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a  b  s  t  r  a  c  t

In  this  study,  local  cyclic  changes  of  surface  topography,  phase  and  volume  of  TiO2 anode  within  an
all-solid-state  thin  film  Li-ion  battery  (TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) at  nanoscale  are  studied.  These
changes  are  caused  by reversible  bias-induced  electric  field  through  an  in  situ  scanning  probe  microscopy
(SPM)  without  external  electrochemical  attachment.  Combining  simultaneous  measurements  of phase
and amplitude  images,  high  spatially  resolved  mapping  of  “nano-spots”  related  to  Li+  distribution  can  be
eywords:
ll-solid-state thin film Li-ion battery

n situ atomic force microscopy
i-ion distribution

obtained,  providing  new  insight  into  the ionic  transport  mechanism  and  diffusion  preferred  paths  in  a real
all-solid-state  thin  film  lithium  ion  battery.  In  addition,  the  thin  film  anode  shows  reversible  topographical
changes  as  the  volume  expansion/contraction  is  related  to  the  cyclic  Li+  insertion/extraction,  which
are  analogues  to  the  charge/discharge  behavior  observed  in electrochemical  atomic  force  microscopy
(EC-AFM)  studies.  The  results  suggest  that  the  applications  of  local  reversible  biases  are  very  useful  for
modeling  the  charge/discharge  processes  of  lithium  ion  batteries.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Recently, rapid advances in micro- and nano-fabrication tech-
ologies have largely reduced the scale, the current density and
he power requirement of electronic device to extremely lower lev-
ls, driving the development of the all-solid-state thin film Li-ion
atteries which can be integrated into the electronic devices and
icro-electromechanical systems (MEMS), such as integrated cir-

uits, smart cards, implanted medical devices, and semiconductor
hips [1–3]. Since all of the electrochemical processes are con-
ned in an internal multilayer structure, all-solid-state thin film
atteries are also significant tools to investigate the electrochemi-
al mechanisms of solid electrode/electrolyte without binders and
erform in situ characterizations. To optimize the energy density
nd life time of lithium ion batteries, numerous studies have been
ocused on the electrochemical mechanisms from macroscopic to

icroscopic levels. However, due to the limitation of experimen-
al and analysis methods, microscopic mechanisms involving the
onic diffusion, charge and vacancy trapping, local phase transfor-
ation, and electrode/electrolyte interfacial phenomenon are still
ot very clear [4].  During the last two decades, scanning probe
icroscopy (SPM) technique has emerged as a powerful tool to

∗ Corresponding author. Tel.: +65 6516 6627; fax: +65 6779 1459.
E-mail address: mpezk@nus.edu.sg (K. Zeng).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.08.115
characterize multiple properties of functional materials with high
spatial resolution, such as topography, piezoelectricity, conduc-
tivity, charge distribution, and electrostatic surface potential of
ferroelectrics and semiconductors [5–8]. Recently, several groups
have applied SPM techniques to the field of energy storage system
in order to study the micro and nanoscale electrochemical func-
tionalities, such as those in lithium ion batteries [9–19]. However,
previous in situ SPM studies were mainly conducted using spe-
cial electrochemical atomic force microscopy (EC-AFM), such as
electrochemical scanning tunneling microscopy (EC-STM), electro-
chemical impedance spectroscopy (EIS), as well as newly developed
electrochemical strain microscopy (ESM) [4,9–11,17,18],  or com-
bining with the external electrochemical attachments including
electrometer or potentioastat [19–26].  In this study, we propose a
new in situ method using biased scanning probe microscopy (SPM)
without other external attachment to induce Li+ diffusion within
the all-solid-state thin film battery, while monitoring the cyclic
changes of topography, phase and volume of thin film anode. In this
work, an all-solid-state thin film Li-ion battery, which consists of
TiO2 anode, LiPON electrolyte, and LiNi1/3Co1/3Mn1/3O2 cathode, is
selected as the test model. Different from the recent published ESM
studies [4,9–11,17,18],  the bias applied in this work is only within

