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Neutron reflectometry to measure in situ the rate determining
step of lithium ion transport through thin silicon layers and
interfaces

The investigation of lithium permeation in relevant materials is
important for an understanding of the performance and failure
of Li-ion batteries. Our collaboration studied this thermally
induced process in thin amorphous silicon layers adjacent to
lithium metal oxide layers in situ and in real-time by neutron
reflectometry. It was found that the process is controlled by

Li diffusion in silicon and that the interface between silicon
and the metal oxide does not hinder Li transport.
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Li ion transport through thin (14-22 nm) amorphous silicon layers adjacent to lithium metal oxide layers

(lithium niobate) was studied by in situ neutron reflectometry experiments and the control mechanism
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was determined. It was found that the interface between amorphous silicon and the oxide material does
not hinder Li transport. It is restricted by Li diffusion in the silicon material. This finding based on in situ
experiments confirms results obtained ex situ and destructively by secondary ion mass spectrometry

(SIMS) depth profiling investigations. The Li permeabilities obtained from the present experiments are in
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1. Introduction

The design and tailoring of advanced materials that will support
emergent energy technologies (photovoltaics, hydrogen storage,
lithium based energy storage) is a challenge for the future. In
appropriate devices different types of materials are often combined
which are separated by interfaces, e.g. electrolyte and electrodes in
batteries. A central aspect regarding the functionality of such devices
is the transport of ions or atoms through different classes of
materials like the transport of Li ions between electrodes in Li
storage technology. Interfaces between different materials may
represent obstacles for ion migration counteracting the requirement
for a smooth material flow in energy storage and energy conversion
device operation. For example, interface limited Li transport
was suggested to be present in solid-state Li ion batteries (LIB)
possessing silicon as active material." A reduction of the trans-
port distances by downsizing the active material to, e.g., nano-
particles, is thought to be indispensable for improved energy
storage devices.” In that case, Li migration has to surpass a large
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agreement with those obtained from ex situ SIMS measurements showing similar activation enthalpies.

number of interfaces in nanosized materials. Consequently, the
time needed to cross materials interfaces can be similar to the
total migration time. In that case, Li transport over interfaces
may dominate the overall material transport, a phenomenon
thought to happen in all-solid-state LIBs."™

A promising negative electrode active material for electro-
chemical energy storage in LIBs is silicon.'*™ Silicon is earth-
abundant, light-weight, low-cost and can store a high amount
of lithium, i.e., up to 4 Li ions per one Si atom. On the positive
electrode side, thin LiNbO; layers inserted between the electro-
Iyte and the positive electrode were found to be beneficial for
LIB operation.'** The interface between these two materials is
also of interest because LiNbO; adjacent to silicon thin layers
might be important for the fabrication of self-charging LIBs
that hybridize mechanical energy harvesting and ion storage
processes into one process.?*?*

In general, the reduction of the interface impedance is a
challenge for proper all-solid state LIB operation.'® Criteria for a
rational electrode design are based on Li transport parameters.’
For example, the knowledge of the Li transport parameters is of
importance for the understanding of the lithiation process
(ref. 26), maximum storage capacity, charging/discharging times
and for the mechanical stress built up during LIB operation.””
Not at least, Li transport parameters are of importance for the
design, the dimensioning, and the use of barrier layers.

In that context, a well-suited transport parameter is the
permeability (P) defined as

P=5D (1)

where S is the solubility and D the diffusivity of the moving
species (e.g., Li).”®*° The permeation process represents the
material flow and, consequently, considers not only the kinetics
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of the process (by the diffusion coefficient) but also the amount
of transported material (by the solubility).

Unfortunately, there are not many analytical techniques
suitable for transport measurements which are specific and
sensitive to light elements such as hydrogen and lithium. Neutron
reflectometry (NR) is such a technique. Hydrogen and lithium
possess negative neutron scattering lengths in contrast to the other
elements which have almost all positive values. This fact enables
appropriate hydrogen and lithium detection by neutron-based
techniques. Due to their predominant scatter at atomic nuclei,
neutrons can discern between isotopes of Li and H. Furthermore,
neutrons have high penetration and escape lengths in and from
almost all materials. NR permits the detection of buried interfaces
deep within complex sample environments in a non-destructive
manner and allows the study of in-operando processes in LIBs
during device operation.*®3#

