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multilayers with ultrathin chromium, silicon and
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Li permeation through ultrathin Cr, Si and C layers and interfaces is of interest in the optimization of
lithium ion batteries with respect to the control of Li flux. Twenty-one LiINbOs layers (9 nm), which serve
as solid state Li reservoirs, were sputter deposited in an alternating sequence of enriched °Li or ’Li isotope
fractions spaced with (8 nm) thin Cr, Si and C layers. The Li isotope contrast was used to measure Li
permeation using depth profiling by secondary ion mass spectrometry and neutron reflectometry on a
nanometer scale. Extremely low Li permeation for Cr and Si at room temperature exemplifies the effective
blocking of Li movement at least for five years. However, Li permeation through C layers was found to
be faster than through Cr and Si layers. With temperature, the Li permeation is enhanced through Cr
as compared to that through Si layers. Furthermore, material characterisation shows amorphous LiNbOs,
C and Si layers and polycrystalline Cr layers (with 80% elemental bcc chromium and 20% chromium-oxide
situated at Cr/LiNbOs interfaces). Annealing in air at 100 °C (373 K) does not oxidize the Cr layers any
further. A stress of 12 GPa, which was measured in Cr spacer layers at room temperature, remains
unchanged upon annealing. The origin of a weak ferromagnetic order measured at room temperature
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1. Introduction

Artificial multilayers™ present an opportunity to design stable
structures with non-equilibrium properties different from the
bulk forms of their components.** The more different the
properties of alternating layers are, the more surprising can be
the properties of a whole multilayer. The proximity of an
electronic insulator to a pure electronic conductor can lead
to spatially separated ultrafast (dual) transport pathways of
electrons and ions with ionic diffusion coefficients higher than
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(300 K) was attributed to some traces of Cr and Si inside LiNbOs.

in liquids.'® Therefore, synergistic, ultrafast mass storage and
consequent removal in artificially mixed materials can appear.'>
Obviously, most of the generated properties stem from the proximity
of different materials in a multilayer, ie. from interfaces.’®™

Superlattices possess a large number of interfaces, enhancing
possible usage of interface generated properties. For example,
space charge layers can appear on Schottky contact types of
interfaces which strongly affect nanoionics and charge transport
phenomena."*® On Schottky-contact like interfaces, the electronic
band structure is locally disturbed by band bending. Furthermore,
quantum size effects can appear in ultrathin layers, which also
change the electronic band structure according to the quantum
well state requirements.’” The changes in band structure can
change the density of states at the Fermi energy. This can
generate properties different to those known for the materials
of the constituent layers.**™*?

In general, oxide and non-oxide materials possess a strong
contrast in properties. Most prominent oxides, such as silica
and lithium niobate (LiNbOj), are insulators, whereas typical
non-oxide materials, such as d-band metals (e.g. Cr), are good
electrical conductors. This work reports on the fabrication and
characterization of multilayers which combine LiNbO; with
chromium, silicon and carbon layers. It is shown that laminar
structures of alternating ultrathin layers of amorphous LiNbO;
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and Cr, Si and C material are stable and enable the measure-
ment of Li permeation through these layers and interfaces
which is of interest for lithium ion batteries with respect to
the control of Li flux. The knowledge of the Li permeation
strength enables understanding of the mechanism and kinetics
of electrochemical Li storage in electrodes.®

Coating of Li ion battery electrodes with thin films isa
strategy to improve the operation, such as the lifespan of next
generation lithium-ion batteries for high power application.
Beside carbon,*® chromium®*™ coating is also a route to produce
operable Li-ion batteries with negative electrodes possessing Si as
the active material. Silicon has the highest known gravimetric
capacity to store electrical energy (Li ions) up to the Li,,Si
alloy.*®*® Unfortunately, at such a huge Li storage the Li-Si active
material expands by nearly 400%. Research using silicon materials
has experienced that cycling pulverizes the silicon electrode,
rapidly reducing its overall capacity by silicon delamination from
the current collector. To avoid this deficiency, Cr-coated nano-
silicon (e.g. Si nano-powder) cells, for example, are found to be
superior to uncoated cells for battery operation.*®*” Moreover, it is
claimed that the coating of electrodes with Cr enables the storage
of a larger amount of Li in the active material of the battery.*”
Furthermore, the battery operation characteristics were found to
be enhanced when the positive electrode is also coated with Cr.>
Recently,”**® it was shown that a multilayer architecture com-
prising of C/Si** and Cr/Si*> multilayers is a novel strategy for
addressing the extreme challenges associated with high energy
storage materials in Li-ion batteries. Chromium does not store
Li, ie. it does not lithiate. In the lithiation and delithiation
process of Cr (and C) coated electrodes (Si nanopowder, and
Cr/Si and C/Si multilayers), Li has to permeate through the Cr
(C) spacer layers in order to be stored or removed from the
active materials of electrodes.