the range of ±3 V, which is significant lower than that (∼ ±15 V)
used in the literatures. In addition, single layer of electrode film
is also studied to identify the effects of Li+ diffusion. Fig. 1(a) and
(b) shows the schematic drawing of the in situ SPM experimental

dx.doi.org/10.1016/j.jpowsour.2011.08.115
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mpezk@nus.edu.sg
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Fig. 1. (a) Schematic of the in situ SPM measurement used in this study. The active
battery area is overlapping portion of the anode and cathode layer. A 1 �m × 1 �m
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rea indicated by the white line was scanned by SPM with a conductive probe. (b)
IB  cross-sectional image of the thin film battery. (c) Cyclic electrical signal applied
o  the battery to probe Li-ion diffusion vs.  SPM scan number.

et-up and the cross-sectional image illustrating the layout of thin
lm battery (using Focused Ion Beam (FIB)), respectively. Noted
hat the thin film Li-ion battery used here has full electrochemical
unctionality (reversible charge/discharge capacity) once current
ollector is deposited; and the cycling performance has been stud-
ed previously. For all-solid-state thin film Li-ion batteries, most
f previous studies focused on lithium metal anode [16,27].  In this
tudy, polycrystalline TiO2, which is a promising anode material
ue to its low cost and high capacity, is selected as thin film anode.
herefore, it is necessary to study its microscopic electrochemi-
al mechanisms using in situ SPM measurement. The ideal lithium
on battery consists of cathode and anode separated by electrolyte

hich is a good Li+ conductor and electron insulator. Due to differ-
nt electrochemical potentials of lithium in the two  electrodes, the
iffusion of Li+ from the cathode through the electrolyte into the
node is compensated by the transfer of the electron from the anode
o the cathode through the external circuit. Therefore, we  apply a
eries of biases through the SPM tip in contact mode (dc-writing)
sing electric force microscopy (EFM), followed by scanning the
iased region in tapping mode. The applied cyclic biases induce
eversible Li+ diffusion within the battery while the conductive
ip acts as a current collector for TiO2 anode. The schematic of
aveform cyclic voltage within ±3 V and SPM scanning interval are

hown in Fig. 1(c). In this study, topographical changes caused by
olume expansion/contraction under cyclic electric field can reveal
he bias-induced Li+ concentration changes at nanoscale. Informa-
ion on the distribution of Li+ diffusion preferred paths around the
urface of the thin film anode can also be provided by combin-
ng the simultaneous measurements of phase and amplitude. This
n situ study gives the understanding of microscopic electrochemi-
al mechanisms of polycrystalline TiO2 anode in real all-solid-state
hin film Li-ion battery, providing a new insight on metal oxide as
node in lithium ion batteries.

. Experimental

.1. Sample preparation

All-solid-state thin film Li-ion battery samples were deposited

y magnetron sputtering on Si substrate for FIB cross-sectional

mage, and on pure Ti substrate for in situ SPM studies, respec-
ively. The pure Ti substrate (1 cm diameter and 1 mm thick)
as previously polished to a mirror-like surface. The ∼0.25 �m
rces 197 (2012) 224– 230 225

thick LiNi1/3Co1/3Mn1/3O2 cathode film was  first deposited on the
substrate using rf sputtering at 100 W in Ar/O2 (3:1) mixed gas
condition. The substrate temperature was  kept at 700 ◦C. Target
for the cathode (2 in. diameter and 3 mm thick) was  fabricated in-
house using commercial powders, which were cold-pressed into
a pellet followed by sintering in air at 900 ◦C for 15 h. After the
deposition of cathode film, the ∼1 �m thick LiPON electrolyte was
deposited sequentially by rf sputtering (60 W)  in N2 atmosphere at
room temperature, using a Li3PO4 target (Super Conductor Materi-
als, Inc., 2 in. diameter and 3 mm  thick). Finally, the ∼0.25 �m thick
TiO2 thin film anode was  deposited from a titanium metal under
O2 atmosphere.

