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ransport of charged species in solids

directly underpins the functionality of

multiple information and energy ma-
terials and devices. These include cation,
oxygen vacancy, and proton transport in
energy storage' and conversion systems,>>
as well as in memristive and electroresistive
materials.*> Design and optimization of
cathode and anode materials and architec-
tures necessitates understanding phenomena
such as interface-enabled diffusion,®” inho-
mogeneous distribution of mobile species,?
and the role of microstructure on diffusion
and migration transport on the nanometer
scale.

This problem is particularly of interest in
the context of developing high energy den-
sity anode materials with long life times.
Materials such as Si, Sn, and Ge with high Li-
ion capacities tend to be highly susceptible
to irreversible capacity loss, partially attri-
butable to mechanical degradation and
amorphization.>'® The mechanism of Si-
anode operation was extensively studied
using Mossbauer spectroscopy,’’  X-ray
scattering,'? and first principle theory.”>'*
The evolution of strains was studied using
in situ topographic imaging of patterned
anodes by Dahn,'* establishing both func-
tionality and conditions for mechanical
stability. Furthermore, the universal rela-
tionship between strain development and
capacity was developed.'® It was realized
that the irreversible capacity loss can be
minimized if the mechanical degradation
can be reduced, and strategies to mitigate
this effect based on nanostructuring,'” com-
posite architectures,'® and binder design'®
were suggested. However, despite mul-
tiple studies, the nanoscale picture of
strain development in the Si anode and
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Local Li-ion transport in amorphous silicon is studied on the nanometer scale using time
domain electrochemical strain microscopy (ESM). A strong variability of ionic transport
controlled by the anode surface morphology is observed. The observed relaxing and
nonrelaxing response components are discussed in terms of local and global ionic transport
mechanisms, thus establishing the signal formation mechanisms in ESM. This behavior is
further correlated with local conductivity measurements. The implications of these studies for
Si-anode batteries are discussed. The universal presence of concentration—strain coupling
suggests that ESM and associated time and voltage spectroscopies can be applied to a broad
range of electrochemical systems ranging from batteries to fuel cells.
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its relationship to local microstructure and de-
gradation mechanisms is still incomplete.
This understanding will greatly benefit from
spatially resolved studies of local electro-
chemical and ionic processes within the
anode or at the anode surfaces. These stud-
ies can potentially be used to correlate local
electrochemical functionality with micro-  *Address correspondence to
structure and establish mechanisms for ~*Sr9eizeomigov.
capacity loss and fading, as well as to UG- Received for review August 16, 2011
gest strategies for materials optimization. and accepted November 4, 2011.
The classical electrochemical methods®° . .
Published online N ber 04, 2011
for probing ionic transport rely on the use of  19.1021/nn203141g
appropriate transducer electrodes that link
the electrochemical potential of ions in the  ©2011 American Chemical Society

ACR NN/
VOL.5 = NO.12 = 9682-9695 = 2011 Axﬂ\%i{\j

WWwWw.acsnano.org

9682


http://pubs.acs.org/action/showImage?doi=10.1021/nn203141g&iName=master.img-000.jpg&w=182&h=95

solid to the electrochemical potential of the electrons.
However, large characteristic impedances limit this
approach to relatively large (>1 um) electrodes. Re-
cently, we have demonstrated electrochemical strain
microscopy (ESM) as well as associated voltage and
time spectroscopies®' 3 as an approach for mapping
ion dynamics through the detection of dynamic strain
response to an applied periodic electric bias. Here, we
probe local ionic transport in Si anodes through the
direct measurements of bias-induced relaxation in the
time domain.* The image formation mechanism in
ESM time spectroscopy is established using a combi-
nation of analytical theory and numerical COMSOL
modeling. This approach is used to explore time-
dependent phenomena in an amorphous Si anode
incorporated into a functional battery structure and
their evolution with charging.

Electrochemical Strain Spectroscopy. Traditional ap-
proaches for probing ionic transport in electrochemical
systems are based on the detection of frequency-
dependent electronic current induced by the applica-
tion of voltage to the system through macroscopic or
mesoscopic>> %’ electrodes. This approach is used in a
broad spectrum of time, frequency, and voltage spec-
troscopies including potential and galvanostatic inter-
mittent titration techniques (PITT and GITT),2%%%~3!
time-relaxation methods, and electrochemical impe-
dance spectroscopy (EIS).3? Additional specificity can
be achieved through the use of selective (reversible vs
ion-blocking) electrodes. However, the detection of
Faradaic currents limits the measurements to relatively
large (>1 um) systems as limited by the associated
impedances.

An alternative to Faradaic current detection is to
detect electrochemical strains induced by chemical
(e.g., dilatometry)® or electrical stimulus. In particular, the
latter approach can be readily scaled to the nanometer
level since electric fields can be concentrated to a small
volume of material and dynamic strains can be mea-
sured at the ~3—10 pm level. This approach is well-
established for piezoelectric materials (piezoresponse
force microscopy)**** and has recently been extended
to electrochemical systems giving rise to electroche-
mical strain microscopy and spectroscopy.®

To illustrate the detection limits of strain versus
current detection, we note that the ~pA currents
correspond to ~10” e /s flow. In the region of interest
for electrochemical measurements, the total data ac-
cumulation time is commensurate with the diffusion
times and is on the order of seconds for diffusion
lengths in the ~10 nm regime (and significantly larger
for micrometer scales). This simple estimate suggests
that Faradaic current detection is limited to ~10” ions
for ~10 nm scale and rapidly increases for larger length
scales. In comparison, the detection limits for strain
detection can be estimated from the typical values of
Vegard strain tensor defining chemical expansivity of a
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material. For typical material such as Li;_,CoO,, the
lattice parameter change in x from 0 to 0.5 is ~40 pm.3°
Given (experimentally determined) AFM sensitivity of
2—4 pm for dynamic detection, Li-state change by just
10% can be measured on the single unit cell level. Note
that the detection limits of SPM in static and dynamic
regimes are extensively discussed.>” *° The lateral size
of signal generation volume can be either estimated
from Hertzian contact mechanics (~3—5 nm) or estab-
lished self-consistently from experimental observa-
tions (below 10 nm for Si studied here). This simple
analysis suggests that 10°—10° ions can be detected
assuming that strong coupling between tip bias and
ion concentration is established.