This work describes the use of neutron reflectometry to
measure the transport of Li across Si layers in a multilayer. It
is the latest in a series of related articles®®?°**39*! of increasing
sophistication and quality of information. More information on
this issue is given in the first section of the ESI{ accompanying
this work. Briefly, the methodology to measure Li permeation in
silicon thin layers was established in ref. 26, 29, 35 and 39-41. It
is based on multilayers (MLs) as that sketched in Fig. S1 of
the ESIt accompanying this work. The MLs were produced by
ion-beam sputter deposition.** There,**>**>3*! 3 sequence of
[°LiNbO3/Si/’LiNbO,/Si] structural units were used for the
experiments. The °LiNbO; and “LiNbO; layers are enriched with
°Li and Li isotopes, respectively. Each of these two isotope
enriched Li reservoir layers are adjacent to a Si layer. Amorphous
LiNbO; was used as a Li reservoir due to its high Li diffusivity,
stability against air corrosion and heating procedures.>®>%*04143
The high diffusivity of Li in amorphous LiNbO; as compared to
crystalline and even nanocrystalline LiNbO; had earlier been
shown.** " Similar results were found for other Li metal oxides
like LiTaO;, LiAlO, or LiGaO, studied partly also by NR, secondary
ion mass spectrometry (SIMS), nuclear magnetic resonance spectro-
scopy or impedance spectroscopy (see ref. 48 for a review). A mutual
exchange of Li isotopes through the Si layer and adjacent interfaces
appears by thermally activated Li permeation during annealing. The
mutual isotope exchange is modifying and balancing the Li isotope
fraction in each of the two Li reservoir layers. In first approximation,
the chemical composition of the Li reservoir is unchanged because
the solubility of Li in silicon is very low.”® The Li permeability is
obtained by measuring the relative fraction of °Li and "Li isotopes in
the Li reservoirs as a function of Li permeation time as described in
ref. 26 and 29. Up to now, with the exception presented below, only
ex situ investigations for the determination of Li permeabilities in Si
layers are published which were done by NR or SIMS (see the ESIt
accompanying this work).>*?*?**! Ex situ means that the isothermal
annealing procedure necessary to initiate the Li permeation process
was interrupted and the sample was cooled to room temperature
before analysis is carried out. Ref. 35 demonstrates exemplarily that
in situ measurements of Li permeabilities are feasible with NR, were
neutron experiments are done directly during annealing. This work
presents NR experiments that allow the in situ determination of
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permeabilities in thin films and of the rate controlling step of
Li transport through thin Si layers and their interfaces to an
oxide material.

2. Materials and methods

The MLs were investigated by X-ray reflectometry (XRR), grazing
incidence X-ray diffraction (GI-XRD), SIMS and NR. Details on
XRR, GI-XRD, SIMS and sample preparation are given in the
ESIt accompanying this work. Investigations with XRD revealed
an amorphous structure of the whole multilayer. The results
obtained from XRR, SIMS and NR investigations are given and
discussed in detail in the ESI accompanying this work. In situ
NR was carried out using the reflectometer AMOR located at
SINQ (Paul Scherer Institut, Villigen, Switzerland). During NR
experiments, a neutron beam strikes the sample surface under
a small angle (0), is reflected at each isotope or composition
interface and is afterwards detected. Due to the interference of the
individual partial beams a characteristic interference pattern®® is
formed (e.g., a Bragg reflection or Bragg peak, Fig. 1). The intensity
of the reflected beam is measured as a function of the scattering
vector normal to the surface Q, = 4n(sin 0)/4, with A the neutron
wavelength. In situ NR measurements were done with the Selene
focussing optics®>*° recently implemented at AMOR. This experi-
mental arrangement improves the intensity at the sample
significantly so that the reflected intensity can be measured
continuously and pinned down to 1 min time resolution for
in situ studies. For the experiments a specially designed rapid
thermal annealing setup (AO 500, MBE-Komponenten GmbH,
Germany) was employed being optimized for use in the neutron
beam. Here, extremely fast heating rates are possible which
allow one to reach temperatures up to 500 °C in less than 30 s in
argon gas. For the NR experiments, the samples were positioned on
an alumina heating stage inside the rapid thermal annealing device.

3. Results and discussions

Fig. 1 presents NR patterns recorded for MLs containing 14 and
22 nm thin Si layers, respectively. For data analysis the program
Parratt32 is used. The neutron scattering length density (SLD)
obtained by comparing the NR simulation (lines in Fig. 1a and c) to
the measured data (open symbols in Fig. 1a and c) is given in Fig. 1b
and d. This gives also the individual layer thicknesses which are
listed in Tables S1, S3 and S4 of the ESIf accompanying this work.