For energy devices such as batteries, there is a huge effort to
reduce the inactive material of a battery by using ultrathin
layers. Chromium layers with thicknesses in between 2 and
15 nm are used to increase the adhesion of the metallic current
collector (such as Au, Cu, and Pt films) to the packaging
support (e.g. ceramic materials).”’>* The Cr layer is in between
the current collector and the packaging support and is also in
between the current collector and the active (e.g. Si) material.”?
There is a stringent condition which dictates that Li should not
penetrate the current collector (and the Cr layer) so that it does
not reach the packaging support (glass silica) where it even-
tually gets lost. The capacity loss seen upon cycling lithium ion
batteries (LIBs) was recently attributed to diffusive loss of Li in
current collectors.®>®* Li that has reached the current collector
(or the Cr layer) is no more in an ionic state. In that case, the Li
permeation happens only by Li diffusion without an electrical
driving force. Thereby, experiments of Li permeation through
thin Cr layers without an electrical driving force are necessary.
Such Li permeation experiments are presented in this work.

With regards to size effects on charge transport, one has to
mention that the electronic industry worldwide possess a
pressing need to reduce the dimensions of integrated circuit
components to below 10 nm.”> Unfortunately, this trend is
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coming to stagnancy because the resistivity of the transistor
interconnects increases with shrinking dimensions.’® The
capability of nano-sized metals to conduct electronic charge
decreases if the shrinking dimension is in the nanoscale
regime (e.g. below 38 nm for copper).”® The aim of the present
work is (i) to investigate the capability of nano-sized metal to
conduct Li and (ii) to analyse the properties of the material
through which Li permeation can be measured. Recently,
Hiiger et al. introduced multilayers which combine amorphous
LiNDbO; layers with Si spacer layers (i.e. [LINbO;/Si] multilayers)
to measure Li permeation through Si layers.>® In this work we
provide additional insights into this new class of multilayers
and LiNbO; layers spaced by ultrathin chromium and carbon
layers. These results are compared to Li conductivity through
ultrathin Si layers. In all cases, Li permeation was measured
without applying an electrical driving force.

2. Materials and methods

Multilayers as sketched in Fig. 1 were deposited using an ion-
beam coater (IBC 681) from Gatan, Inc. (Pleasanton, CA, USA).
The depositions were performed at room temperature.”> The
multilayer samples were stored in air and at room temperature
(300 K). Annealing was performed at 1 mbar using a drying
furnace. Synchrotron extended X-ray absorption fine structure
spectroscopy (EXAFS) measurements were performed in situ during
Li permeation at 100 °C (373 K) at SRLI, Thailand. All other
measurements were performed at room temperature.

There are not many measurement techniques sensitive to
light elements such as lithium. We apply two techniques with
proper sensitivity for lithium (also isotope) detection, neutron
reflectometry (NR)*> and secondary ion mass spectrometry
(SIMS).®® SIMS was applied to determine primarily the Li isotope
depth profile of the multilayer. Furthermore, profound investi-
gations were performed also with X-ray reflectivity (XRR), grazing
incidence X-ray diffraction (GI-XRD), Fourier transform infrared
spectroscopy (FTIR), Raman scattering, and EXAFS with details
given in the ESI accompanying this work.”> Magnetisation curves
were measured using a superconducting quantum interference
device (SQUID) from Quantum Design (MPMS-XL).

3. Results and discussion

Fig. 1a sketches the basic structure used for the investigations
of Li transport through thin spacer layers. It consists of a triple
layer form of “LiNbOj/spacer-layer/°LiNbO; with single layer

x 10
. Cr . Si Wafer
Bo o

Li isotope reservoirs

(a)

(b)
air 'Cr

O isotope
reservoir

TLi isotope
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Fig. 1 (a) Basic principle of the experimental arrangement: two Li isotope
reservoir layers are spaced by a Cr (or Si or C) layer. (b) Sketch of the
multilayer produced for NR measurements.
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thicknesses of up to 10 nm. Here, two isotope enriched lithium
niobate layers are placed adjacent to a Cr (Si or C) layer. The
lithium niobate layers serve as solid state Li reservoirs. Annealing
leads to a mutual exchange of Li isotopes through the spacer layers
and adjacent interfaces by Li permeation and thus to a leveling of
the isotope fractions. The Li kinetics is obtained by measuring the
fraction of °Li and “Li isotopes in the Li reservoirs. The multilayer
sketched in Fig. 1b with twenty (LiNbO;/spacer-layer) double
layers was used for NR experiments.” Visualization of the
multilayer stack with up to 10 nm thin layers is achieved even
with optical microscopy as presented in the ESL.”