Application of a bias pulse to a localized (tip—
surface contact radius is typically 3—20 nm) SPM
tip in contact with a material surface (tip electrode
ESM) or the electrochemical device structure (top
electrode ESM) results in an electrochemical reaction
in the tip—surface junction and redistribution of mo-
bile ions by migration (field-driven) and diffusion
(concentration-driven) mechanisms. For migration,
the ionic flow is directly proportional to the electric
field established in the materials. For diffusion, inter-
facial reactions at the tip—surface junction and internal
interfaces driven by local electric fields generate an
excess concentration of mobile ions that subsequently
evolve according to the generalized Fick's law. If the
system is biased, both transport mechanisms, migra-
tion and diffusion, operate simultaneously. As the
electric field turned off, the condition of local electro-
neutrality leads to the classic ambipolar diffusion
transport. In all cases, the local strains resulting from
the changes in ion concentration will result in vertical
and lateral surface displacements that can be detected
by the SPM tip.

The natural limitation of direct measurements of
the strain-bias curve (i.e., local strain analog of char-
ge—discharge measurements) by SPM s the significant
times associated with ionic transport and relatively low
sensitivity of SPM to slow (static) deformations as
limited by 1/f noise. For example, the diffusion length
of 3—30 nm (i.e., comparable to typical tip—surface
contact) corresponds to diffusion times of the order of
~0.01—1 s (1—100 Hz) for diffusion coefficients of the
order of 107 "> m?/s. While feasible, these static mea-
surements by SPM suffer from 1/f noise. Furthermore,
multiple charge—discharge cycles may lead to rapid
surface degradation common for electrochemical sys-
tems. Correspondingly, ESM measurements are per-
formed in the differential detection mode when the
slow (0.1—10 Hz) voltage sweep inducing electroche-
mical process is additionally modulated by a high-
frequency (0.1—1 MHz) signal, and the periodic re-
sponse amplitude and phase are detected as the ESM
signal. Note that in a nonhysteretic system the use of a
differential detection scheme measures the derivative
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Figure 1. (A) SEM cross section image of the a-Si/LiPON/LiCoO, thin-film heterostructure. (B) Topography of the a-Si anode
measured by AFM showing grain-like and grain-boundary-like features induced by the substrate.

of the response, providing the advantage of a signifi-
cantly increased signal-to-noise ratio. For hysteretic
systems, the relationship between the differential re-
sponse and the signal is more complex but can be
readily analyzed for known or postulated physical
models 3>4142

Time Domain ESM of a Si Anode. Here, we discuss the
ESM approach for the direct measurement of the in-
field (migration + diffusion) and off-field (diffusion)
transport in solids using the differential detection
mode combining a low-frequency pulse train with a
superimposed high-frequency detection signal and
elucidate the associated signal formation mechanisms.
Specifically, we aim to establish whether the detected
electrochemical strain is due to the local microstruc-
ture-related variability in diffusion fluxes or local elec-
trochemical response at the tip—surface junction due
to a local potential drop induced by finite conductivity
of the Si anode. Subsequently, we aim to establish the
evolution of the ESM signals with the state of the
charge state of the anode.

As a model system, we have chosen an amorphous
Si/LIPON/LiCoO, (film thicknesses of 320, 1070, and
530 nm, respectively) heterostructure*® grown by radio
frequency sputtering on Al,Os substrates. A SEM image
of the cross section of this thin-film battery is shown in
Figure 1A. It has been found that the surface rough-
ness of the Al,Os substrate is transferred throughout
the layered battery, resulting in topographic dips on
the surface reminiscent of the grain boundaries in the
amorphous Si anode, as shown in Figure 1B. In the
following, we refer to these as boundary-like or grain-
like features. Note that significant sharpness of the GB-
like feature suggests that there are changes in material
structure. However, given the lack of long-range crys-
talline order, these cannot be considered to be classical
grain boundaries. Similar surface characteristics have
been reported previously for a-Si layers on rough
substrates (columnar growth).**~*” Electrical bias was
applied between the bottom current collector and the
(nominally) grounded top anode, and the grounded
conductive tip was used as a strain sensor. The pre-
paration and structure of these devices is described in
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detail in refs 21 and 22. These structures offer a
convenient model system that allows both high-reso-
lution studies of Li-ion dynamics by SPM and tuning of
the Si anode state through lithiation and cycling.

All measurements have been conducted on a
Nanoman V (Bruker, Santa Barbara, CA) microscope
equipped with a custom-developed Matlab/LabView
data acquisition and control system. The top electrode
and the tip (PPP-EFM, Nanosensors) are grounded, and
the dc/ac bias has been applied through the current
collector to the bottom electrode. The measurements
are performed at room temperature in an ambient
environment; that is, a water droplet is always present
at the junction of the tip and the sample. Under these
conditions, the water droplet can act as an electrolyte
and irreversible extraction of Li through the top anode
surface and subsequent reaction with ambient H,0
and CO, with formation of carbonates and hydroxides
is possible. However, these processes are associated
with irreversible changes of surface topography and
formation of product particles. The latter can be de-
tected by topographic imaging with nanometer reso-
lution and are not observed in the present study (note
that applications of high amplitude, >15—20V, voltage
pulses result in irreversible surface deformation due to
nano-oxidation). The humidity effects on the Si nano-
oxidation are well-recognized.”® However, the latter
will be observed as irreversible changes of surface
topography. We further note that formation of a water
droplet in the tip—surface junction can affect the
distribution of ac and dc electric field in the tip—sur-
face junction.***° However, the experimentally mea-
sured sharpness of surface features in ESM maps
suggests that there is no significant broadening of
resultant potential distributions. Finally, ESM imaging
and spectroscopy is complemented using classical
conductive AFM probing electronic currents through
tip—surface junction, previously extensively applied
for electrochemical systems.>' >