Strong Bragg reflections located at scattering vectors of ~0.029
and ~0.054 A™" in Fig. 1a and of ~0.023 and ~0.043 A™" in
Fig. 1c, originate from the double layer Si/LiNbO; periodicity of the
ML with 14 nm and 22 nm thin Si layers, respectively. They
correspond to the Bragg reflections of first and second order.
The four-layer periodicity introduced by the different Li isotopes
fractions of consecutive LiNbO; layers, ie., the four-layer unit
Si/°LiNbO,/Si/’LiNbQs;, give rise to the half order Bragg reflections
(1/2 and 3/2). They are located at the scattering wave vectors of
~0.018 and ~0.041 A~ in Fig. 1a and of ~0.016 and ~0.033 A™*
in Fig. 1c, respectively. Fig. S2 of the ESI{ shows by NR simulations
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Fig. 1 (a and c) Measured NR patterns (open symbols) and corresponding Parratt32 simulations (red lines) for MLs with (a) 14 nm and (c) 22 nm Si layers

in the as-deposited state. (b and d) Neutron scattering length density (SLD) obtained from the simulations given in panel (a and c). Parameters used for NR

simulations are given in Table S1 of the ESI¥ accompanying this work.

that the halve order Bragg reflections are resulting from the Li
isotope contrast difference of the LiNbO; layers.

Fig. 2 presents typical NR patterns recorded at room tem-
perature from the as-deposited ML in comparison to that
recorded at elevated temperatures. The NR intensity maps are
recorded with the help of the Selene focusing device.*>*° The
intensity up to the edge of the total reflection and the intensity at the
Bragg reflections positions produces intensity bands in the intensity
maps. They are marked in Fig. 2a with dashed lines. Neutron
reflectivity curves are obtained by a projection of the intensity
map onto a scattering wave vector Q, grid.*> The intensity bands
(Fig. 2a) produce intensity maxima in the NR curves as marked in
Fig. 2c with dashed lines in accordance with Fig. 2a.

The Li isotope and chemical contrast does not change for
years of sample storage at room temperature in air. Consequently,
the Li permeation at room temperature has to be extremely low. If
the ML arrangement is annealed, e.g., at 320 °C, Li diffusion
through the interfaces and silicon layer from one to the next Li
isotope reservoir is induced. This reduces the Bragg reflections of
half orders but not that of integral order. The lack of considerable
change of the total reflection edge and of integral order Bragg
reflections indicates that during annealing there is no layer
intermixing between the layers of the MLs (see Fig. S16 in the
ESIt of ref. 40). The decrease of solely the half order Bragg
reflection is an indicator for the °Li and “Li isotope exchange
through the Si layer without chemical phase formation.

The Li isotope contrast that can be determined from the
measurements is defined as given in ref. 26

f([) _fmin

k() = == = en(—) @
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where finax and foin is the °Li isotope fraction in the °LiNbO;
reservoirs in the as-deposited state and after complete Li
isotope intermixing, respectively. f(¢) is the Li isotope fraction
in the °LiNbO; reservoirs as a function of annealing time. The
parameter 7 represents the time constant of Li contrast decrease
which is described to be an exponential decay function.>*?

Fig. 3 presents the modification in Li isotope contrast in
dependence on annealing time as determined from the in situ
NR measurements (see the ESIt) reflecting the progression of
the Li permeation. The Li contrast decreases as a function of
annealing time for all temperatures investigated.

The time constant characterizing the decay rate of the Li
isotope contrast is presented in Fig. 4a for each investigated Si
layer thickness and temperature. The thicknesses of the Si and
LiNbO; layers were determined from the reflectivity measure-
ments as presented in the ESL.{ The time constant of Li isotope
intermixing by Li permeation through the Si layers and inter-
faces should obviously be also dependent on how much Li is
present in the Li reservoirs. Thinner LiNbO; layers possess a
lower amount of Li available for the Li permeation process and
in that way the Li isotope fraction should diminish faster for
thinner than for thicker Li reservoir layers. Fig. 4b addresses
this issue by dividing the time constant by the thickness of the
LiNbO; layers. However, no significant differences to Fig. 4a
are found.

Except for 265 °C (MLs with 14 and 17 nm thin Si layers), the
time constant increases with larger Si layer thickness. This
happens at all temperatures. The thinner the Si layer, the faster
is the Li isotope exchange through the Si layer and the lower the
necessary time constant. This means that Li transport through
the LiNbO3/Si interface is much faster than through the Si layers.

This journal is © the Owner Societies 2019
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Fig. 2 NR patterns measured with the help of the Selene neutron focusing device of as-deposited samples (a, ¢, d, f, g and i) and samples annealed at
320 °Cfor 2 h (b and c), at 360 °C for 20 min (e and f) and at 265 °C for 13 h (h and i). Intensity maps of the scattered neutron intensity of dependence on
neutron wave length and beam angle divergence after data reduction steps are displayed for MLs with (a and b) 14 nm, (d and e) 17 nm and (g and h)
22 nm thin Si layers. Bright (dark) color corresponds to high (low) intensity. (c, f and i) NR curves obtained from the presented intensity maps.