3.1 Atomic and isotope depth profiling performed with SIMS

Fig. 2 and 3 represent the °Li/’Li isotope contrast in the LiNbOj;
layers of the multilayer with Si, Cr and C spacer layers as
measured by SIMS depth profiling. Astounding periodic SIMS
signals were measured in the depth profiles for the ML with Si
and Cr spacer layers (ESI®). The recorded Li* SIMS signals are
extremely strong. An (O,", 5 keV) primary ion beam was used
for the SIMS measurements presented in the main article.
Extensive SIMS data are presented in the ESL.> A discussion
about the destructive nature of SIMS, ie the sputtering
process, on the depth profiles is also given.” °Li (and 7Li)
isotope fraction can be obtained from the SIMS signals by the
following fraction of SIMS intensities

I Ih
AOLi = 7515 TR S —=1—2u (@)
Li Li v Li Li
Isius + Lstus Isius + Lstus

where Igh ¢ and Ighig are the SIMS intensities measured for
the °Li and ’Li masses, respectively. The obtained Li isotope
fraction are presented in Fig. 3. A strong modulation of the
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Li isotope fraction is measured by SIMS in as-deposited multi-
layers with Si (Fig. 3a and b) and Cr (Fig. 3c and d) spacer layers.

3.2 Li permeation at room temperature

The influence of multilayer storage in air and room temperature
for roughly 5 years is presented in Fig. 3. The Li contrast in the ML
with carbon spacer layers is diminished (Fig. 3f). The decrease of
the °Li isotope fraction in the °LiNbO; layers up to full isotope

intermixing is given by (neglecting initial transition times)>**°
soi = A+ B-exp [—ﬂ (2)
with
A= ’(ngfqbgL' and B — 1oy ; o 3)

where 7{, . and ¢4, are the °Li isotope fraction in the °LiNbO,
and the "LiNbO; layer at ¢ = 0, ie. before the Li isotope
intermixing appears. The quantity t represents the time-

constant of the exponential decay function and is given by***°
o 1 Mce prinvo; der - dLinvos )
4 Miinvo,  Por P

where M, = 51.99 g mol " is the molar mass of the spacer layer
(the example given here is for Cr), Myinpo, = 146.85 g mol ' is
the molar mass of LiNbOs, prinbo, = 4 g cm™ is the mass
density of the LiNbO; layer, pc; = 7 g ecm ™ is the mass density
of the spacer layer, dc, = 8 nm is the thickness of the spacer
layer, and diinbo, = 9 nm is the thickness of the LiNbO;
reservoir layer.” The mass densities and layer thicknesses were
obtained from the NR measurements (described later, see
also Table S1 of ESI®). The parameter P represents the Li

LiNbO, / Si , as-deposited LiNbO, / Cr , as-deposited LiNbO, / C , as-deposited
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Fig. 2 SIMS depth profiles of (a, d and g) Li isotope, (b) 25Si, () >2Cr, (n) 10, and (c, f and i) **Nb masses of the multilayer system with Si (a—c), Cr (d—f) and
C (g-i) spacer layers in the as-deposited state after 5 days of storage in air and room temperature (300 K).
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Fig. 3 Relative ®Li fraction as obtained from SIMS measurements on multilayers with Si (a and b), Cr (c and d) and C (e and f) spacer layers using eqn (1).
(a, c and e) ®Li fraction of the as deposited ML measured after 5 days of storage in air and room temperature (300 K) for the ML with Si (a), Cr (c) and C (e)
spacer layers, respectively. (b, d and f) were measured after 1890, 1700 and 2005 days of storage in air and room temperature (300 K) for the ML with Si,
Cr and C spacer layers, respectively. In displaying the isotope fraction, it is unnecessary to show the calculated values of both Li6/(Li6 + Li7) and Li7/(Li6 +

Li7), because if one of them is yx(t), the other is 1 — x(t) (see eqn (1)).

permeability through the spacer layer defined as the product
of the Li solubility (S) and the Li diffusion coefficient (D) in the

spacer layer®®%°

P=S5D

(5)

The kinetics of Li isotope intermixing at room temperature
through the carbon spacer layers enables the determination of
the Li permeability. The Li isotope contrast (K) in the Li isotope
reservoirs is time dependent during Li permeation according to

)~ P [_ﬂ (6)

K(t) = %(1) = Ymin _ 7(t) — 7(t — o0)
XAmax ~ Xmin )f(t = 0) — X(l — 00

A fit of eqn (6) to the measured decrease of the Li isotope
contrast (Fig. 4) determined the time constant of Li permeation
through carbon layers to be t = (989 + 200) days.” The perme-
ability can be determined from eqn (4). A value of P= (5 £ 3) x
107%® m* s~ results for the Li flux through carbon layers at
room temperature. Considering the upper limit of Li solubility in
carbon to amount to 1/6 Li atoms per C atom (corresponding
to LiCg), a lower limit of Li diffusivity in the carbon spacer layers
of D= (3 £2) x 107> m*> s~ ' is obtained for room temperature
diffusion. This is an extremely low diffusivity value.

