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S
olid-state electrochemical processes
underpin a broad spectrum of energy
and information storage devices,

ranging from Li�ion1 and Li�air batteries,2

to solid oxide fuel cells (SOFC)3 to electrore-

sistive4 and memristive5 systems. These

functionalities are controlled by the bias-

driven diffusive and electromigration trans-

port of mobile ionic species,6�8 as well as an

intricate set of electrochemical and defect-

controlled reactions at interfaces9�12 and in

bulk.13 Multiple examples include genera-

tion, transport, and ordering of oxygen va-

cancies in memristive systems and SOFC

materials14,15 or coupled electronic and ionic

transport phenomena in batteries.1 Under-

standing and optimization of these materi-

als and devices have necessitated the devel-

opment of a broad spectrum of

electrochemical characterization tools rang-

ing from conductivity measurements to in-

tricate time- and frequency

spectroscopies.16,17 To date, the vast major-

ity of these methods are based on the de-

tection of electronic (either electrochemical

Faradaic, capacitive, or conductive) cur-

rents in time and frequency domains.

The current tendency toward the minia-

turization of energy storage and informa-

tion technology devices as well as the need

for better understanding of the fundamen-

tal mechanisms of coupling between struc-

ture and electrochemical functionality ne-

cessitates that ionic transport and interfacial

reactivity be probed on the nanoscale level

of a single nanoparticle, grain edge, or indi-

vidual structural defect. However, the exist-

ing solid-state electrochemical methods in-

variably utilize slow and large scale ion-

conducting electrodes,18,19 limiting these

studies to the �10 �m scale. This scale is
well above the characteristic size of grains
in electrode composites, extended defects
such as dislocations or antiphase bound-
aries, or active zones of nanoscale electrore-
sistive, memristive, and phase-change de-
vices. At the same time, classical (electronic)
current- and force-based scanning probe
microscopy (SPM) techniques have only lim-
ited applicability for probing mass currents
in solids, such as cation and oxygen vacancy
diffusion.20

Recently, we have developed a scan-
ning probe microscopy-based approach, re-
ferred to as electrochemical strain micros-
copy (ESM), for detecting and mapping Li-
ion currents in solids on the nanoscale.21�23

In ESM, a high frequency periodic bias is ap-
plied between the tip and an electrochemi-
cally active material surface (tip-electrode)
or between top and bottom electrodes of
an active electrochemical device (top-
electrode). The SPM tip acts as a probe of
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ABSTRACT We have developed a scanning probe microscopy approach to explore voltage-controlled ion

dynamics in ionically conductive solids and decouple transport and local electrochemical reactivity on the

nanometer scale. Electrochemical strain microscopy allows detection of bias-induced ionic motion through the

dynamic (0.1�1 MHz) local strain. Spectroscopic modes based on low-frequency (�1 Hz) voltage sweeps allow

local ion dynamics to be probed locally. The bias dependence of the hysteretic strain response accessed through

first-order reversal curve (FORC) measurements demonstrates that the process is activated at a certain critical

voltage and is linear above this voltage everywhere on the surface. This suggests that FORC spectroscopic ESM

data separates local electrochemical reaction and transport processes. The relevant parameters such as critical

voltage and effective mobility can be extracted for each location and correlated with the microstructure. The

evolution of these behaviors with the charging of the amorphous Si anode in a thin-film Li-ion battery is explored.

A broad applicability of this method to other ionically conductive systems is predicted.

KEYWORDS: scanning probe microscopy · Li-ion batteries · solid state ionics
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local periodic strains generated because of bias-
induced Li-ion redistribution and associated changes
in molar volume of the material. The intrinsically high
sensitivity of AFM to small (�2�5 pm level) oscillatory
surface displacements combined with high (10�20 nm)
lateral resolution allows Li-ion motion to be probed in
�106 smaller volumes than possible by classical
current-based electrochemical methods.24 Previously,
we have demonstrated the use of ESM for the spatially
resolved mapping of Li-ion dynamics in Si-anode mate-
rials.22 Here, we demonstrate that spectroscopic 2D
first-order reversal curve (FORC) measurements in ESM
allow voltage activated Li-ion flows to be measured lo-
cally, demonstrating that the process is activated at a
certain critical voltage and is linear above it. This obser-
vation suggests that the local electrochemical reaction
and transport processes can now be decoupled and
probed independently on the single defect level.