Otherwise, the time constants would be expected to be indepen-
dent of Si layer thickness. The in situ NR experiments confirm the
results obtained by ex situ SIMS experiments*' that Li transport
through thin Si layers is strongly dependent on the Si layer
thickness and is consequently controlled by the Li permeation/
diffusion process in the Si layers and not by the transport of Li
through the LiNbO;/Si interface. This shows that the LiNbO;/Si
interface is not an obstacle for the Li transport process. Further
elaboration presented in Section S7 of the ESIt confirms this
finding. However, the contact of pure Si material to a solid-state
Li reservoir (such as a solid-state Li electrolyte) is in a real LIB
present only at the very first operation sequence, i.e., at the start
of the first Si electrode lithiation cycle. For most of the LIB
operation time, the solid-state Li electrolyte is in contact rather to
a Li,Si alloy than to pure Si material. In that case, the rate
determining step of Li transport may change to interface control.
This may happen if Li permeation through the Li,Si layer

This journal is © the Owner Societies 2019

becomes very fast. According to eqn (1), Li permeation is
enhanced by a higher Li content (Li solubility) in the inter-
mediary layer. This is the case for Li,Si. Moreover, the higher Li
content in LiSi enhances Li diffusivity.’® SIMS®® and NR’'
experiments were performed in our laboratory to determine Li
diffusivity and Li permeability in amorphous Li,Si layers. It was
found that Li permeability in Li,Si layers with a low amount of x
is close to that of pure amorphous silicon.’* Further, systematic
diffusion studies in Li,Si revealed that Li diffusivities are
significantly enhanced with increasing Li content.>® Consequently,
as a perspective, the application of the NR methodology to deter-
mine in situ the rate determining step of Li permeation through
Li,Si alloys and their interfaces to, e.g., different oxide based
solid electrolyte materials is desirable in the context of battery
applications.

The Li permeability (eqn (1)) is calculated using the molar
masses (Msi, Myinbo,), mass densities (prinvo, psi), layer

Phys. Chem. Chem. Phys., 2019, 21, 16444-16450 | 16447
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Fig. 4 (a) Time constant, t, of the Li permeation process and (b) ratio of time constant and thickness of the Li reservoir, d_LNB, at different temperatures
for the Si layer thicknesses d_Si investigated in this work.

thicknesses (drinvo,, dsi) and time constants (eqn (2)) by (see The obtained Li permeabilities are presented in Fig. 5 by full
the ESIt of ref. 26) symbols. The open symbols in Fig. 5 represent Li permeabilities
obtained ex situ by the means of SIMS depth profiling for Si

P _ 1 Msi  prinvo, _dLinbO, - dsi 3) layer thicknesses of 12, 17 and 25 nm.*' The results of the

4 Muinvos  psi T different methods are in acceptable agreement. The temperature
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(full symbols) in comparison that obtained by ex situ SIMS measurements*

dependence of Li permeabilities follows the Arrhenius law with
an enthalpy of Li permeation of about 1 eV (see Table S5 of the
ESIt) which is also in good agreement to the values obtained
ex situ from SIMS investigations.*' The ex situ SIMS experi-
ments revealed a Si layer dependence of the Li permeability
between 10 and 100 nm thickness.** Thinner Si layers show a
higher Li permeability."" This result is also reflected in the
present in situ data. The Li permeability increase for thinner
Si layers was attributed in ref. 41 to a change of the Li
diffusion mechanism from trap-limited Li diffusion in thick
Si layers to trap-free Li diffusion in thinner Si layers. A higher
Li solubility in thinner Si layers could also contribute to this
effect.*’

Before concluding, let us mention that, as described already
in the Introduction section, the knowledge of permeability is
sometimes of higher interest than solely diffusion. It takes also
into account the amount of Li which is transported during
diffusion. Other groups measured solely the Li diffusivity in
amorphous silicon.’””® In Fig. 10 of ref. 26 the Li diffusion
coefficients obtained from the study of Li permeation to that
obtained by other groups by classical diffusion experiments are
compared.

4. Conclusions

A methodology based on NR is used to determine in situ the rate
determining step of the Li permeation process through thin
silicon layers and their interfaces in contact to amorphous
LiNbO; material. Li diffusion inside the Si material is control-
ling the Li transport. The LiNbO;/Si interface is no significant
obstacle for the Li permeation process. This result obtained
from the present in situ experiments confirms the results
obtained from ex situ experiments performed destructively by
SIMS. Also the absolute size and activation enthalpy of Li
permeabilities derived by both methods are identical within
error limits.
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