For the multilayer with Si and Cr spacer layers, the Li isotope
contrasts are only marginally reduced (Fig. 3). Obviously, Li
permeation through carbon layers is faster than through the Si
and Cr layers.

Now, from the experiments performed on the multilayers
with Si and Cr spacer layers stored at room temperature, one
can suspect that the time constant t for Li permeation is
roughly 100 (or more) years. According to eqn (4), a roughl
estimated Li permeability of P < 2 x 107 m”> s ' is
then obtained for the superlattice with Si and Cr spacer layers.
This extremely low value corresponds to proper Li blocking.

23236 | Phys. Chem. Chem. Phys., 2018, 20, 23233-23243

100

o]
o

6Li contrast (%)

0 I Ll_l 1 I Ll_l Ll 1 I L1l

0 500 1000 1500 2000 2500
Storage time at room temperature (days)

Fig. 4 °Li contrast (in percent) of the ®LiNbOs layers as a function of ML
storage time at room temperature (300 K) as obtained from SIMS depth
profiles performed on the ML with C spacer layers. The line represent the
fit of eqn (6) to measured data.

For silicon, the result contributes to an explanation why electro-
chemical lithiation of Si electrodes in LIBs takes place by a
moving phase boundary separating a high lithiated Li-Si phase
from a poor or non lithiated Si phase as discussed in ref. 80.

A legitimate question that arises is whether Li transport is
controlled by Li flux through the LiNbO; reservoir layers or by
Li permeation through the Cr and Si spacer layers. If Li
permeation would be controlled by Li diffusion in the LiNbO;
reservoir layers, then the Li permeation strength should not
be dependent on the spacer layer material. The faster Li
permeation at room temperature measured for the ML with C
(compared to Cr and Si) spacer layers indicates that Li transport

This journal is © the Owner Societies 2018
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is controlled by the Li flux through the spacer layers. This finding is
justified also by considering the Li diffusion coefficient in amor-
phous LiNbO; measured by Rahn et al.”®” for thin films stored at
room temperature which amounts to D = 1 x 10 *®* m* s .
Considering the Li solubility in LiNbO; to amount to 0.2, a Li
permeability of P = 2 x 107" m* s™' is obtained for the Li
flux through the LiNbO; reservoir layers. This value is eight
orders of magnitude larger than the measured Li flux in the
multilayers. Hence, the Li diffusion inside the Li reservoirs
is not responsible for the observed hindered Li isotope inter-
mixing in Li reservoir layers. The Li blocking effect is due to the
(e.g- Si and Cr) spacer layers.

The slow Li permeation through Si and Cr spacer layers at
room temperature does not solely mean that the Li diffusivity at
room temperature is extremely low. According to eqn (5), the
low Li permeability could stem from a very low solubility of Li
in silicon and chromium material. The Li solubility in ultrathin
amorphous Si and in nanocrystalline Cr layers is unknown, but
it can be expected to be in the range of some ppm at room
temperature. The phase diagram of Li-Si in the crystalline form
does not evidence any Li,Si phases for x below 1.7.°*” The
solubility of Li in crystalline silicon was measured to be very
low. An extrapolation of the Li solubility in silicon versus
inverse temperature 1/7 data®™®” to room temperature gives
the Li solubility in crystalline Si to be less than 1 ppm. The Li
solubility in 95 nm thick amorphous Si layers was measured at
temperatures of 240 °C and higher.®® An extrapolation to room
temperature gives the Li solubility in thick amorphous Si layers
to be extremely low, i.e., 3 x 10~ ° Li per Si atom.®° In the case of
chromium, Li does not alloy with it.°*® There exist reports
about only the solubility of Cr in liquid Li.®®*®° In similarity to
Si, one can expect that the solubility of Li in Cr is also very low.
So, in order to induce considerable (measurable) Li permeation
through the Si or Cr spacer layers we annealed the samples
to enhance Li solubility and diffusivity. The measurements at
elevated temperatures were performed non-destructively by
neutron reflectometry.

3.3 Atomic and isotope depth profiling performed with
neutron scattering for Li permeation measurements

Fig. 5 presents the NR pattern recorded from the °Li/’Li isotope
modulated LiNbO; superlattice with Cr spacer layers, together
with the NR simulation based on the Parratt formalism. Super-
lattice characteristics such as individual layer thicknesses,
neutron scattering length density (SLD) and interlayer rough-
ness corresponding to the best fit of Parratt32 simulation are
listed in Table 1. The SLD depth profile is presented in Fig. 5b.