The use of differential detection in dynamic SPM
allows significant enhancement of the signal-to-noise
ratio. Additionally, to amplify weak surface displace-

ments using cantilever resonances,*'”> ESM s

VOL.5 = NO.12 = 9682-9695 = 2011 A@ij )

N\

WWww.acsnhano.org

9684


http://pubs.acs.org/action/showImage?doi=10.1021/nn203141g&iName=master.img-001.jpg&w=300&h=128

A 0] ' i ; i s ' -3
=21 Aog. 4 _
E 3
g -6 15 <
% -8 ——Voltage AA @

S -10{ _._gsm 16

-124 o

0 200 400 600 800 1000 1200 1400 1600
Time [ms]

B 0 -4
16 —
-5 ;
= ls &
S -10 s
B -10®0
S 15 &

= 12

-204 . - - ; . : - v . . y
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Time [ms]

Figure 2. Experimentally observed time-dependent ESM signal after application of bias pulses of (A) varying amplitude and
(B) lengths. Note the strong time dependence of local ESM signal reflecting relaxation of bias-induced Li-ion concentration
disturbance. Strong relaxation is observed only at selected locations on the Si anode surface typically corresponding to grain-

boundary-like features.

implemented in the band excitation (BE) mode,*® in
which the electrical excitation signal is digitally synthe-
sized to have a uniform amplitude in a predefined
frequency range. The range is chosen to be broad
enough to contain the resonant frequencies of the
cantilever at all locations on the sample surface. This
approach allows the effects due to the variation of
contact resonance frequency due to (topographically
non-uniform) sample surfaces to be obviated and does
not require (potentially unstable) frequency feedback.

Here, we use a BE bandwidth of 60 kHz centered at
430 kHz for a resonance peak width of 3—5 kHz. The
variations of resonance frequency due to surface
roughness and the large-scale changes due to grain
structure and large-scale topographic gradients are on
the order of 30 kHz. Note that the strong variability of
the contact resonance frequency and lack of definitive
relationship between the phase of driving voltage and
response necessitates the use of band excitation (BE) or
equivalent broad-band acquisition®”*® or amplitude-
based feedback methods®® and obviates the use of
standard phase-locked loop-based frequency tracking
methods. The data analysis in BE and conversion of the
measured 4D response versus time, frequency, and
position data sets as applied for ferroelectric materials
is discussed in detail elsewhere 5%¢’

Notably, at the high measurement frequencies (430
kHz compared to ~1—100 Hz inverse Li diffusion
times), the bias-induced Li mobility is likely to include
both diffusion and migration contributions since the
electric field may penetrate the semiconducting an-
ode. We verify that the electromechanical response
linearly depends on the amplitude V. of the BE signal
up to driving voltages of ~7 V,. (Figure 3A). The

JESSE ET AL.

linearity for small biases ensures the fidelity of the
high-frequency (~400 kHz) detection method em-
ployed here and suggests that it can be used as a
measure of Li activity in the material.

To address the Li-ion transport kinetics directly, we
perform differential strain measurements,* reminis-
cent of classical potentiostatic intermittent titration
technique (PITT).%° A short bias pulse of a predefined
amplitude and duration is applied to the system,
resulting in the redistribution of the mobile ions.
Following the pulse, the ESM response is probed as a
function of time at zero bias. Given the limitation of BE
detection, the lower limit for detection times is ~0.3
ms, whereas the top limit is defined by the stability of
the system and can be as large as ~100 s for single
point measurements and ~0.3—1 s for spatially re-
solved mapping (as limited by the total acquisition
times for a 100 x 100 pixel image). Notably, this
interval of probing times is ideally suited for probing
ionic diffusion, with characteristic diffusion times for
volumes typically probed by ESM on the order of
0.1—10 s. The typical relaxation of an electromechani-
cal signal for different voltage amplitude and length is
shown in Figure 2, providing the time dynamics of bias-
induced ionic motion with a stationary tip placed at
one of the boundary-like features. The increase in the
ESM signal is a measure of the bias-induced Li-ion
concentration change in the probed volume. It can be
seen that the ESM signal relaxes to a constant value
within 500 ms, whereas the constant value changes as
a function of the voltage pulse amplitude. Phenomen-
ologically, the relaxation curves can be described by
the offset Ao, the relaxation amplitude AA, and the
relaxation time 7, as illustrated in Figure 2A.
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The effect of pulse duration for a constant pulse
amplitude of —18 V and pulse amplitude for constant
duration of 1 s on the measured time-dependent ESM
response is shown in Figure 3B,C for a tip placed at one
of the grain-boundary-like features. The longer pulse
duration or higher pulse voltages result in a stronger Li
redistribution as detected by high-frequency strain
response. When the pulse length is fixed at 1 s and
the pulse amplitude is varied (Figure 3C), a minimum of
—4V has to be applied in order to significantly change
the Li concentration and thus induce the nonzero
strain response of the battery, in agreement with
previous voltage spectroscopy studies.?” The depen-
dence of the induced change in strain response on
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Figure 3. (A) Relationship between ESM amplitude and
applied V, illustrating linearity of the response. (B) ESM
amplitude relaxation as a function of pulse time for a
constant pulse amplitude of —18 V. (C) Amplitude relaxa-
tion as a function of pulse magnitude for a constant pulse
length of 1 s. (D) Dependence of relaxation amplitude as a
function of pulse length and amplitude.

