutron
reflectivity of such samples sensitive for small changes caused
by SLi/"Li interdiffusion, if the mass densities are not modified
during annealing, as demonstrated.

As further visible in Fig. 3, diffusion annealing leads to
an enhancement of the fringes as a function of annealing
time. This is especially visible in Fig. 3(b), where the
reflectivity of the SLiNbOj; film/"*LiNbOj; crystal system
(termed NR sample) is normalized to that of the pure
MU iNbOj3 crystal (termed NR crystal) and plotted on a linear
scale. The effect of the fringe enhancement observed in
Fig. 3 can qualitatively be explained to be the result of the
penetration of ®Li into the " LiNbO; single crystal, leading
to an increase in SLD of the crystal close to the isotope
interface [see Fig. 4(a)] as expected from the considerations
in the Introduction. In amorphous SLiNbO; self-diffusion
is tremendously faster than in the LiNbOj; single crystal,!
meaning every ’Li ion that enters the amorphous film from
the crystal quickly spreads out over the whole film thickness.
In contrast, Li diffusion in the single crystal is much slower,
meaning a complementary error-function concentration profile
of °Li penetrates into the single crystal [see Fig. 1(b)].
This results in a strong enhancement of the SLD in the
crystal close to the interface [Fig. 4(a)] and in a development
and enhancement of fringes (Fig. 3). ®Li has a strongly
different neutron scattering length (2.00 4 i 0.261 fm) in
comparison to 'Li (—2.22 fm), which has the highest isotope
concentration of 92.5% in "Li. Consequently, the SLD of a
hypothetical °LiNbOj3 single crystal is expected to be raised
to 4.95 x 107% A=2 in comparison to the value of 4.25 x
107% A2 of a ™LiNbO3 crystal.

An excellent description of the experimental reflectivity of
the diffusion-annealed samples in Fig. 3(a) can be achieved
using the following model. A complementary error-function
(erfc) -like penetration of the ®Li isotope into the single crystal
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FIG. 3. (Color online) (a) Measured NR patterns (open symbols)
and corresponding PARRATT32 simulations (lines) for a "™ LiNbO;
single crystal plus deposited °LiNbO; film in the as-deposited state
and after annealing at 200 °C for different times. For clarity the
data are shifted in intensity. (b) Normalized reflectivity patterns (NR
sample/NR crystal) for a better visualization (Refs. 21-24) of the
fringe enhancement during diffusion annealing. For further details
refer to the text.

is assumed, according to

. . . . Z
[°Li] = [®Licrystat] + ((°Liinterface] — ["Llcrysm])erfc<d—ﬁ),

1)

where [°Li] is the depth-dependent isotope fraction of °Li,
[6Licrysml] = 0.075 is the natural concentration of °Li in the
single crystal, and [®Liiperface] = 0.95 is the abundance of °Li
in the deposited film and at the interface, which is assumed
to be approximately constant during the diffusion experiment.
Further, d = (2D1)'/? is the diffusion length, D is the diffusiv-
ity, and ¢ is the annealing time. This functional dependency is
obtained from the solution of Fick’s second law for diffusion
across an interface from an infinite source with a constant
interface concentration,>> which is a good approximation for
the present situation. Consequently, the SLD, p, also shows an
complementary error-function dependence, according to

<
P = Perystal + (Vinterface — /Ocrystal)erfc (_)» 2

d2
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FIG. 4. (Color online) Neutron scattering length density (SLD) as
obtained from the PARRATT32 simulations of Fig. 3(a). (a) Overview
of the SLD for the sample annealed for 2 h (d = 3.5 nm).
The space coordinate z is set to zero at the film/crystal interface.
(b) Enlarged view of the SLD at the film/crystal interface region for
the as-deposited sample and samples annealed at 200 °C for 10 min,
2 h, and 8 h. For further details refer to the text.