The Bragg peak located at Q, = 0.039 A™* appears due to the
double layer periodicity produced by the chemical contrast of
Cr and LiNDbO; inside the superlattice.

The periodicity of the Li isotopes produces a four-layer
periodicity [Cr/°LiNbO,;/Cr/’LiNbO;] in neutron scattering
from the superlattice. Consequently, the Bragg peak located
at Q, = 0.023 A~ appears due to the four-layer periodicity
produced by the Li isotope contrast inside the superlattice. In
contrast to the SIMS measurements, NR does not give any hints
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Fig. 5 (a) Measured NR pattern (open symbols) and corresponding

Parratt32 simulations (line) for the superlattice with Cr spacer layers in
the as-deposited state. (b) Neutron scattering length density obtained
from the NR fit given in panel (a). Fitting parameters are given in Table 1.

for a double peak structure in the depth profile (Fig. 5b) thanks
to the non-destructive nature of the neutrons. More informa-
tion on this issue is given in ESL7

The samples were annealed in order to measure Li permea-
tion within the scheduled neutron beam time. Fig. 6 presents
the NR patterns measured from the superlattice with Cr spacer
layers after sequential annealing at 100 °C (373 K), together
with NR simulation. The total reflection edge (located at
Q, = 0.013 A™") and the Bragg peak due to chemical contrast
(Q,=0.039 A™") do not change at all by annealing at 100 °C (see
Fig. 6b). Solely, the Bragg peak due to Li isotope contrast
diminishes which is confirmed also by the SIMS data (see
Fig. 7b). Li permeation through Cr spacer layers takes place
without any other (measurable) changes in the superlattice.

The fits to the measured NR patterns delivered the amount
of Li isotope fractions in Li reservoirs. Fig. 8 shows how
the Li isotope fraction in Li reservoirs changes with annealing
time. The kinetics of Li isotope intermixing enables the deter-
mination of Li permeability. A fit of eqn (2) to the measured
Li kinetic data of Fig. 8 determined the time constant of Li
permeation to be t = (4.6 & 0.5) hours. The Li permeability can
be determined from eqn (4) to be P= (2 £ 0.5) x 10" ** m* s~ ..
The same procedure can be applied to the behaviour of
7Li atoms, which results in the same permeability within
error limits.
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Table 1 Parameters used for the simulation of the reflectivity pattern presented in Fig. 5, based on the Parratt32 code. The superlattice consists of ten
[BLINbO=/Cr/"'LiNbO3/Cr] four layer units (see Fig. 1b). The layers termed "'LiNbO3 and °LiNbOs have a °Li and ’Li isotope concentration of "Lig g4°Lio 16
and "Lig10®Lio.so. respectively, as measured by SIMS (Fig. 3c). Error limits correspond to a 10% increase of z2 of the best fit with respect to the fitted

parameter only”®

Layer SLD (10° A7) Thickness (nm) Roughness (nm) Mass-density (g cm™>)
Air Air 0 — — —
Capping-layer *LiNbO;, 4.45 + 0.2 9.0+ 0.8 3.0+ 1.0 4.17 £ 0.2
Multilayer x 10 Cr 3.1+£0.1 8.2 + 0.1 1.8+ 0.5 7.3 £0.3
3t INbO,4 3.9 £ 0.05 9.0 + 0.1 1.8 + 0.5 4.24 + 0.1
Cr 3.1+£01 8.2 + 0.1 1.8 £ 0.5 7.3 £0.3
E'LiNbO3 4.45 + 0.05 8.9 + 0.1 1.8 = 0.5 4.17 + 0.1
Si-wafer Si 2.07 — 0.5 2.3
(a) 10° [t~ T ' & O —ff ="Y(a) LiNbO, /i ML 22 h 120°C (393 K)] [(b) LiNbO, / Cr ML 11 h 100°C (373 K]
~ . . |
o 35h —fit 209
A 7h —fit 06 LV TGNy o
10° S04 i i
(2]
So02- L 1
.‘i‘ (DO C 1 1 1 1 1
2 10" L4 0.0 05 1.0 0 2 4 6
8 Sputter time (h) Sputter time (h)
® 4 Fig. 7 °Li fraction measured by SIMS from (a) the ML with Si spacer layers
§ 10 after 22 h of annealing at 120 °C (393 K) and (b) the ML with Cr spacer
g layers after 11 h of annealing at 100 °C (373 K).
z

0.01 0.02 )
0 T T T T T T
(b) 10 8 0h —fit 3
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> i A 7Th —fit i
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Fig. 6 Measured NR patterns (symbols) of the superlattice with Cr spacer
layers in the as-deposited state and after annealing at 100 °C (373 K) for
3.5h, 7 h, and 11 h. The lines represent the Parratt32 fits to the measured
patterns. (a) Reflectivity curves shifted in intensity for a better visualization
of the Bragg peak decrease. (b) Non-shifted reflectivity curves for a proper
visualization of the lack of changes in the total reflection edge and in the
Bragg peak due to chemical contrast.