2.2. In situ scanning probe microscopy

A commercial SPM system (MPF-3D, Asylum Research, USA)
was  used as the characterization tool in this study. As shown
in Fig. 1(a), the conductive substrate was  electrically connected
to the SPM system. An effective battery area covering the entire
cathode/electrolyte/anode structure was  scanned by a Pt-coated
conductive tip (Electri-Lever, Olympus, Japan, tip radius <15 nm)
under the ambient condition. The resonant frequency of the tip
is about 75 Hz with a spring constant of 2 N m−1. EFM operated
in contact mode was  used to apply biases through the conductive
tip (dc writing). A series of biases within ±3 V was applied (with
the frequency of 1 Hz) to the anode surface in 1 �m × 1 �m area
to induce the cyclic Li+ diffusion. The advantage of using symmet-
rical voltages is to ensure that the total amount of Li+ diffusion
within the battery is reversible and constant. After the dc-writing
process, in situ SPM scanning was  performed in tapping mode to
obtain height, deflection and phase images simultaneously. All SPM
images were generated by a pixel density of 256 × 256 and a scan
rate of 1 Hz. Other scanning parameters were also optimized for
obtaining high-quality images.

3. Results and discussions

3.1. Surface topography

Fig. 2 shows the results of in situ SPM experiments performed
on TiO2 thin film anode within the all-solid-state thin film Li-ion
battery subjected to cyclic voltages. All images are captured con-
tinuously from the same location. However, slight shift of scanning
area, which is still a major technical challenge, cannot be prevented
due to the continuous monitoring using SPM. Left columns in Fig. 2
are typical topography images in height mode. The as-deposited
TiO2 film consists of scale-shaped nano-grains with average grain
size less than 10 nm [Fig. 2(a)]. After the first Li+ insertion cycle
(applying +3 V), film surface has become flat since the grains of
thin film anode grow and expand almost uniformly in all directions
with the grain boundaries contacting seamlessly [Fig. 2(b)], which
is induced by Li+ migrating from LiNi1/3Co1/3Mn1/3O2 cathode into
TiO2 anode under the electric field. During the first Li+ extraction
cycle (applying −3 V), shrinkage of the film can be observed evi-
dently as Li+ is removed from the anode, and the gaps between
inter particles have become sharper (indicated by the black arrows
in Fig. 2(b) and (c)). As Li+ is inserted into the thin film anode
again during the second Li+ insertion cycle, the film expands along
the original gap lines [Fig. 2(d)], and followed by an obvious con-
traction during the second Li+ extraction cycle [Fig. 2(e)]. Fig. 3
shows three dimensional images scanned from the same area as

in Fig. 2, where the reversible morphology changes are more evi-
dent. As discussed earlier, there is an obvious topography change
related to the expansion of thin film anode during the first Li+ inser-
tion cycle, most of boundaries and gaps between the particles have
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ig. 2. In situ SPM images of thin film anode in the selected thin film Li-ion microb
mages  and phase images. (a) Scan 1; (b) scan 2; (c) scan 4; (d) scan 6; and (e) scan 

een filled up and closed, excepting a few deep gaps [Fig. 3(a) and
b)]. During the second cycle, the topographical changes are espe-
ially evident in the original particle gaps marked by the black
ircles in Fig. 3(b)–(d), where the gaps are closed and reopened
eversibly under the reversible electric field. Subsequent Li+ inser-
ion/extraction cycles show similar morphology changes, i.e., the
xpansion/shrinkage of particle gaps or boundaries, which become
maller through lithiation and deeper through delithiation. It can
e proved that the reversible morphology changes are not surface

amage (such as the scratch made by SPM tip), but attributed to
he cyclic Li+ diffusion. This insertion/extraction behavior of Li+ is
imilar to the findings by Koltypin et al. on graphite anode [15].
herefore, similar to traditional electrochemical measurements,
 polarized to cyclic potential. From left to right column: height images, deflection