pulse length is approximately logarithmic in time and
linear in pulse magnitude, as shown in Figure 3D. While
we defer the detailed analysis to the future, it should be
noted that similar behavior is observed for other SPM-
based relaxation phenomena in disordered systems
such as ferroelectric relaxors.®?~%”

Qualitative Time Domain ESM Mapping. To determine
spatial variability of transport behavior across the sur-
face and correlate it with microstructure, ESM relaxa-
tion is measured at each spatial location over a dense
square grid of 100 x 100 spatial locations. The resulting
4D data array is analyzed to extract the time depen-
dence of the ESM signal at each spatial location.®®¢’
The resulting 3D ESM time-coordinate array can be
analyzed using direct functional fit®*®® or multivariate
statistical methods®®®° to yield 2D spatial maps of
position-dependent relaxation behavior, as discussed
below. During the experiment, the sequence of two
positive and two negative pulses is used, in order to (a)
establish the reproducibility between first and second
and third and fourth pulses (i = 1, 2, 3, 4) at a single
location and (b) minimize the changes of the charge
state of the electrochemical device inevitable under
unipolar cycling. The probing bias sequence and the
corresponding time-dependent ESM response for a
grain interior and a grain-boundary-like location are
shown in Figure 4A.

The data in Figure 4A illustrate the qualitative
aspects of ESM relaxation dynamics on the Si-anode
surface. Note that the offset (i.e., static) ESM signal is
almost zero in the center of grain-like features and
shows clear anomalies at the grain-boundary-like fea-
tures. This observation suggests that in the “grains” the
bias-induced changes in Li concentration are reversible
and the state of the sample is the same before and after
the pulses. In this case, the relaxation amplitudes are
low, as well. In the regions of high signal increase after
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Figure 4. (A) Bipolar bias sequence and the corresponding time-dependent ESM response for a grain-like and grain-
boundary-like location. (B) Surface deflection signal. (C) Map of difference in offset A,. (D) Map of difference in relaxation
amplitude AA between the first and second voltage pulse. Scan size is 1 um.
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the voltage pulses at the boundary-like features, the
induced changes have a reversible (time-dependent)
and irreversible (time-independent) contribution. Both
depend on the polarity of the voltage pulse (compare
i=1andi=2inFigure 4A). The negative voltage pulses
applied to the bottom current collector induce a larger
offset and relaxation amplitude than positive voltages.
This is shown in Figure 4C,D, where the differences
in offset and relaxation amplitude between the first
and second voltage pulse are displayed for a spatially
resolved measurement in the area shown in Figure 4B.
The maps for first and third pulse, i = 1, 3, and second
and fourth pulse, i = 1, 4, are virtually identical. This
behavior can be expected since the overall number of
measurement pulses is large (~2 x 10* per scan), and
hence, cyclostationary behavior is established. Note
that the ESM images show clear contrast varying on the
~10 nm length scale, indicative of the high spatial
resolution of the method.

Finally, we briefly address the possible role of
topographic cross-talk (i.e., coupling between mea-
sured signal and surface topography) on the ESM
signal. The primary sources of cross-talk are the
changes in the effective tip—surface contact area and
local slope. The latter will result in the changes in
direction of the forces acting on the tip (proportional
to the sin of the local slope).”® The former can both
couple to the signal strength (direct topographic
cross-talk, very common, e.g., to SPM-based nanome-
chanical measurements such as atomic force acoustic
microscopy)’'~’® or change contact resonant fre-
quency leading to the spurious changes in signal for
imaging frequencies close to resonant (indirect cross-
talk).”* We note that direct cross-talk is expected to be
small for ESM, due to the fact that, for contact imaging,
changes in contact area are relatively small and the
signal is expected to scale as or slower than the first
power of contact area (in fact, it is independent of
contact area for a diffusionally coupled tip).*' Second,
the use of the band excitation method®® obviates
indirect topographic cross-talk. Furthermore, the BE
resonant frequency image (not shown) illustrates gra-
dual strong changes of the resonance frequency within
the grains and jumps at the grain boundaries
(apparently due to changes in local slope), significantly
different from ESM contrast. Lastly, all forms of topo-
graphic cross-talk are generally conservative and are
not expected to affect time- or voltage-dependent
responses.

Principal Component Analysis of Relaxation Data. A straight-
forward approach for the analysis of the ESM relax-
ation data over the spatial grid, that is, 3D data set of
A(xy,t), can be achieved using the functional fitting
approach. In this, the individual spectra are fitted by
an appropriately chosen function, and then the resul-
tant fitting parameters are displayed as spatial maps.
However, this approach is limited by the fact that
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the functional form of the relaxation law in ESM and
its link to local electrochemical functionality is a priori
unknown, and the relatively high noise level inevitable
in an SPM experiment precludes phenomenological
search for a fitting function. The averaging of relax-
ation curves over dissimilar locations, such as anal-
ysis of A (t) = (Alxyt)xy, cannot elucidate the
single point relaxation law. As an example, averaging
of multiple exponential decays with predefined
(spatially dependent) relaxation time distributions
can yield stretched exponent and logarithmic relaxa-
tion laws.””

To avoid these problems, explore the spatial varia-
bility of the relaxation behavior, and its relationship to
the microstructure, and establish the veracity of fitting
approach, we analyze spectroscopic ESM data using
principal component analysis (PCA).°*”®77 Previously,
this approach was used for the analysis of data in the
bias dependence of ESM hysteresis opening,®' ESM
spectroscopy,?® and time domain relaxation in disor-
dered ferroelectrics®® and electrochemical systems.?*
In analyzing the PCA results, we note the presence of
spatial correlations in the loading maps, suggesting
that the corresponding component is significant and
represents the intrinsic system response. PCA analysis
of the relaxation data (a) suggests the presence of
strongly correlated response features associated with
the grain boundaries and (b) suggests that spatial
variability of the relaxation behavior can be adequately
described by three independent components, im-
posing the limits on functional fit analysis (e.g., fit
by a function with more than three free parameters
can lead to interdependent images). Given the qua-
litative similarity between PCA loading maps and the
fitting function analysis, the former are not shown.
However, we note that the presence of these correla-
tions is an instrumental first step in data analysis
establishing veracity and spatial variability of relaxa-
tion responses from purely statistical analysis without
a priori assumptions about the underlying response
mechanisms.