The Li diffusion coefficient in amorphous LiNbO; films annealed
at 100 °C (373 K) was measured by Rahn et al”” to be D = 2.6 x
10" m* s~ . Considering the Li solubility in LiNbO; to amount to
0.2, a Li permeability of P=5.2 x 10" m? s~ " is obtained for the Li
flux through the LiNbO; reservoir layers at 100 °C (373 K). This value
is 5 orders of magnitude higher than that measured here in the
superlattice at 100 °C (P= (2  0.5) x 10" m* s ).
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Fig. 8 Relative 8Li (a) and Li (b) fractions of the LiNbOs and "'LiNbO3
layers of the superlattice with Cr spacer layers, respectively, as a function
of annealing time as obtained from the Parratt32 fits to measured NR
patterns (Fig. 6). The lines represent the fit of egn (2) to measured data.

Hence, also at 100 °C, the Li flux in the superlattice is
controlled by the Li blocking effect of the Cr spacer layers,
i.e. by the Li permeation through Cr layers.

Fig. 9 presents the Li permeation experiments through 9 nm
thin Si spacer layers as traced by NR. The experiments revealed
that Li permeation through the Si layers is much slower than
through the Cr spacer layers. Even a higher annealing tempera-
ture (120 °C (393 K)) over a longer annealing time (22 h) does
not diminish any NR Bragg peaks, i.e. not even that induced by
the Li isotope contrast. This is in agreement with the SIMS depth
profiling (see Fig. 7). These experiments show that Si layers are
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Fig. 9 NR patterns measured from the multilayer with Si spacer layers
after several annealing steps performed at 120 °C.

less permeable to Li than Cr layers. The aforementioned
experiments at room temperature have shown that Li permea-
tion through C layers is faster than through Cr layers. Hence, Li
permeation through Cr layers is faster than through Si layers
but slower than through C layers. In turn this evidences that
(also above room temperature) Li permeation is not controlled
by Li diffusion in LiNbO; layers.

A possible explanation for the higher Li permeation through
the Cr layers in comparison to the Si layers could be different
impurity (e.g. oxygen) contents and different crystallographic
structures of the Si and Cr layers. It can be expected that the
proximity of ultrathin spacer layers to oxide based Li reservoirs
oxidizes the spacer layers. In that case, the Li permeation
experiments were performed through silicon oxide and chromium
oxide”® layers and not through elemental Si and Cr layers. One has
to know the material constitution through which Li permeation
was measured.

Before doing so, let us mention that the presented methodology
can be applied to measure the (diffusion or interface controlled)
rate determining step of the Li transport process in nanometer
sized layers. Li permeation induces a mutual inter-diffusion of the
two different Li isotopes across the interface between the spacer
layer (e.g. Cr, Si or C) and the solid state reservoir layer. An interface
controlled lithium transport process is evidenced if the transport
process lacks a dependence of the lithium isotope exchange rate on
the spacer layer thickness. Nonetheless, a diffusion controlled
process is expected to show considerable dependence on the spacer
layer thickness.”

3.4 Extended characterisation of spacer layers

Investigations by cross sectional TEM would provide direct
information on the chemical composition, layer crystallinity,
interface roughness and waviness, grain size, boundary and
composition. If nothing else, at least this work provides a full
characterization of the as-deposited and annealed MLs with a
plethora of non-destructive measurement techniques like NR,
GI-XRD, FTIR, Raman scattering, X-ray absorption spectroscopy
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and magnetic measurements. The results are presented in
detail in the ESI accompanying this work® and they are briefly
summarized here.

Raman scattering found the carbon spacer layers to be
amorphous with low sp® content, as expected for ion beam
sputter-deposited carbon coatings. GI-XRD reveals that the
LiNbO;, Si and C spacer layers are amorphous whereas the Cr
spacer layers are polycrystalline with elemental bece chromium.
There is no evidence of crystalline Cr-oxide. Chromium oxide
was also not detected by FTIR and also not by Raman scattering.
The neutron SLDs obtained from NR can be explained only with
elemental chromium. EXAFS was performed in situ during Li
permeation by heating the superlattice to 100 °C (373 K) in air.