RESULTS AND DISCUSSION
Bias-Dependent Mapping of Li-Ion Flow. As a model sys-

tem, we have chosen an all-solid thin-film Li-ion bat-
tery test structure25 with the bottom LiCoO2 cathode,
nitrogen-doped lithium phosphate (LiPON) electrolyte,
and top Si anode, as shown schematically in Figure 1a.
Similarly to piezoresponse force microscopy of ferro-
electric capacitors,26�28 the use of the device-biasing
scheme with the bottom electrode biased suggests that
the electromechanical response detected by the tip is
generated primarily as a material response to a macro-
scopically uniform electric field within the battery de-
vice and is unrelated to electrostatic tip�surface forces.
For a conductive anode, the equality of tip and top elec-
trode potentials will ensure the absence of tip�surface
currents and hence electrochemical processes in the
tip�surface junction. The presence of a protective SiO2

layer further suppresses any direct tip�surface reactiv-
ity. For semiconducting materials with limited conduc-
tivity, the potential on the anode surface can differ from
that of the current collector (sharing common ground
with the tip), thus potentially leading to a potential
drop in the tip�surface junction. In this case, the ESM
contrast can originate due to ionic flow in the
tip�surface junction, while the electrode structure en-
ables systematic control of the average Li-ion concen-
tration in the anode.

Figure 1b shows the topography of the Si anode
measured with the AFM tip. The anode shows clear
grain boundary-like features (despite the amorphous
nature of the Si) that form due to the substrate rough-
ness. The observed topography of the amorphous Si
layer is very similar to what has been reported in litera-
ture. It was shown that cross sections of thin film amor-
phous Si structures show 30�50 nm columnar
features.29�31

Application of a bias to the battery structure in-
duces the redistribution of Li-ions by migration and dif-
fusion mechanisms driven by the changes in the elec-
trostatic potential and concentration gradients,
respectively. We will refer to the bias-induced Li redistri-
bution as Li-ion flow throughout the paper, leaving
the elucidation of exact transport mechanisms (diffu-
sion vs migration) to future studies. Owing to the strong
coupling of Li concentration and sample volume, the
change in Li concentration, c(Li), results in local strains
and hence in a surface displacement that can be locally
detected with the SPM tip. To probe the Li concentra-
tion without changing the charging state of the battery,
high-frequency (�400 kHz) AC bias with 2 Vac ampli-
tude are applied. The use of high frequencies well
above inverse diffusion times (ca. for �10 nm diffusion
length) of material results in only small changes in c(Li)
in response to bias oscillations. At the same time, peri-
odic excitation allows using the lock-in technique to de-
tect pm-range surface displacement. Here, we further
use the band excitation (BE) method32 to effectively
track surface resonances of the cantilever. The ampli-
tude of surface oscillations at the cantilever resonance
comprises the ESM signal and is a measure for the con-
centration change �c(Li) induced by the AC bias. The si-
multaneously measured resonant frequency and qual-
ity factor are a measure of the elastic properties of the
surface and surface topography and are not studied fur-
ther (note that the resonance frequencies can change
by as much as 50 kHz across the surface, as compared
to ca. 3�5 kHz resonance peak width, thus necessitat-
ing the use of BE or similar non phase locked loop based
methods33�36). The measured ESM signal scales linearly
with Vac in the 1 � 6 Vac range at 400 kHz, suggesting a
linear relationship between the driving force (the ap-
plied voltage) and the Li concentration. The quantifica-
tion of the ESM signal requires the complete analysis of
the drift-diffusion ion dynamic in the presence of a

Figure 1. (a) Schematics of the battery structure; (b) surface topogra-
phy of Si anode; (c) ESM relaxation signal after voltage pulses of in-
creasing amplitude; (d) hysteretic response for voltage spectroscopy
ESM.
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bias, and is the subject of further studies. However, the
relative changes of the ESM signal across the interface
can be interpreted as changes in the Li-ion concentra-
tion and mobility.