Quantitative Time Domain ESM Mapping. Analysis of the
time-resolved ESM data of the Si-anode device neces-
sitates the development of mathematical models for
relaxation behavior based on physical mechanisms (as
opposed to phenomenological function fits, e.g., ex-
ponential fit reported earlier).>* Here, we consider two
possible contrast mechanisms. In the “top electrode”
model, application of the electric bias between cath-
ode and anode generates Li-ion flux between the two.
The changes in Li-ion concentration inside the anode
due to ion transfer across the electrolyte—anode
boundary result in inhomogeneous strains in the an-
ode. The latter results in non-uniform strains, which are
detected by the SPM tip as the vertical and lateral
displacements of the top anode surface. In the “tip
electrode” model, the finite conductivity of the Si
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Figure 5. Sigrains layout consisting of the active regions with irregular shape: “grains” (A,B) cross section of the approximate
model system consisting of the identical columnar grains of width 2R and effective height h. (C) Lateral distribution of the
concentration amplitude C(x) calculated (in the first approximation!) for R/h = 5, d/h = 0.5, z = 0, and different ratio values of
the diffusion coefficients D,/Dg (numbers near the curves). (D,E) Temporal evolution of surface concentration (z = 0) in linear
scale (D) and its relaxation in semilogarithmic scale (E) calculated for R/h = 5, d/h = 0.5. D,/Dg = 0.2, diffusion time 74 = hZ/Dg,

and rectangular pulse duration 7, = 74.

anode results in a measurable potential drop between
the (nominally grounded) anode and (grounded) con-
ductive SPM tip. The local potential drop at the
tip—surface junction results in Li-ion motion and hence
local strain. We note that in both cases the slow
evolution of Li-ion activity with the charge state of
the device is the result of Li-ion transfer from cathode
to anode, and hence evolution of the ESM image
contrast with time reflects changes in the position-
dependent electrochemical functionality of the device.
In the following section, the possible influence of a
water layer on the Si surface or water droplet around
the tip due to measurements in ambient on the electric
field distribution is assumed to be trivial and results
solely in a change of the effective tip size.

Global ESM Mechanisms. To analyze the feasibility of
highly localized ESM contrast in the top electrode case,
we consider the role of lateral inhomogeneity of
material on the strain distribution for the diffusion-
controlled case.*" Here, the application of the electric
bias across the battery structure results in the transfer
of Li ions across the electrolyte—anode interface and
its subsequent (non-uniform) diffusion into the anode.
In this case, the electric field within the anode is
assumed to be sufficiently small due to the high carrier
concentration, similar to the assumption typically em-
ployed for strain analysis in electrochemically active
nanoparticles.>*’88 The observed ESM contrast in
this case is due to the difference of the diffusivity D of
the grain-boundary-like region (GB), Dy, and grains, D,.
For the model system shown in Figure 5A,B, we derived
the analytical solution of the 2D ambipolar diffusion

JESSE ET AL.

equation

32
ax3

) 92
—0Cx,t) = D| —
ot o0 <3x12+

52
+ —2> oCx t) (1)
26

describing the evolution of Li concentration C(x,t). The
effective coefficient of ambipolar diffusion, D = (D,u. +
Dcua)/(uc + wa), is independent of concentration in our
approximation. D, values are the anion and cation
diffusion coefficients, which we suppose are indepen-
dent of concentrations, u, . (their mobilities). Note that
electrostatic potential does not contribute to the equa-
tion in the case of ambipolar diffusion.

The initial condition for eq 1 is C(x,t)|;<o = 0, and the
boundary conditions are 9C(xt)/0z|,-o = O at the Li-ion-
blocking/ambient interface z = 0 and C(xt)|=, = Co(t) ~
Vo(t) at the Li-ion-conducting Si/Lipon interface z = h.
Here, V(1) is the time-dependent potential applied to the
system that provides the driving force for Li-ion redis-
tribution (assumed to be uniform in the anode and
decreasing across the electrolyte in a usual fashion). Note
that the latter condition contains the only relevant in-
homogeneity of the problem, namely, the fixed concen-
tration, Cy(t), that does not contradict initial conditions.

The structure shown in Figure 5A is a typical 3D
columnar structure with irregular grain shape in {x,y}
cross section and homogeneous material properties in
the z-direction. Here, we treat the problem approxi-
mately as a 2D problem in the periodic regular 1D
approximation, as shown in Figure 5B (the system is
assumed to be uniform along the y-axis). For the
simplified periodic geometry of the grain structure
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shown in Figure 5B, eq 1 can be rewritten as

9 3?92
—CXt) =Dy | — +— |Cx ¢
T (% t) g(ax2+azz> (x, 1)

at n(R+ 2d)<|x| <R+ n(R+ 2d) (2a)
3 &
at C(x, t) = Dy <67+8?> C(x 1)
at n(R+2d) +R=|x| < (n+ 1)(R+2d) (2b)

where number n =0, 1, 2,... The parameters 2R and 2d
are the grain and grain boundary region widths, re-
spectively, h is the effective height of columnar Si
grains.