with peyst = 425 x 107 A™2 and pinerface = 4.95
10~ A=2. Here, pinerfuce i the SLD at the interface inside
the crystal (not in the amorphous SLiNbO; film). The
incorporation of SLi into the single crystal significantly
enhances the SLD as discussed. The complementary
error-function dependence of the SLD according to Eq. (2) is
implemented in the PARRATT32 program in the form of a bar
model (see Fig. 5). The SLD was discretized by 0.7 nm thin
layers. The length of 0.7 nm is approximately the distance
of Li atoms in the c-axis (surface normal) direction of the
LiNbOj; single crystal (termed SLD bar in Fig. 5). The surface
roughness of the bare "™LiNbOj; single crystal has a value of
0.6 nm. Based on this fact and to approximate more closely
the analytical erfc-like decay of the SLD in the crystal, an
interface roughness of 0.6 nm was attributed to every interface
between the bars in Fig. 5. From these input parameters
PARRATT32 calculates reflectivity and smooth SLD profiles
(termed SLD model in Fig. 5). The dashed line corresponds
to Eq. (2). As calculated in the Appendix of this work, the
assumption of a constant SLD of the SLiNbOs film is a good
approximation for °Li diffusion lengths up to 8 nm.
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FIG. 5. (Color online) Bar model of the SLD for implementation
into the program PARRATT32 for a diffusion length of d = 3.5 nm. For
further details refer to the text.

A possible problem of the present model might be that
interface roughness in the Parratt formalism has some limits
of validity. Generally, the interface roughness has to be smaller
than the thickness of the layer. In contradiction, in the present
case the interface roughness of 0.6 nm is close to the layer
thickness of 0.7 nm of the discretized SLD. However, if
no interface roughness is attributed to the single layers, no
smooth, but an unrealistic stepwise SLD profile would be
obtained. However, detailed simulations (not shown) exhibit
that the calculated reflectivity is not sensitive on the interface
roughness of the single layers. Assuming a roughness of 0
and 0.6 nm, respectively, give exactly the same reflectivity,
justifying the present approach.

The SLD calculated on the basis of the suggested model is
illustrated in Fig. 4(b) for different diffusion lengths d. The
corresponding calculated reflectivity is also shown Fig. 3(a).
Detailed simulation parameters are given in Table 1. The only
quantity that changes significantly with increasing annealing
time is the diffusion length (increases by a factor of 6).
The height of the fringes (difference between maximum and
minimum intensity) grows with increasing diffusion length.

The diffusivities are calculated directly from the diffusion
length of Fig. 4(b) and Table I according to D = d*/2t and
are listed in Table II. The diffusivities are identical within the
error limits for different anneals. The error limits attributed
to the diffusion length in Table II result from the best fit
of the simulations to the experimental data. The diffusivities
determined by NR on these short length scales are in agreement
with values obtained by SIMS measurements done in our

TABLEII. Lithium diffusion lengths d and Li self-diffusivities D
in LiNbOj single crystals at 200 °C as determined by NR and SIMS
(Ref. 17).

Method Time (h) d (nm) D (1072' m?/s)
NR 0.033 1.0 £ 0.5 42 + 42
NR 0.166 1.5 £ 05 1.8 £ 1.2
NR 2 35+ 1.0 09 £+ 0.3
NR 8 6.0 + 2.0 06 £ 04
SIMS (Ref. 17) 144 37.5 1.2 £03
SIMS (Ref. 17) 816 78.5 1.0 £ 03
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FIG. 6. (Color online) (a) Measured NR patterns (open symbols)
and corresponding PARRATT32 simulations (lines) for a "™ LiNbO;
single crystal plus deposited °LiNbO; film in the as-deposited state
and after annealing at 250 °C for different times. For clarity the data
are shifted in intensity. (b) Normalized NR spectra (NR sample/NR
crystal) for a better visualization (Refs. 21-24) of the NR fringe
growth during diffusion annealing. For further details refer to the
text.

laboratory'” on larger length scales of about 35-80 nm
(Table II). These results prove that the NR approach is well
suited to measure Li self-diffusivities in single crystals on
small length scales. However, one has to notice that for the
shortest annealing time of 2 min the obtained diffusivity has
an unacceptable large error.