The ESM signal can be used to investigate Li-ion mi-
gration and diffusion in biased and unbiased structures.
For that, high voltage pulses, Vdc, are applied between
the top and bottom electrodes for short times. Typical
pulse amplitudes and times are 3�15 Vdc and 2 ms to
1 s, respectively. The short pulse lengths allow applying
high voltages without detectable damage, since Li-ion
transport and stray reaction kinetics are significantly
slower (�10s of minutes) than pulse length. The volt-
age pulse induces a change of Li-ion concentration
through electromigration and diffusion mechanisms.
When the DC bias is turned off, the redistribution of Li-
ion through diffusion takes place. These processes on
the millisecond to ten second scales can be tracked us-
ing ESM as the high-frequency electromechanical re-
sponse of the surface (i.e., ESM amplitude). The ESM sig-
nal as a function of time after application of several
voltage pulses with amplitudes from 3 to 15 Vdc with a
pulse length of 1 s are shown in Figure 1c.

The pulses with the higher amplitude result in larger
changes in Li-ion concentration over larger distances.
Correspondingly, the introduced concentration gradi-
ents, and thus the changes in the ESM signal, are higher.
Note that the relaxation time is comparable for all pulse
magnitudes/lengths, and thus is only a weak function
of total Li concentration.

To map the Li-ion flow in the anode material, we
perform spatially resolved voltage spectroscopy ESM.
In this mode, short voltage pulses (�2 ms) of increas-
ing and decreasing amplitude are applied between the
cathode and anode and the ESM signal is measured di-
rectly after each pulse (corresponds to the first mea-
surement point in Figure 1c). Typical Vdc sweep rates
are ca. 1�10 Hz. In this manner, the redistribution of Li-
ions on the time scale of the waveform (ca. 0.1�1 s) is
probed through the changes of high-frequency (�300
kHz) electromechanical activity. The result of the volt-
age spectroscopy is shown in Figure 1d. The ESM ampli-
tude response induced by the Vdc pulses shows a clear
hysteretic behavior. The origins of the observed hyster-
etic response can be simply understood from the con-
sideration of frequency-dependent Li-ion dynamics on
the length scale of the detection volume of an SPM
probe. For very high frequencies the Li ions are barely
moving, hence the response is small and the hysteresis
loop is closed. This is the frequency regime used to
probe the strain response with the BE waveform (using
Vac) that results only in minute changes of Li-ion distri-
bution through diffusion23 and electromigration mech-
anisms. With decreasing frequency the amplitude in-
creases and the hysteresis loop opens, since Li
redistribution on the length scale of probing volume is
possible (note that low frequency �1 Hz waveform re-