The EXAFS experiments revealed the Cr bonding environ-
ment to be 80 percent of Cr metal and 20 percent of Cr-oxide
with no further evidence of oxidation during the superlattice
heating (see Fig. 10). We emphasize that this is not a crystalline
phase ratio, but the distinction is based on the atomic neigh-
bourhood derived from XAFS measurements. However, the
EXAFS study cannot discern if the measured chromium oxide
stems from the Cr layers or from the Cr atoms located inside the
LiNbO; layers. Overall, these experiments evidenced that the
ultrathin Cr layers are not (fully) oxidized. The crystallographic
network (polycrystalline for Cr layers and amorphous for Si,
C and LiNbO; layers) and the chemistry of the multilayers do
not change significantly by the performed Li permeation (i.e.
annealing) experiments. GI-XRD experiments measured a high
stress of 12 GPa acting on the bec Cr grains (in the Cr spacer layers
of the superlattice) which does not change with the performed Li
permeation experiments. Li permeation was measured in an,
otherwise, conserved multilayer network.

However, one may note that the large stress of 12 GPa
measured in the Cr spacer layer can be a symptom that the
piezoelectric material of the LiNbO; layers is under strain. The
strain can induce a piezoelectric electric field over the (e.g. Cr)

T N T

100 |

Cr-metal and Cr,0, percentage [%]

Anncaling hours

Fig. 10 Percentage of Cr-metal and Cr,Osz existent in LiNbOsz super-
lattices with Cr spacer layers as obtained from in situ EXAFS measurements
during annealing in air at 100 °C (373 K).2 The inset graph shows
in situ measured EXAFS data (circles) with the corresponding combination
fit data (line).
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spacer layer which can promote or suppress the Li ion
transport.®"®* This is of importance for self-charging LIBs that
hybridize mechanical energy harvesting and ion storage pro-
cesses into one process.®"%?

Fig. 11 presents the measured magnetic m(H) characteristics
at room temperature of the multilayers with Cr, Si and C spacer
layers. They show a clear diamagnetic response due to (at least)
the diamagnetic Si wafer substrate (see panels a, c, e of Fig. 11).
The diamagnetic contribution is overlapped by a magnetic
hysteresis for the multilayers with Cr and Si spacer layers
(e.g. Fig. 11b and d, respectively). Small magnetic moments
can be caused by traces of magnetic impurities (Fe, Co and/or
Ni) introduced into the sample during the sample handling or
multilayer deposition.”"”> For example, a small amount of Fe,
Co or Ni is perhaps incorporated in the multilayer during ML
deposition from the IBS sputter chamber walls and/or from the
target holder and sample holder. In that case, it should have
been expected that the ML with carbon spacer layers should also
show a ferromagnetic contribution in the SQUID measurement.
The latter is not the case (see Fig. 11e and f) here. Hence, a
ferromagnetic spin alignment, caused by Cr and Si elements in
the multilayers with Cr and Si spacer layers, cannot be ruled out.

Earlier, unexpected ferromagnetism at room temperature
was measured in Cr’*”’® and Si”” doped thin films of non-
ferromagnetic nitrides and oxides. The observed ferromagnetism
can be correlated to structural defects induced by the doping
species (i.e. Cr and Si). Similarly, the measured magnetic
hysteresis in Fig. 11b and d could stem from the presence of
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Cr and Si inside the LiNbO; layers. Interface related ferro-
magnetism can appear by a charge transfer mechanism.”>”°
This means that the space charge layers in between LiNbO; and
Cr (and Si) can induce ferromagnetic order in the layers. One
may note that, due to the ultrathin fashion of the layers, the
space charge layer can extend throughout the entire ultrathin
layers.>>>* An electric field over the spacer layer can appear also
due to the piezoelectric property of the LiNbO; layers. The large
stress of 12 GPa measured by X-ray scattering (GIXRD) in the
Cr spacer layers may be evidence that the piezoelectric material
of the LiNbO; layers is under strain. The strain can induce a
piezoelectric electric field over the (e.g. Cr) spacer layer,®"** which
can affect the electronic structure of the spacer layer. Further
discussion on magnetic behaviour is given in the related ESL>

The class of multilayers presented in this work opens up the
possibility to investigate the influence of (i) layer chemistry and
layer thicknesses, (ii) additional mechanical stress imposed on
the multilayers by using sample bending devices, and (iii) the
annealing temperature and annealing time interval, on multi-
layer properties such as magnetism and on the ability to measure
Li permeation.