We further tested experimentally the presented model by
performing NR measurements on SLiNbO; film/™'LiNbO3
crystal samples annealed at 250 °C. Figure 6 presents the
measured NR patterns for diffusion anneals at 250 °C together
with the corresponding PARRATT32 simulations. Similar to
the experiments at 200 °C, the experimental data can be
successfully described by the simulations and the model given
above (see Table I). There is a strong increase of the height
of the fringes already after an annealing time of 4 min that
corresponds to a diffusion length of 4 nm. The NR pattern of
the sample annealed for 15 min is due to a diffusion length
of 8 nm. During further annealing the increase in the height
of the fringes saturates and a diffusion length can no longer be
extracted with sufficient accuracy. This experimental finding
indicates an upper limit of diffusion length determination,
which will be discussed in the next section in further detail.
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TABLE III. Lithium diffusion lengths d and Li self-diffusivities
D in LiNbO; single crystals at 250 °C as determined by NR and
SIMS (Ref. 17).

Method Time (h) d (nm) D (1072° m?/s)
NR 0.067 4.0 + 1.0 334+ 1.7
NR 0.25 8.0 £ 3.0 35+ 24
NR 0.53

SIMS (Ref. 17) 13.8 56.6 2.8 £ 0.8
SIMS (Ref. 17) 62.5 91.2 1.8 £ 0.6

An overview of the results is given in Table III. Here, a good
agreement between diffusivities on small length scales (NR)
and on large length scales (SIMS) is also obtained.

B. Additional simulations

The aim of the present section is to find out the limits
in diffusion length determination of the introduced approach.
In order to achieve this, numerous NR simulations based on
the PARRATT32 program package were done and analyzed. The
range of diffusion lengths which are accessible by experiments
will be determined. The height of the fringes developing during
the diffusion experiment (see Fig. 3) may depend not only on
the diffusion length, but also on the SLDs of the sputtered
film (pofim) of the single crystal (ocrysia) and of the interface
after interdiffusion, (pingerface) [s€€ Eq. (2)]. Simulations will
be performed for a given film thickness of 52 nm and a surface
roughness of 2 nm. The calculations are done on the basis of
the model presented in Fig. 5.

Figure 7 presents the calculated and normalized NR patterns
for different diffusion lengths, ranging between 0 and 10 nm.
The simulations show that the height of the fringes is enhanced
significantly by ®Li diffusion from the film into the crystal as
was also observed experimentally (Fig. 3). Figure 8(a) gives
the integrated intensity (fringe intensity) for each fringe of
Fig. 7 of dependence on the diffusion length. The numerical
integration is done between two consecutive minima of a
fringe. As obvious, the fringe intensity increases as a function

T T
as-deposited (d = 0 nm)

1.2 —— 1nm 2nm 3 nm-
4 nm 5nm 6 nm
—— 7nm 8 nm 9nm |

NRsampIe / Nchjstal
o
i

002 003 004 005 0.06
QA"

FIG. 7. (Color online) Calculated and normalized NR patterns
(NR sample/NR crystal) for different °Li diffusion lengths, d, and for
Pfilm = 3.90 x 1076 Aizs Pinterface = 495 x 10°¢ Aiz’ and Perystal =
4.25 x 107° A=2. Implementation of the bar model is done according
to Fig. 5.
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FIG. 8. (Color online) (a) Fringe intensity of the patterns pre-
sented in Fig. 7 of dependence on diffusion length. The numbers
correspond to consecutive fringes for increasing Q, values. (b) The
derivative of the curves presented in (a).

of diffusion length and becomes constant for higher values,
as also observed experimentally [see Fig. 6(b)]. The starting
point of this saturation depends on Q,, and consequently
on the fringe number. It occurs at higher diffusion lengths
for the fringes of lower order. In the region with constant
fringe intensity, the diffusivity cannot be determined by the
presented approach. For a better visualization, Fig. 8(b) gives
the derivative of the curves presented in Fig. 8(a). Low errors
limits of the diffusion length can be achieved for regions
with large slopes in Fig. 8(a), and consequently for the large
derivative values in Fig. 8(b).