sults in periodic Li-ion redistribution, and the high fre-

quency BE waveforms takes the “snapshots” of Li con-

centration), but the concentration field changes with

the probing volume lag behind the field. Finally, for very

low frequencies the Li redistribution occurs on the

length scales well above the signal generation volume

of an SPM probe or local defects. In this regime, the re-

sponse saturates and the hysteresis loop closes and be-

comes S-shaped. Shown in Figure 1d are dynamic strain

loops for three different DC sweep frequencies, illustrat-

ing evolution from a low-frequency S-shape to an un-

saturated high-frequency shape, which agrees well with

theoretical expectations.22

Bias-Dependence of Hysteretic Responses. The characteris-

tic aspect of the hysteretic behavior is that the loop pa-

rameters and shape can strongly depend on the field

history. The theory of field-dependent hysteresis is well-

developed for systems having a distribution of thermo-

dynamic switching parameters, for example, Preisach-

type models.37 For electrochemically active systems, the

initiation of diffusive transport may require the driving

voltage to exceed a certain threshold value correspond-

ing to the generation of diffusing species. While this be-

havior cannot be captured by a single measurement,

systematic studies of system responses for different

field histories can often reveal underlying mecha-

nisms.38

Here, we explore the local bias-dependent Li-ion dy-

namics using voltage spectroscopy ESM. A sweep fre-

quency of 7 Hz was used and loops with increasing en-

velope voltage Vf (i.e., maximum pulse amplitude Vdc

during voltage sweep) were measured on a 70 � 70

point grid in a 1 � 1 �m2 area (14 nm pixel size) cho-

sen to include a boundary-like topography feature. The

loop opening was analyzed as a measure of the amount

of Li-ion redistributed through the voltage sweep.

Shown in Figure 2 is the hysteresis loop opening maps

as a function of bias window. Note that the relative in-

tensity of the features exhibits strong bias dependence;

for example, for a small bias window the contrast on

the grain boundaries is clearly seen, while the “hot

spots” within the grain are relatively weak. At the same

time, for higher bias windows the intensity of the grain

boundary feature as well as the hot spots becomes sig-

nificantly higher. While the exact nature of the hot spots

is not clear, they likely correspond to defects under-

neath or within the anode.

The data in Figure 2 suggests that the hysteretic

ESM response is activated only above a certain voltage

threshold, and increases monotonically (but with

position-dependent behavior) above it. This behavior

suggests a possible interpretation that the threshold

voltage indicates a transition from a reaction-limited to

a transport-controlled process. Indeed, for a typical

electrochemical reaction�diffusion system, the reac-

tion rate is related to overpotential as
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The reaction does not proceed for biases below the cor-

responding redox potential (i.e., negative overpoten-

tial). The reaction rate increases almost exponentially

(Tafel-like dependence) above the critical potential V0.

In the systems including mass-transport stage, the over-

all kinetics becomes transport-limited typically for (V �

V0) � 0.2 V.16 Note that here transport refers to both

electromigration (i.e., flow linear in electric field) and dif-

fusion (flow linear in concentration gradient)

mechanisms.

Two specific aspects of this behavior must be specif-

ically mentioned. First, the rapid (in the bias interval of

0.1�0.2 V) transition from the reaction-limited to the

transport-limited process suggests that measuring the

response as a function of varying the maximum pulse

amplitude Vf in ESM hysteresis loop measurements may

allow reaction onset and Li-ion flow to be separated,

as schematically illustrated in Figure 3. Second, we note

that the Li-ion flow is linear in the driving force, and

hence in this regime the ESM signal should depend lin-

early on the excitation bias Vf in the form of �c(Li, 0 Vdc)

� a 	 bVf. The slope a of the linear fit is directly corre-

lated to the Li-ion flow under bias, whereas the inter-

cept with the x-axis Vf,c � �a/b is the critical voltage

needed for the activation of reaction process.

In the subsequent sections, we (a) develop the ap-

proach for the spatially resolved mapping of multiple

hysteresis loops at each point over spatial grid, (b) de-

velop the multivariate analysis of the response signal
that allows the linear signal to be determined, and (c)
use these approaches to identify and separate reaction
and transport stages of bias-induced Li-ion flow.

First-Order Reversal Curves Measurements. To deconvolute
the transport and electrochemical reactivity, we intro-
duce first-order reversal curve measurements in ESM
voltage spectroscopy. In this mode, the measurements
at each location were performed as a function of bias
sweep amplitude (excitation window) at each location,
using the waveform shown in Figure 4c. Here, we refer
to this mode as W first-order reversal curves (W-FORC).
In this case, the set of hysteresis loops are obtained as a
function of excitation window at each spatial location
with perfect spatial correlation, obviating the need for
spatial alignment of maps obtained sequentially. Previ-
ously, these SPM-based FORC measurements have been
implemented for ferroelectric materials in the single-
point39 modes and spatially resolved measurements in
the tip-electrode40 and top-electrode, that is, capacitor
structures, geometries. The manuscripts (refs 39 and 40)
describe the technical aspects of acquisition, visualiza-
tion, and analysis of high-dimensional data (5D for the
full FORC-BE-SSPFM data sets, with ca. 30�40 GB data
files).