Using the symmetry consideration, we seek the
solution in the domain from x = 0 to x = R + d
representing “half” of the system, with the additional
boundary conditions of the flux absence at grain
and intergrain center planes (ie, at x = 0 and
x=R+d):

dC(x, z,t) aC(x,z t)
—lx=0 =0

ax T here =0 0

The conditions for concentration and flux continu-
ity are

C(R —0,zt) = C(R+0,z1) (4)
aC(x, z, t) aC(x, z t)
Dyg T‘x:kfo = Dy a—x|x:R+0 (5)

For rectangular voltage pulse of width 7, and
amplitude Vj, the concentration C(x,t) at the top sur-
face was derived in the Supporting Information and
illustrated in Figure 5C—E. For times t > 1, the
spatial—temporal distribution of the concentration
profile is determined by the series

i 2
Cx, 2, t>70) ~ Co Y fom(X)cOs <% n

—1
Z> exp( — Am(t —170))

(6)

The system relaxation is governed by the set of relaxa-
tion times

7

4~ (720 =1\ dDy +RD
" A\h 2 d+R

If the convergence of series eq 6 is sufficient to cut the
series at the second term, the concentration decreases
with the same relaxation time in all parts of the system,
while the relative concentration at the given moment
of time is coordinate-dependent.

To verify the analytical model, eqs 6 and 7, and to
get more insight into the temporal evolution of the
concentration in the system, we performed finite ele-
ment modeling (FEM) of the two-dimensional problem
sketched in Figure 5B and formulated in eqs 2—5 with
the following set of parameters: h = 300 nm, Dy = 3 x
1072 m?/s, D, = 0.6 x 107" m%/s (i.e, Dp/Dg = 0.2),
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2R=3000 nm, 2d =300 nm (R/h=5,d/h =0.5),and pulse
duration 75 = 30 ms. The simulations were performed
using COMSOL v4.1 multiphysics FEM package. Figure
6a shows resulting maps of concentration distribution
at different times after the application of bias pulse,
and Figure 6b illustrates behavior similar to that
in Figure 5D, demonstrating an excellent agreement
between analytical and numerical results. Figure 6c
displays average concentrations in grain and intergrain
domains as functions of time to emphasize the
difference in relaxation times of the domains with
different diffusion coefficients. The inset illustrates that
the lateral distribution of concentration along the
upper surface can be transiently nonmonotonic away
from the intergrain domain with sharp peaks and
valleys.

Note that even a relatively small mismatch be-
tween the diffusion coefficients Dy and Dy, can lead
to retardation and apparent accumulation of Li in the
GB if the diffusion coefficient there is lower. This
behavior can be understood from the time depen-
dence of Li concentration shown in Figures 5D,E and
6a. In the on-field stage, the Li concentration atz=0 s
larger in the grains, but due to the lateral flow between
the grain and intergrain area, the concentrations
remain comparable. In the off-field stage, Li diffuses
slower from the intergrain region, resulting in a higher
apparent concentration. Note that the concentration
in the middle of the intergrain region is still increasing
after the voltage pulse until the concentration in the
grain sufficiently drops to establish a concentration
gradient corresponding to outflow of the Li from the
intergrain domain. The crossover between these re-
gimes is given by lateral diffusion time 74 = hz/Dg.
Remarkably, even small differences in diffusivity be-
tween the grain boundaries and grain bulk will resultin
strong transient spatial localization of the Li-ion profile
at the GBs.

Experimental data presented in Figure 4A suggest
that the Li diffusion time has to be 74G ~ 30 ms inside
the active grain and 74°® ~ 100 ms for GB, defined as
the time when 90% of the measured relaxation is
complete. The corresponding diffusion coefficient be-
comes D® = h*/t4 =3 x 10> m?/s inside the grain
and DgGB =0.9 x 1072 m%s at the grain boundary for
the Si film thickness h = 300 nm used in experiments.
However, the values are much higher than the value D
=10""°m?/s reported for Si by Ding et al.®' Hence, we
conclude that, while the global model can explain the
observed Li-ion behavior assuming high Li mobility in
the grains and low mobility in the grain boundaries, the
required diffusion coefficients are well above those
expected for this material. Therefore, we conclude that
the global signal generating mechanism is not sup-
ported by the experimental data; while a qualitative
picture can be reproduced, the numerical values of
parameters are several orders of magnitude larger than
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Figure 6. (a) Sequence color-coded 2D maps of the concentration distribution in the model of Figure 5B at different time
moments indicated at the left edge of each map. The maps were obtained with FEM simulations for R/h = 5, d/h = 0.5 (see text
for details). The left edge of the maps corresponds to x = 0 in Figure 5B. (b) Same as Figure 5D, but obtained with FEM
simulations. (c) Average concentrations in grain and intergrain domains as functions of time. Inset shows lateral distribution
of the concentration amplitude C(x) for z = 0, similar to Figure 5C, for the case Dp/Dy = 0.2 at a time t = 38 ms, i.e., close to the

crossover point.

expected. Furthermore, such high Li mobility would
imply very rapid charge—discharge rates for the device
that are not experimentally observed.?

We further note that additional contribution to
observed Li-ion dynamics in the global case can be
the migration transport due to the non-uniform elec-
tric field at microstructural elements such as GBs. In this
case, the electric fields within the anode are highly
inhomogeneous and non-negligible due to the limited
conductivity of the Si, inducing the ionic flow in the
field on-state and leading to preferential increase of Li
concentration in grain boundary regions. In the off-
state, the relaxation is controlled by ambipolar diffu-
sion. In this case, the general estimate of the diffusion
times can still be obtained from observed relaxation
curves. However, the upper boundary of diffusion
length is estimated as an observed grain boundary
width in the ESM image of the order of ~10 nm,
leading to diffusion coefficients on the order of the
value Dg = 10~ "> m?/s, close to bulk values. However,
such lateral motion of Li in the material would be
expected to lead to significant changes of the contrast
outside of the GB region, which is not observed in the
present case.