the local cyclic biases applied through SPM tip can also induce anal-
ogous Li+ diffusion and further morphology changes. In this study,
to induce Li+ transportation between anode and cathode reversibly
by SPM, the amplitude of cyclic voltage (±3 V) is beyond the nor-
mal  operation voltage range of a typical lithium ion battery. Thus,
the same in situ measurement is also conducted on single layer
LiNi1/3Co1/3Mn1/3O2 cathode to verify whether the cathode film
is damaged under such voltage. The results show that neither the
full battery nor cathode film shows any permanent damage, since

the contact intensity and time of tip-induced bias is much lower
than that used in the traditional electrochemical measurement.
Since the cyclic biases are applied through the SPM tip scanning,
the scanning rate should be comparable to the diffusion time of
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cating that this new phase (∼131◦) is most likely corresponding
to the product of electrochemical reaction involving Li+ insertion.
After the quantitative data analysis, the angles of main phase and
the intensities of new phase corresponding to the cyclic voltages
Fig. 3. In situ 3D topography images (1 �m × 1 �m)  of Fig. 2 (a

i+. Noted that the typical Li+ diffusion rate is between 1 × 10−14

nd 1 × 10−12 m2s−1, the diffusion time of Li+ is about ∼0.1–1 s if the
ip radius is between 10 and 100 nm [11]. Considering the tip radius,
c-writing frequency of 1 Hz used in this experiment is therefore
nough to induce Li+ diffusion.

.2. Cyclic bias-induced phase transition

Generally speaking, phase images not only provide clear obser-
ation of micro and nano surface structures that are invisible or
arely visible in height images, but also reflect variations in com-
ositions and other surface properties, such as surface energy.
owever, the interpretation of phase image is complex and still

 challenge issue, requiring fundamental understanding of the
hysics at atomic level. The differences in compositions and adher-
nce properties near the sample surface result in the variations
f energy dissipated through the tip-sample interactions, leading
o phase angle shift due to the difference between the freely can-
ilever oscillating in air and the oscillation during scanning [28–30].
herefore, the contrast in phase image is mainly due to the vari-
tions of phase angle shift. The darker regions represent smaller
hase angle shift associated with higher energy dissipation, while
he brighter regions represent larger phase angle shift related to
ower energy dissipation. Thus, the brighter regions correspond to
he harder phases with higher surface stiffness or adhesion force,
hich interact more strongly with the SPM tip. Fig. 2 (right column)

hows phase image evolution of TiO2 film under cyclic applied volt-
ges. The scales are identical for all images as seen in the color bar at
he bottom. As shown in Fig. 2(a), no clear contrast in phase image
an be observed for as-deposited film besides the brighter lines
orresponding to the grain boundaries in topography. When cyclic
oltages are applied, the phase images show different features indi-
ating the occurrence of biased-induced phase transitions. New
hase indicated by the brighter color (green) appears in phase

mage when the battery is first polarized to 3 V, and mostly dis-
ppears when the battery is polarized to −3 V [Fig. 2(b) and (c)].
rom the color contrast shown in the phase images, similar phase
hanges can be observed during the first two cycles, the phase shift
s positive after the positive polarization but negative after the neg-
tive polarization. This result can be further supported by the phase

ngle analysis. The phase angle distributions during the first cycle
re plotted as histograms in Fig. 4(a). The mean value is deter-
ined by fitting data using Gaussian function theory. There is only

ne remarkable peak for as-deposited film with the mean phase
ame location): (a) scan 1; (b) scan 2; (c) scan 4; and (d) scan 6.

angle of about ∼45◦, corresponding to polycrystalline TiO2 phase
(red color bin). After the first Li+ insertion cycle (applying +3 V),
the peak intensity of the main phase (green color bin) becomes
lower than that of the as-deposited film; and a new phase has
emerged at about ∼131◦, which is presumably attributed to Li+
diffusion and the related electrochemical transformation. In con-
trast, the peak intensity of new phase decreases significantly after
the film is polarized to −3 V (blue color bin). To further charac-
terize the effects of Li+ diffusion on the phase change of TiO2 thin
film anode, phase mapping of single layer TiO2 film under the same
cyclic voltages is also conducted for comparison. It is found that
no new phase appears after TiO2 film is polarized to +3 V, indi-
Fig. 4. (a) Distribution histogram of phase angles during the first cycle; (b) analysis
of  in situ phase images: evolution of main phase angle and new phase intensity vs.
SPM scan number.