The envelope of the excitation waveform and the
2D spectrogram of the amplitude and phase response
as a function of frequency and time are shown in Fig-
ure 4 A,B. The changes in response amplitude and
phase jumps by 180° are clearly seen, similar to the be-
havior observed during polarization switching in ferro-
electric materials. At the same time, the resonance fre-
quencies (corresponding to maxima of the response)
depend on bias only weakly (variation is less than �1
kHz, as compared to �20 kHz between dissimilar loca-
tions, and �3 kHz peak width), consistent with the high
stability of the tip surface contact for oxidized Si sur-
face. The strain response loops, PR(Vdc) � A cos(
), can
be extracted by integrating the resonance amplitude
peak and are shown in Figure 4D. The resulting
response�voltage hysteretic response provides an
electromechanical analog of the cyclic voltammogram.
Note the hysteresis loop at a single selected location is
closed for Vf � 4 V, indicating that no Li-ions are mov-
ing under the applied field at a frequency of 7 Hz. As the

Figure 2. Bias dependence of the hysteresis loop opening maps. Shown are the maps at (A) 10, (B) 12, and (C) 15 V bias
windows. Note that because of the sequential image acquisition, the images are shifted with respect to each other due to mi-
croscope drift. The arrow indicates the three grain-boundary junction that serves as a common reference point.

Figure 3. (a) The schematic illustration of the Li-redistribution as a
function of maximum bias pulse Vf. In the presence of the reaction limi-
tation, the process is linear above certain threshold bias. (b) The ex-
pected change of the hysteretic response. The reaction step provides
the inflection point (“nucleation bias”) compared to the elliptic
transport-limited loops.

v ) k exp[RV - V0

V ] (1)
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maximum bias voltage increases, the strain response
loop is opening up linearly with increasing Vf.

The advantage of this approach is illustrated in Fig-
ure 5, in which the hysteresis loop opening maps (i.e.,
remanent hysteretic ESM response) are plotted as a
function of the bias window. The evolution of the con-
trast on the grain boundary feature and a selected hot
spot is clearly seen and can now be compared on a
pixel-by-pixel basis. Note that each spatial location con-
tains the full FORC BE data set similar to that shown in
Figure 4.

Multivariate Statistical Analysis and Signal Assignment. The
systematic analysis of the bias-dependence of the ESM
signal requires quantitative understanding of the signal
formation mechanisms to parametrize bias-dependent
Li flow (i.e., electrochemical activity) and relate it to a
properly chosen experimental signal (e.g., area under
the loop, remanent response, saturated response, or
other characteristic loop features).41 Ideally, such inter-
pretation is possible once a proper physical model (e.g.,
Hertzian contact for contact mechanics) is known. How-
ever, the complexity of response mechanism in ESM
(as is the case for many other SPM modes) precludes
such model-based data analysis in this case. As an alter-
native, multivariate statistical analysis methods can be
used to establish the pathway for data analysis, once
the proper hypothesis is available. Here, we assume that
transport-related (i.e., diffusion or electromigration) re-
sponse is linear in driving force above the certain criti-
cal bias, as described above, and search for the appro-
priate form of the ESM signal that best satisfies this
condition at each location on the sample surface (i.e.,
for eight FORC loops at each of the 104 locations of a
100 � 100 pixel image).