A constraint for a proper diffusivity determination is that
the tolerable error limit of the diffusivity D is less than
100%. A further constraint results from the exactness of the
determination of the fringe intensity /. Obviously, this depends
on the statistical error of the reflectivity measurement. For the
present case it follows from typical experimental results that
the integrated fringe intensity of two measurements should
differ by at least 0.25, meaning Al > 0.25. Now, the error in
diffusion lengths, Ad, can be assessed according to

AD
Ad = O.Sd—D < 0.5d. 3)
Further we get

— N> —, “)
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FIG. 9. (Color online) SLD as obtained from PARRATT32 simula-
tions. Systems 1-3 correspond to LiNbO3 and system 4 corresponds
to LizNbO,. The presented SLDs are for a °Li diffusion length of
d =3.5nm.

Equation (4) is indicated in Fig. 8(b) as a shaded area. The
nonshaded area represents regions where the diffusivity can
be determined with an adequate error. We see that a reliable
diffusivity determination is approximately possible between 1
and 10 nm. This explains the experimental finding why it was
not possible to extract a reasonable diffusivity from the NR
patterns of the sample annealed for 2 min at 200 °C, although
its reflectivity pattern significantly differs from that of the
as-deposited film [see Fig. 3(b)]. For the diffusion experiments
done at 250 °C we had a problem to determining the diffusivity
for long annealing times of 32 min because the corresponding
diffusion length of >10 nm lies within the shaded region of
Fig. 8(b).

In a similar way as illustrated in the preceding section,
the influence of the SLD of the sputtered film and of the
crystal on the limits in diffusion length determination is
elaborated for four different systems. Figure 9 illustrates the
corresponding SLD profiles obtained from the PARRATT32
simulations according to the model presented in Fig. 5. The
first three systems correspond to the °LiNbO; film/"*LiNbO;
crystal system with different mass densities of the film, o,
but identical values of pPinerface = 4.95 x 107° A=? and
Perystal = 4.25 X 107% A2 [Eq. (2)]. In principle, different
parameters during film deposition may result in °LiNbOj films
of a different mass density, and consequently a different value
of pfiim. The simulation results for the systems 1-3 are given
in Fig. 10. As obvious, no significant differences between
the three systems are found. The experimentally accessible
range for diffusion length determination is ~1-10 nm. This
shows that the SLD, and consequently the mass density of
the deposited film is no significant parameter that may limit
diffusion length determination.

Finally, as an outlook, system 4 is presented, which cor-
responds to another Li compound °Li;NbO, film/"'Li;NbO,
crystal. Li3NbOy is a compound with technological importance
for, e.g., low-cost microwave dielectrics?® possessing useful
luminescent characteristics.?” Li3NbQ, crystallizes in the
rocksalt structure,?® which is not present for LiNbO;3. Here,
values of pgm = 3.81 X 107° A~2, pinerface = 4.86 X
1076 A2, and perystal = 3.30 x 107® A2 are present (see also
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FIG. 10. (Color online) Derivative of the fringe intensity (of
fringe 2) for the systems given in Fig. 9.

Fig. 9). During interdiffusion, a larger value pinerface/ Pcrystal =
1.47 is present than for the LiNbOj3 system (interface/ Perystal =
1.17). Figure 10 also illustrates simulation results of the
LisNbO, system. Derivatives are found which are higher
by a factor of 2 compared to systems 1-3. Consequently,
a stronger sensitivity for diffusion determination is present
than for systems 1-3. For example, a benefit of the higher
derivative values of the LisNbO, system may be a reduced
data acquisition time (lower necessary statistics) in order to
obtain diffusivities with the same error as presented in this
work for the LiNbO; system.

IV. CONCLUSION

We introduced an approach to determine self-diffusivities
in single crystals by neutron reflectometry for small diffusion
lengths of 1-10 nm. For the experiments, a 50-nm-thick amor-
phous film of °LiNbO;3 was ion-beam sputtered on "*LiNbO;
(0001) single crystals. The °Li/"Li interdiffusion leads to an
enhancement of interference fringes in the NR pattern. The
height of the fringes depends on the °Li diffusion length in
the ™'LiNbO; single crystal. The Li self-diffusivity can be
extracted from simulations done by the program PARRATT32.
With this approach an agreement of the Li diffusivities
determined by NR on small length scales, and by SIMS on
large length scales was found. In addition, simulations were
performed to elucidate the influence of the diffusion length
and of the neutron scattering length density on diffusivity
determination.
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APPENDIX