228 J. Zhu et al. / Journal of Power So

F
(
s

a
n
t
i
a
e
e
b
t
s
e
d
o
s
a
c
a
t
l
s
t
m
t
s
t
a
s

i
n
s
c
a
e
t
r
t
o
c
a

ig. 5. (a) Magnification of “nano-spots” in amplitude image, and (b) phase image;
c) corresponding line sections of amplitude and corresponding phase images at the
ame location.

re shown in Fig. 4(b). The trends for both main phase angle and
ew phase intensity are similar. For single TiO2 film (Fig. 4(b)), the
rend is different from that of TiO2 thin film anode within the Li-
on battery; the phase angle only decreases during the first cycle
nd remains nearly unchanged in the subsequent cycles. Consid-
ring lithiation/delithiation processes induced by the reversible
lectrical fields, the cyclic appearance of the new phase should
e related to the phase transitions from TiO2 to LixTiO2 and back
o TiO2 during the lithiation/delithiation cycles. Due to the intrin-
ic complexity of the phase imaging, the precise and theoretical
xplanation for the relationship between phase angle shift and Li+
iffusion is still difficult to clarify; however, a possible answer is
riginated from the change of physical properties of the TiO2 anode
urface due to Li+ insertion/extraction. It is noted that the phase
ngle shift is mainly originated from the difference in mechani-
al properties, such as surface hardness, elastic modulus, friction,
nd adhesion energy [30]. Therefore, compared to the polycrys-
alline TiO2 phase, the new phase formed upon Li+ insertion has
arger phase angle (∼131◦), suggesting that the phase has higher
urface stiffness and larger adhesion force. Moreover, it is found
hat the bias-induced phase transition is not fully reversible. The

ain phase angle increases from ∼45◦ to ∼58◦ after the first cycle,
hen further increases to ∼62◦ after three cycles. One possible rea-
on is that the local bias-induced phase transformation influences
he composition and surface properties of the thin film anode, in
ddition, the charge trapping/detrapping under different potential
tates also induces the phase angle shifts.

Combining the phase images and the corresponding deflection
mages in Fig. 2, some remarkable phenomena can be found. The
ew phase regions (green) appeared in the phase images corre-
ponds to the “nano-spot” regions in the deflection images [middle
olumn in Fig. 2(b) and (d)], most of those “nano-spots” regions also
ppear/disappear reversibly under the cyclic electric field. How-
ver, when the battery is polarized to −3 V to extract Li+ out of
he film, there is still small amount of new phase remaining [green
egions in Fig. 2(c) and (e)], indicating that some Li+ are trapped into

he thin film anode irreversibly upon Li+ extraction. This is clearly
bservable in Fig. 5 where the magnification of “nano-spots” and
orresponding section lines in both phase and deflection images
re presented. The section line profile in the phase image shows a
urces 197 (2012) 224– 230