To perform this analysis systematically, we employ
principal component analysis42�44 of the 3D SP(x, y, Vf)
data arrays, where SP is the characteristic hysteresis
loop parameter (e.g., loop opening), (x,y) is coordinate,
and Vf is the bias window. The spectroscopic image of N
� M (here, N, M � 100) pixels formed by spectra con-
taining P points (here, P � 8) is represented as a super-
position of the eigenvectors wj,

where aik � ak(x, y) are position-dependent expansion
coefficients, SPi(Vj) � SP(x, y, Vf(j)) is the hysteresis loop
opening image at a selected excitation window, and Vj

� Vf(j) are the excitation windows for which hysteresis
loop openings are measured. The summation on the re-
petitive indices in eq 2 is implied. The eigenvectors
wk(Vj) and the corresponding eigenvalues k are found
from the covariance matrix, C � AAT, where A is the ma-
trix of all experimental data points Aij � SPi(Vj), that is,
the rows of A correspond to individual grid points (i �

1, ..., N · M), and columns correspond to voltage points, j
� 1, ..., P. The eigenvectors wk(Vj) are orthogonal and
are chosen such that corresponding eigenvalues are
placed in descending order, 1 � 2 � · · · . The eigen-
values and eigenvectors are determined through singu-
lar value decomposition of the A matrix.

The principal component analysis (PCA) was per-
formed on a selected region of the sample surface. For
SP � hysteresis loop opening, the spatial maps of the
first three PCA components and corresponding eigen-
vectors and eigenvalues are shown in Figure 6. The
shape of k(k) dependence (scree plot) indicates that
the first p � 3 PCA components contain 83% of the sig-
nificant information within the 3D spectral image. This
behavior is also evident from the spatially resolved
maps of the first, second, and third PCA loading compo-
nents that clearly illustrate long-range contrast and dis-
cernible spatial features, whereas the fourth and subse-
quent PCA maps are essentially random noise (note that

Figure 4. Amplitude and phase for six subsequent bias sweeps with increasing envelope voltage (signal is averaged over
20 points on a grain boundary). Examples for extracted displacement loop as a function of envelope voltage.

Figure 5. Bias dependence of the hysteresis loop opening maps ex-
tracted from loop opening maps. Unlike the data in Figure 2, the re-
sponses at different voltages are perfectly correlated spatially, allow-
ing for systematic studies of the bias-dependent response for each
location.

SPi(Vj) ) aikwk(Vj) (2)
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classical PCA selection criteria,45 based on the shape of

the scree plot only, clearly suggest that the first two

components are important and that the third is poten-

tially important). Notice that clearly visible features are

predominantly concentrated in the first and second

PCA loading maps. This strongly suggests that the vari-

ability of the hysteresis loop-opening behavior (i.e., Li-

ion dynamics) can be adequately described by only

two independent variables.

The first three eigenvectors, wk(Vj), are shown in Fig-

ure 6E. Note that the first two components are almost

linear, with the first being given by w1(Vj) � (�0.78 �

0.02) 	 (0.140 � 0.003)Vj, that is, almost direct propor-

tionality, and the second w2(Vj) � (�0.038 � 0.007) �

(0.063 � 0.001)Vj, that is, strong offset component. The

third eigenvector contains the linear dependence (al-

most similar to the second component) as well, with the

outlier in the first voltage point. Hence, this analysis

suggests that on average the individual spectra within

the 3D spectroscopic relaxation image are best repre-

sented as the linear response above a critical bias, SPi(Vj)

� a 	 bVj, as is used throughout the paper.

Furthermore, this analysis illustrates that loop open-

ing is indeed the parameter that best describes Li ion

transport, since for all other hysteresis loop descriptions

the PCA eigenvectors are not linear functions of volt-

age. Finally, note that PCA analysis is purely statistical

and does not employ any assumption regarding under-

lying physical behavior, ensuring its fidelity.

Decoupling of Reaction and Diffusion Process. The linear

form of response allows the decoupling of the critical

voltage for reaction onset, V0, and the Li-ion transport

linear in field (referred to as effective mobility), as

shown schematically in Figure 3A. To achieve this, the

hysteretic response vs voltage data at each spatial point

is fitted by the linear function, y � ax 	 b. The fitted

slope a and intercept b are shown in Figure 7 panels A

and B, respectively, demonstrating a clear linear trend

with the critical bias Vf,c generally varying between 0

and 5 V. Note that this value is close to the potential of

a Si�LiCoO2 battery. The calculated critical bias map

Vf,c � �b/a is shown in Figure 7C. The regions with

slopes close to zero (regions between the boundaries)