Local ESM Mechanisms. An alternative explanation for
the observed phenomenais the ESM response induced
by the non-uniform electric field at the tip—surface
junction. This is possible if the electric field in the anode

JESSE ET AL.

is non-negligible due to the finite conductivity of the Si,
inducing a potential drop in the tip—surface junction
and hence ionic flow. While the description of the ESM
signal for the case of diffusion—migration transport is
not yet available, some insight into this behavior can
be obtained from the pure diffusion case considered
previously.>® Similarly to the global case, evolution
of the Li-ion concentration field is described by
the ambipolar diffusion, eq 1, where D is now (con-
centration-independent) local diffusion coefficient.
The localization of the field on the tip—surface junction
allows one to define trivial boundary conditions as
OC(X7,X2,X3 — oo,t) — 0 and O0C(x,0) = 0. The strain
response of material was derived® for the general
third kind boundary conditions:®?

=2 5C00,%,0,1) — 0CK, X2, 0, )
8x3

= — Vo(X1,X2, t) (8)

This defines the relationship between applied bias and
concentration/flux at the tip—surface junction. Here
Vo(x1.x2,t) is the electrostatic potential distribution at
the tip electrode x3 = 0. This boundary condition
reduces to the case of either fixed concentration or
fixed ionic flux at phenomenological exchange coeffi-
cient A =0 or 7 = 0, correspondingly.

The solutions were derived for the time response of
the tip following the application of a rectangular
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voltage pulse, Vy(t) = V4(0(t) — O(t — tp)), with pulse
duration t, (0(t) is the Heaviside step function). For
the fixed concentration scenario, A = 0, in which the
voltage pulse is equivalent to the concentration pulse
at the junction, the response was obtained as

w0t <t)~ —(1+v) 4ﬁvﬂ\/§ (9a)
nm
2
u3(0, >tg) = — (1+v) Motg/z (9b)
6n\ Dt

The response amplitude increases with ty as u3(0,tg) ~
(to)'? and decay when the pulse is off according to the
power law us(0,t > t;) ~ t~>2. Here R, is tip—surface
contact radius,  is Vegard expansion coefficient, and v
is Poisson ratio of the material.

For the fixed flux scenario, = 0, in which bias pulse
is equivalent to the fixed ionic flux at the junction, the
response increase with the bias pulse duration is
logarithmic

R2 8Dt
us(0,t) =~ —(1+ v)ﬁvaﬁ In <1 +R§,> (10a)
at t < to, while the response decay when the bias pulse
is turned off is quasi-logarithmic

RZ
us(0,) & —(1+1)pVa==2In

R3 + 8Dt
24,

RZ+8D(t — to)> (10b)

at t > tp, and then tends to the power law us(0,t > t;) ~
e

We note that the dynamics described by eqs 10a
and 10b is very close to that obtained in Figure 3C, in
which response is linear in pulse magnitude and
logarithmic in time. To describe the experimentally
measured relaxation data, eq 10b is rewritten as

(11)

[f t
A =~ Ao+ Bn (M)

Tat+ 1

where t; is the time elapsed from the end of the pulse,
to is pulse length (defined by experimental conditions)
and 7, = Ry*/8D.

Using the formalism developed above for the local
ESM contrast, we analyze the relaxation kinetics after
the first negative pulse (i = 1). The time dynamics of the
response in each spatial point is fitted by the logarith-
mic relaxation of the form A(t) = Ao -+ AAInL(t + 7+ t,)/
(t + 7)), where A(t) is the measured ESM signal, A, is
offset, AA is relaxation amplitude, and 7 is relaxation
time.

We note that this choice of the fitting function
both follows from the analytical model and also
allows reliable separation of response into dynamic
(relaxation amplitude) and static (offset) components.
The use of phenomenological relaxation functions
(stretched exponent) can improve the fit, but the
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number of independent parameters in this case ex-
ceeds the number of significant PCA components. The
use of power law leads to very low powers, indicative
of the poor applicability of the model. Finally, logarith-
mic fit offers reasonable fit quality. However, the re-
laxation curves generally cannot be linearized in log
coordinates.

Shown in Figure 7 are the spatially resolved maps of
the Ao(xy), AAlxy), and t(xy), providing insight into
spatial variability of the relaxation behavior. The ampli-
tude and offset of the relaxation curves exhibit strong
variability across the surface, with clear maxima at the
grain-boundary-like features (Figure 7A,B) as expected.
Within the grain-like areas, the relaxation time is close to
zero due to the small ESM signals there, and in the
boundary-like regions, a relaxation time of approxi-
mately 4 ms can be extracted. Using 7, = R,>/8D and
the extracted diffusion time with an estimated tip radius
of 10 nm, the Li diffusivity can be estimated to D,°® = 3
x 107" m%/s, which is much closer to values reported in
the literature. Therefore, we conclude that the local ESM
analysis is more appropriate for the investigated sample
system compared to the global analysis which resulted
in much higher diffusivity values.

Evolution of Li Dynamics with Charge State and Conductance
Imaging. The bipolar pulse sequence described above
was used in order to establish reproducibility and
minimize the irreversible changes in the battery. How-
ever, as discussed in the previous section, irreversible
changes in the ESM signal are observed as different
offsets of the ESM signal after relaxation for positive
and negative voltage pulses. It was observed that the
ESM response after voltage pulses evolved with in-
creasing number of pulses applied to the battery,
similar to earlier studies.?"?? This behavior was also
observed in single point measurements with unipolar
pulses, as shown in the increasing offset in Figure 2.
The reason why the ESM relaxation behavior changes
as a function of cycle numbers can be explained by a
partial charging of the battery through our measure-
ment procedure; that is, the concentration of Li ions is
increased in the Si anode, which gives rise to a higher
ESM signal.