similar track to that in the amplitude image; small phase peaks
can be observed at grain boundaries, corresponding to the red
lines in the phase images. The new phase (∼131◦) appears at the
length of ∼0.13 �m where a peak is also found in the amplitude
section line, suggesting that the new phase region has a similar
high value of amplitude where the strain is high. The height and
area of the “nano-spot” are found to be approximately 1–3 nm
and ∼1 nm2, respectively. While the exact explanations for these
“nano-spots” are not immediately clear, they should be related to
the local movement of Li+ to a great extent. Combining phase and
deflection images, it is also found that the “nano-spot” regions are
not homogeneously distributed around the anode surface, indicat-
ing different amounts of Li+ concentrated by the electrical field.
Previous study has suggested that Li+ diffusion through anode is
non-uniform including preferred and hindered Li+ diffusion chan-
nels [10]. Therefore, the presence of “nano-spots” around the anode
surface may  provide information on the distribution of Li+ dif-
fusion paths at nanoscale if more evidences can be obtained in
future studies. Furthermore, as shown in Fig. 2(e), the distribution
of “nano-spots” upon Li+ extraction suggests that most irreversible
Li+ is trapped within the grain boundary regions. Hence, grain
boundaries play significant roles in the reversible Li+ diffusion dur-
ing the charge/discharge: first, the electrical field concentrations
along grain boundaries are different from the areas within grains;
second, the ionic mobility, charge and electron trapping are dissim-
ilar within grain boundaries; third, the irreversible trapping of Li+
upon discharging concentrates within the grain boundaries. There-
fore, the control of the grain sizes in the anode at the micro- and
nano-scales is very critical in both design and fabrication of Li-ion
batteries.

3.3. Cyclic volume changes

Fig. 6(a) shows topography images (height mode) during the Li+
insertion/extraction cycles, where the center 1 �m × 1 �m squares
in black frames are dc-writing regions. Scans 2 and 6 are mea-
sured as the battery is polarized to 3 V, while scans 4 and 8 are
measured as the battery is fully polarized to −3 V. All of the line
profiles are measured at the exactly same location on the TiO2
anode, indicated by the red lines in Fig. 6(a). These line profiles,
which are in the direction of perpendicular to the particle gaps,
clearly show the nanoscale changes in the relative depth between
the two  particles. Therefore, the changes of the volume in anode
are more straightforward and understandable. As a result, there is
no distinct difference between the two  scanning images subjecting
to the positive bias (scans 2 and 6); one gap between the parti-
cles appears in the center (∼1.5 �m in length scale). On the other
hand, the line profiles after the negative polarization (scans 4 and
8) are also nearly the same. However, compared to the line profiles
after the positive polarization, one new particle gap appears at the
position of ∼1.8 �m in the length scale marked by the red arrow in
Fig. 6(a) (scans 4 and 8), indicating the contraction of the thin film
anode upon Li+ extraction induced by the negative polarization.
It is suggested that the Li+ extraction process (applying −3 V) can
create and deepen the gaps between the particles, and Li+ insertion
process (applying +3 V) can fill up these gaps reversibly. Further-
more, the volume change of the thin film anode within the battery
can be obtained by quantitatively analyzing the line section profiles
from the in situ experiments. Surface roughness, a typical parame-
ter to quantify the surface topography, is directly measured using
the roughness-analysis tool in the SPM software and represented
by the root-mean-squared roughness (RMS). To determine the vol-

ume  changes of the thin film anode, it is necessary to calculate the
changes of the height and area in the fixed region. It is also impor-
tant that the selected area should be the same for all of the image
analysis. However, due to the complex surface structure of thin film
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ig. 6. (a) SPM images (3 �m × 3 �m)  and line sections of thin film anode in the sel
nalysis  of in situ SPM experimental results: percentage changes in surface roughn

node, it is not possible to get a reliable and accurate measurement
f the area of the fixed region. Therefore, in this study, the volume of
hin film anode is calculated from the measured height and length
f the film along the section line, as the width of line is approx-
mately assumed as unit length. To measure the height changes
xactly, height positions of the points in the non-polarized area
outside 1 �m × 1 �m)  are used as reference coordinates. There-
ore, each line section can be fitted to the same plane in the vertical
xis. The average height is obtained by calculating the distance from
ach point in the line to the reference plane. In the similar way, the
verage length of the line is calculated by finding two  intersections
etween the line and the reference dotted lines [Fig. 6(a)].