In Sec. IIT A of the paper it was assumed for the presented
model that the SLD of the SLiNbOs film is constant during
the diffusion anneals. This means that the influence of "Li
diffusion into the ®°LiNbOs3 film is neglected. In the present
Appendix it will be illustrated that this assumption is justified.
Since the number of °Li atoms which penetrate into the
"t iNbO; crystal equals the number of “Li atoms diffusing
from the crystal into the ’LiNbO; film, the spatially constant
isotope fraction [°Li] in the °LiNbO; film [see Fig. 1(b)] has
to decrease as a function of time at least to a small extent. This
modifies the SLD of the °LiNbO; film. In the following we
will calculate this modification.

In the as-deposited state the number densities of °Li ions in
the film and in the crystal are given by

Ngimo = [*Liimlo Nfim (A1)

and

6 671 ;
Ncryslal.O = Llcrystal]ONcrystal’

(A2)

where [®Ligim o and [*Licryswilo are the initial relative fractions
of °Li and N, and Nerysa are the number densities of Li
ions in film and crystal, respectively. After °Li diffusion has
started, the number of °Li ions in the film is reduced [left
side of Eq. (A3)] and by the same amount that in the crystal
is enhanced [right side of Eq. (A3)]. [®Ligm] is denoted as
the spatially constant SLi fraction in the film at time ¢ after
annealing. Consequently we can write

AL #([*Ligimlo — [*Ligim]) Niitm

L,
. . ¢ Z
= ([ﬁLlﬁlm] - [GLlcrystal]O)NcrystalAfo erfc(dﬁ>dz’
(A3)

where A is the surface area and L and L. are the film and
crystal thicknesses, respectively, and z = 0 is located at the
film/crystal interface. Now, the number densities of Li ions in
film and crystal can be written as

o o

film crystal

Nfiim = Ny, Ncrystal = — Ny, (A4)
MLinvo, MLyinvo,

where pg | and pg’;ystal are the mass densities of film and crystal,
respectively, Myinbo, 1S the molar mass of LiNbO3; and N4
is the Avogadro constant. Now, we obtain from Egs. (A3)

PHYSICAL REVIEW B 85, 214102 (2012)

1
W
©

0954 2@

0.90 AL °—e

»

/

.I
w
[e2)

[OLigim]

0.85 Al

0.80 N

>
1

w

3

1
w
[

Neutron SLD pgy,, [10°0 A2

0.75

012345678 910
Diffusion length d (nm)

FIG. 11. (Color online) Fraction of °Li atoms, [®Ligm] (trian-
gles), and SLD, g, (dots) in the LiNbOj; film of dependence on the
Li diffusion length, d. For the calculations a film thickness of L s =
52 nm was used.

and (A4),

. . . . IO;” stal
[*Ligimlo — [*Listm] = (Ligim] — [*Liceystatlo) — oo

L ¢ pfim
L. z
X erfc| —— )dz.
/0 (dﬁ )

For further analysis, we can use in good approximation
L. — oo for the integral limit and get

(A5)

/ Verte =2 Vaz = a2 (A6)
erfc[ —— =d,|=
0 d?2 ¢ b4
and further,
. . dp"
[*Ligim]o + [°Li tl]o\/z o
[Ligin] = —— i AT (A7)

1 + gdpcﬂlysml
7 L Pfiim

As obvious from Eq. (A7), the decrease of the °Li fraction
in the film depends on (i) the film thickness, L s, and (ii) the
diffusion length, d. Using Eq. (A7), the °Li fraction in the
film, [*Ligm] of dependence on the diffusion length, d, was
calculated and is plotted in Fig. 11. Also shown in the plot is
the SLD, which was calculated accordingly from the isotope
and chemical composition with the online calculator, given in
Ref. 29. For diffusion lengths up to d = 8 nm, the decrease in
SLD of the film, pgm, is less than 2% and can consequently
be neglected. In good approximation it can be written that
[*Ligim] ~ [*Ligim]o-

*Corresponding author: erwin.hueger @tu-clausthal
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