The results in Figures 2, 3,and 7 were obtained on a
sample whose relaxation signal was well developed
after approximately 2 x 10° bipolar measurement
cycles applied to the battery (with an approximate
frequency of 0.5 Hz) . Figure 8A—C shows the fitted
relaxation parameter offset, relaxation amplitude, and
relaxation time from the same area as in Figure 7 aftera
lower number of measurement cycles (2 x 10%). The
scale bars are chosen to be the same as in Figure 7 for
easier comparison of the two data sets. It is clearly
visible that the ESM relaxation is mostly uniform across
the whole area and that most of the boundary-like
features do not show an enhanced ESM signal after the
applied voltage pulse. Figure 8D—F displays the
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Figure 7. (A) Map of fitted signal offset, (B) relaxation amplitude, and (C) relaxation time for the 1 x 1 ﬂmz region on the
amorphous Si surface shown in Figure 4B after the first negative pulse (i = 1).
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Figure 8. Spatial distribution of fitted (A) offset, (B) relaxa-
tion amplitude, and (C) relaxation time for the region on the
amorphous Si surface shown in Figure 4B after the first
negative pulse (i = 1). Histograms of (D) offset, (E) relaxation
amplitude, and (F) relaxation time for pristine and aged
sample.

histograms from the relaxation map of a sample
exposed to low cycle numbers and high cycle numbers
for comparison. Note that the cycled sample has
significantly higher (in absolute value) relaxation am-
plitude and offset, illustrating the progressive increase
in electromechanical activity with Li-ion intercalation
in the anode material. Furthermore, for low cycle
number (uncharged) material, the relaxation time con-
tribution is centered at zero (and hence the averaged
behavior is dominated by the statistical errors), while
for high cycle numbers, a statistically significant peak is
observed.

The high localization of the increased relaxation
amplitude at the boundary-like features and their
evolution during the charging process can be ex-
plained by several scenarios, including (a) preferential
Li-ion localization at the boundaries, (b) different diffu-
sion coefficients/mobilities, (c) difference in conductiv-
ity and hence preferential field concentration, or (d)
difference in mechanical properties. We note that the
difference in mechanical properties is expected to be a

JESSE ET AL.

Figure 9. Deflection and cAFM image measured at 0.5 V. in
a1 x 1um area on the a-Si anode of a comparable thin-film
battery structure (different sample from the same series).

minor effect in the ESM contrast since relative motion
of the grains would produce a different response
pattern (rapid variation at the interfaces as opposed
to the maxima at the interfaces). While the Li-ion
concentration (a) cannot be accessed independently
by ESM, we note that the full length of the measure-
ments (several days) is large enough for the concentra-
tion gradients to equilibrate within the material.
Hence, we attribute the enhanced ESM signal at the
GBs to the higher mobility of the Li ions, which can be
ascribed both to higher diffusion coefficients and low
conductivity of the GB region that results in preferen-
tial Li accumulation under the field effect.

Finally, to differentiate the latter two possibilities,
shown in Figure 9 is the conductive AFM (cAFM) image
of the Si anode from the same device series. Note, the
graininess of the image and the presence of a number
of conductive spots (possibly associated with surface
roughness). However, no low-conductivity features
associated with the grain boundaries can be identified
at these imaging conditions. Correspondingly, we
attribute the observed ESM contrast to differences in
ionic mobilities/diffusivities within the grain boundary
regions.

We further note that the observed concentration of
the electrochemical strains at the GB region as directly
observed by ESM can be an origin of the Si-anode
degradation that severely limits the broad use of this
material. The conductive channels along the GBs can
act as shunts connecting the electrolyte and current
collector and precluding the bulk of the Si grain from
participating in charge—discharge process, thus con-
tributing to the irreversible capacity losses. Overall,
ESM can be an ideal tool for exploring the role of
microstructure, patterning, or surface on the function-
ality of these materials.
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SUMMARY

To summarize, we demonstrate an approach for direct
quantitative measurements and spatially resolved map-
ping of diffusion times in nanometer scale volumes,
exceeding the detection limits of classical electro-
chemical methods by 6—8 orders of magnitude. We
directly map the Li-ion dynamics in amorphous Si anode
and demonstrate its concentration in a small number
of well-localized regions associated with the grain-
boundary-like features. The comparison of observed
relaxation kinetics, dependence of response on bias
pulse parameters, and spatial resolution suggests that
the ESM signal originates at the tip—surface junction.

MATERIALS AND METHODS

The rechargeable thin-film batteries obtained here consisted
of Si/LiPON/LiCoO, structures on Au/Ni-coated Al,O5 substrates.
Before depositing the LiCoO, cathode films, an Al stencil mask
was used to cover the Au/Ni-coated Al,O5 substrates and define
the cathode areas with 0.2 cm diameter. The ~0.5 um thick
LiCoO, cathode films were fabricated on the substrates using a
RF-magnetron sputtering technique at 50 W deposition power
(159 V). The films were annealed at 800 °C for 2 h in an O,
flowing quartz tube furnace. The amorphous LiPON electrolytes
(~1 um thick) were deposited on the LiCoO, films using the
same sputtering technique with 70 W (230 V). Finally, amor-
phous Si anodes of ~350 nm thickness were deposited on the
LiPON film electrolytes using a DC-magnetron sputtering
technique.

Atomic force microscopy (AFM) measurements were
performed on a commercial system (Nanoman V, Bruker,
Santa Barbara, CA) equipped with LabView/Matlab-based
band excitation controller implemented on a PXI-5122/PXI-
5412 fast DAQ card in ambient atmosphere without any
additional humidity control. ESM was performed with
200—400 kHz 2 V, band excitation signal applied to the bottom
electrode of the battery device. This bias amplitude is chosen
well within the linearity regime of the response. The AFM
tip (PPP-EFM Nanosensors, Pt/Ir coating) and the top electrode
were grounded to minimize electrostatic signal contribution
and electrochemical processes at the tip—surface junction.
ESM time spectroscopy was performed by applying a
well-defined voltage pulse and measuring the ESM signal after-
ward as a function of time for typically 250—500 ms. Conductive
AFM images were obtained by applying 0.5 V4. to the AFM
tip during scanning and measuring the current simulta-
neously.
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