Fig. 6(b) shows the evolution of surface roughness, average
ength, height and volume of the thin film anode under the cyclic
pplied voltages. The voltage vs. SPM scan number curve in the
ottom is described as a series of three insertion/extraction cycles.
uring the first cycle, surface roughness (RMS) values measured in

he polarized area (1 �m × 1 �m squares in black frames) decrease
rom 13.97 nm to 10.55 nm after the thin film anode is polarized
o +3 V (scan 2), and then increases to 15.18 nm after the film is
olarized to −3 V (scan 4). In subsequent cycles, the RMS  rough-
ess decreases as the Li+ is inserted into the thin film anode and

ncreases as the Li+ is extracted from the film. This phenomenon
grees well with the observation from the topography images,
ndicating that the film has become flat since it expands in all direc-
ions with the particle gaps being filled and closed after positive
olarization. Fig. 6(b) also shows the percentage changes in the

ength, height and volume of the thin film anode. The thin film
node has average change in length of approximately ∼106% as Li+
s inserted into the film (+3 V) and ∼99% as Li+ is removed from

he film (−3 V), indicating small changes in the length direction.
here may  be two reasons for such observations: firstly, the adhe-
ion between the film and the substrate is sufficient; secondly, the
oles and gaps between the particles can accommodate most of film
thin film Li-ion microbattery at the same location, polarized to cyclic potential; (b)
MS), length, height, and volume vs. SPM scan number.

expansion in horizontal direction (both length and width). More-
over, it is also proved that the assumption of the width to be unit
length has insignificant effects on the calculation results of volume
change. Therefore, TiO2 thin film anode mainly expands vertically
by increasing the height. It is found that the height change is very
significant for the thin film anode: almost ∼470% during the first
Li+ insertion cycle. After the bias is reversed to −3 V (scan 4), the
height change only decreases to approximately ∼270%, indicating
that the thin film anode cannot return to its initial volume after the
first cycle. In subsequent cycles, the film shows average change in
height of approximately ∼110% as Li+ is inserted into the film and
about ∼89% as Li+ is extracted from the film (reference to the height
of scan 5). As shown in the top two graphs in Fig. 6(b), the trend
of volume change is similar to that of height change. Due  to the
permanent trapping of Li+ into the film, both height and volume
of TiO2 thin film anode show increasing trends during the subse-
quent cycles although the percentage increases in both height and
volume have become smaller and more reversible than those in the
first cycle.

4. Conclusion

In summary, using biased SPM technique without external elec-
trochemical attachment, we have observed the reversible changes
of the surface topography and phase of polycrystalline TiO2 anode
within all-solid-state thin film Li-ion battery induced by local bias-
induced electric field; and also quantitatively determined the cyclic
volume changes. In addition, although the chemical identification
is not available due to the limitation of the SPM set up in this

study, phase images can still provide very useful information on the
composition and surface property changes during the electrochem-
ical reactions. Therefore, combining simultaneously measurements
of phase and amplitude images, high spatially resolved mapping
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f “nano-spots” is obtained. These “nano-spots” are most likely
elated to Li+ distribution in the thin film anode. The measurement
f “nano-spots” even shows the spatial resolution below 10 nm.
herefore, this in situ observation related to the Li+ diffusion and
rapping at nanoscale provides a new insight into the mechanisms
f the ionic transport and the distribution of diffusion preferred
aths in real all-solid-state lithium ion battery. Since the informa-
ion on Li+ permanent trapping is very significant for optimization
f the electrochemical performance in the lithium ion battery, more
fforts should be made to verify the relationships between the
hase and amplitude images in the future studies.

In this work, the battery area of 1 �m × 1 �m shows cyclic
xpansion/contraction behavior which is attributed to the
eversible movement of Li+. The reversible topographic change is
articular within the gaps between grain particles, which are filled
p and reopened during the Li+ insertion/extraction processes. This
henomenon is analogous to what observed in the traditional EC-
FM studies, suggesting that the local cyclic voltage can be used for
odeling the charge/discharge processes in the lithium ion battery.

herefore, this simple SPM method is very promising for in situ
haracterization of the electrochemical mechanisms and ionic dis-
ribution of lithium ion batteries during Li+ insertion/extraction at
anoscale, especially valuable for all-solid state thin film batteries
ithout liquid, in which the ionic and electron transfer within the

olid has not been widely studied before.
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