result in a large scatter of the fitted value for Vf,c which

is visible in the map in Figure 7C as negative values for

the critical bias. Figure 7D points out different loop

opening vs voltage curves including the linear fit for

four characteristic regions which are denoted in Figure

7C. The regions a and b (black and red) within the highly

active boundary have different slopes, but an almost

similar reaction onset voltage of �5 V. Region c (blue)

is along the less active boundary showing a linear diffu-

sion curve, meaning the intercept value is zero. Region

d (green) shows the lowest slope, indicative of low ef-

fective mobility of Li-ions.

Evolution of ESM Response during High Frequency Cycling.

The long-term observations of the ESM response dur-

ing cycling have illustrated the presence of slow dy-

namic changes, as described in the manuscript. Shown

in Figure 8A�D is the evolution of the critical bias and

mobility (slope of linear fit) as a function of the num-

ber of cycles (up to 6 � 105 sinusoidal cycles of 16 V am-

plitude at 7 Hz rate). The ESM maps (not shown here),

Figure 6. Principal component analysis of the FORC data. (A�C) Load-
ing maps corresponding to first three PCA components (the 4th and
higher maps are essentially noise-driven). (D) The scree plot and (E) the
first three eigenvectors.

Figure 7. Separation of reaction and transport phenomena. (A) Loop
opening map of strongly cycled battery (same region as shown in Fig-
ure 4A). (B) Slope a and (C) critical bias (i.e., x-axis intercept from lin-
ear fit of loop opening) as a function of maximum dc voltage Vf. (D) Ex-
ample curves with fit from four different points in different regions
from panel C.
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show the gradual evolution of contrast at “hot spots”
and grain boundaries. While in the beginning of the
process both defect types are involved in Li dynamics
equally, after cycling only strong ESM activity at grain
boundaries is visible.

The maps shown in Figure 8 were extracted from a
FORC-type measurement that contains loop opening
as a function of voltage. Correspondingly, the evolu-
tion of reaction onset bias and effective mobility with
cycling can be explored. The evolution of the critical re-
action onset voltage Vf,c after different cycle numbers
are shown in Figure 8A. While in the pristine state the
critical reaction onset is almost position independent
and centered around zero, in the cycled state it achieves
the value of �4 V in the grain-boundary regions. The
corresponding histograms are shown in Figure 8 pan-
els C and D. The histogram of slopes illustrates the for-
mation of regions with enhanced effective mobility as
well.

Hence, the high frequency cycling changes the Li-
ion behavior along the boundaries which is now a volt-
age activated process. This is directly related to the
changes in electrochemical behavior of the battery
upon Li intercalation and suggests a highly nonuni-
form distribution of Li activity within the anode
material.

SUMMARY
We demonstrate that Li-ion flow mediated cou-

pling between bias and strain allows mapping of local
mobility and electrochemical reactivity in Si anode ma-
terial in battery devices. The use of the SPM tip to detect
local strain on the oxide-passivated surface allows
highly reproducible measurements in an ambient envi-
ronment without visible changes in surface structure
even after multiple measurement cycles. The use of
complex band-excitation waveforms allows the fre-
quency regimes of Li-ion response to be decoupled, op-
timizes response�resolution relation, and effectively
utilizes cantilever resonances to achieve high-signal/
noise ratios and eliminate topographic cross-talk. While
the exact contrast formation mechanism (tip-controlled
or top electrode controlled) is still an open question,
the comparative measurements of response across the
surface provide insight into the local electrochemical
functionality and its evolution during the charging
process.

The measurements of the Si anode material illus-
trate effective spatial resolutions below 10 nm, compa-
rable with defect spacing and well below characteristic
grain sizes. The ESM maps clearly illustrate the presence
of active transport pathways at sharp grain boundaries
and the presence of multiple hot-spots associated with
(as yet unidentified) defects. The measurement of strain
response amplitude at each location as a function of ex-
citation window allows the local effective mobility and
the critical potential for the onset of electrochemical re-

action to be decoupled and correlated with morpho-
logical features. Finally, the evolution of the voltage-
dependent Li-ion flow behavior during the bias-
induced battery changes was mapped, and the re-
sponse was shown to be evolving from the nearly uni-
form to the highly localized at the grain boundary sites.