Before concluding let us discuss if the measured spacer
layer characteristics might help to explain the measured Li
permeation strength. Li permeation through carbon layers was
found to be faster than through chromium layers and the latter
to be faster than through silicon layers. The difference in Li
permeability might occur due to different diffusivities (D).
According to eqn (5) (P = SD), the Li permeability (P) also
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=
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o
©
=
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Fig. 11 Magnetic response m(H) measured at room temperature of LiINbOs multilayers with Cr (a and b), Si (c and d) and C (e and f) spacer layers.
(b, d and f) Magnetic characteristics on an enlarged scale for better visualisation of magnetic hysteresis.
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increases if the Li solubility (S) increases for a constant diffusivity.
Chromium layers were found to be polycrystalline, whereas the
silicon layers were found to be amorphous. The structure of the
carbon layers was found to be amorphous with a predominantly
graphitic like (sp* hybridization) configuration and in that manner
to be low density carbon. Carbon atoms in a graphitic structure are
arranged in parallel densely packed hexagonal atomic layers. There
is no chemical bonding between the hexagonal layers and Li can be
inserted rather easily between the layers. Consequently, the Li
diffusivity and solubility is high in graphitic like carbon. The lithium
solubility is well above 10> Li per C atom.?”®® This might explain
the measured higher Li permeation through carbon spacer layers. In
contrast, the Li diffusivity and solubility in amorphous silicon is
extremely low.* The lithium solubility in amorphous silicon should
be in the range of 10 ° Li per Si atom,* and, consequently, more
than seven orders of magnitude lower than in carbon. In the case
of chromium, as mentioned in Section 3.2, Li does not alloy with
it.**%° In similarity to Si, one can expect that the solubility of Li in
Cr is also very low. For the comparison of Li permeation through
Cr and Si layers, it is reasonable to assume that Li can diffuse fast
along the grain boundaries of the polycrystalline structure of the
Cr spacer layers. The grain boundaries might also accommodate a
higher amount of Li (increased Li solubility) than the bulk of
grains. This is not the case for amorphous silicon. Amorphous Si
has no grain boundaries but a continuous covalent network which
may serve as an effective barrier for Li permeation.*

4. Conclusions

New layered materials were fabricated by ion beam sputtering
deposition of a superlattice with twenty-one thin lithium niobate
layers (9 nm) spaced by thin (8 nm) Cr, Si and C spacer layers.
The multilayers were primarily used to measure Li permeation
through the respective ultrathin Cr, Si and C spacer layers. The
LiNbO; layers serve as Li reservoirs. Each second LiNbO; layer
was enriched with °Li or “Li isotopes. The superlattice therefore
possesses a Li isotope contrast and a LiNbOs/spacer layer (Cr,
Si or C) material contrast. The Li isotope fraction in the multi-
layer was measured with secondary ion mass spectrometry and
neutron reflectometry. Li permeation through the spacer layers
changes the Li isotope contrast within the Li reservoirs. This
enables us to determine the Li permeability from the time
constant of Li isotope contrast change. The measurements were
performed without applying an electrical driving force.

At room temperature, Li permeation was found to be extremely
slow. On the one hand, Li permeation in the ML with C spacer layers
diminishes the Li isotope contrast after 5 years of ML storage in air
at room temperature. On the other hand, the Li isotope contrast in
the MLs with Cr and Si spacer layers is only marginally decreased
after 5 years of storage in air at room temperature. From these
experiments, a full intermixing of the Li isotopes is expected in some
one hundred years for Cr and Si layers at room temperature. The Cr
and Si spacer layers are expected to effectively block the Li flux.

Accelerated Li permeation was achieved by annealing treat-
ments. Li permeation through Cr layers at 100 °C (373 K) was
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measured non-destructively by neutron reflectometry. A full
intermixing of the Li isotopes is seen after 11 hours of annealing
at 100 °C (373 K). A Li permeability of P=(2 4 0.5) x 10> m*s ™"
was determined from the measured time-constant for Li permea-
tion of 1 = (4.6 £ 0.5) hours. The Li permeability value is five
orders of magnitude lower than the value of the Li flux through
LiNbO; layers, evidencing that the measured Li permeability
stems from the Li permeation through the Cr spacer layers.
Overall, Li permeation through C layers was found to be faster
than through Cr layers and the latter to be faster than through
Si layers. Additional Li permeation experiments are planned to
substantiate this statement more quantitatively.

Additional experiments using multiple non-destructive measure-
ment techniques revealed that Li permeation was measured in an,
otherwise, conserved multilayer network. The Si and C spacer layers
were found to be amorphous, while the Cr spacer layer was found to
be polycrystalline with bee Cr grains. The C spacer layers possess
a predominant graphitic like (sp?) bonding configuration. These
multilayer characteristics might help to explain the difference of Li
permeation found in the spacer layers. Furthermore, the superlattice
with Cr spacer layers exercises a high stress of 12 GPa on Cr grains
which does not change by Li permeation (i.e. after annealing). Eighty
percent of the Cr atoms have a metallic Cr and 20 percent a
chromium oxide bonding environment (situated at interfaces).
Lastly, a weak ferromagnetic signal at room temperature was
measured for the multilayers with Cr and Si spacer layers but not
for the multilayers with C spacer layers.
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