These studies hence provide previously unavailable
insight into the internal functionality of Li-ion batter-
ies, providing high-veracity, real space mapping of
transport, and electrochemical reactivity. The
frequency-, time-, and voltage spectroscopic modes of
the ESM suggest the potential for performing tradi-
tional electrochemical measurements in nanoscale vol-
umes of material. While the current studies were en-
abled by the intrinsic passive layer on Si surface,
measurements in controlled atmosphere will allow ex-
tending this approach to other energy materials, all of
which possess high c(Li)�strain coupling. Furthermore,
given that the chemical expansivity, that is, changes in
material volume as a function of the concentration of a
mobile component (metal cation, oxygen vacancies) is
a ubiquitous feature of all ionic and mixed ionic-
electronic conductors and has been demonstrated for
ceria,46 cobaltites,47�50 nikelates,51 and manganites,52

the ESM imaging and spectroscopy can be expected
to be broadly applicable for these materials as well. Re-
cent electron microscopy studies suggest that this re-
sponse can be detected locally down to the 1 nm
level.53 A comparison with ferroelectric materials54�56

suggests that these studies can be performed at the
level of single structural defects. Furthermore, the use
of media with controlled H and O activity will allow this

Figure 8. Evolution of (A) critical bias and (B) effective mobility during
cycling. Shown are maps measured with 16 V bias window (outer loop
of the W-FORC series) after 104, 3 � 104, 105, and 6 � 105 sinusoidal
cycles at 7 Hz, respectively. Histograms of (C) critical bias and (D) effec-
tive mobility extracted from W-FORC measurements. The negative
tails originate from the regions with zero response.
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approach to be established for mapping H	 and O2�

diffusivity in proton conductors and fuel-cell materials,
as well as intricate phenomena underpinning memris-
tive materials and devices.

MATERIALS AND METHODS
The rechargeable thin-film batteries obtained here con-

sisted of Si/Lipon/LiCoO2 structures on Au/Ni-coated Al2O3 sub-
strates. Before depositing the LiCoO2 cathode films, an Al sten-
cil mask was used to cover the Au/Ni-coated Al2O3 substrates and
define the cathode areas with 0.2 cm diameter. The �0.5 �m
thick LiCoO2 cathode films were fabricated on the substrates us-
ing a RF-magnetron sputtering technique at 50 W deposition
power (159 V). The films were annealed at 800 °C for 2 h in an
O2 flowing quartz tube furnace. The amorphous LiPON electro-
lytes (�1 �m thick) were deposited on the LiCoO2 films using the
same sputtering technique with 70 W (230 V). Finally, amor-
phous Si anodes of �350 nm thickness were deposited on the Li-
PON film electrolytes using a DC-magnetron sputtering
technique.

Methods. Atomic force microscopy (AFM) measurements were
performed on a commercial system (Veeco Dimension)
equipped with LabView/MatLab-based band excitation control-
ler implemented on a PXI-5122/PXI-5412 fast DAQ card. Imaging
was performed with 200�400 kHz 2 Vac band excitation signal
applied to the bottom electrode of the battery device. This bias
amplitude is chosen well within the linearity regime of the re-
sponse. The AFM tip (Nanosensors, Pt/Ir coating) and the top
electrode were grounded to minimize electrostatic signal contri-
bution and electrochemical processes at tip�surface junction.
The spectroscopic measurements were performed at �1 s/pixel
waveform with 2 ms at each step. The typical acquisition time of
the 5D FORC BE SSPFM data set formed by 100 � 100 pixel
with 150 frequency points and 13 voltage points (correspond-
ing to 26 hysteresis loops) is 40 h. The typical file size is �3 GB
for BEPS mode and �30 Gb for FORC BEPS mode.
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