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A thin-film solid-state battery was prepared with a vanadium pentoxide cathode and a lithium phosphate electrolyte and studied
situ by ultrahigh vacuum scanning tunneling microscope/atomic force microd&py/AFM). Orientation of thg001) plane of

V,0s parallel to the substrate was detected via observation of the periodicity of<10.8 A, which is consistent with the unit

cell spacing in th€100) direction. Conductance of the battery was studied locally with the probe tip of the STM/AFM in the
regime of mechanical contact with a constant repulsive force. Lateral variation of contact conductance from 0.4 to 2.2 nA was
detected as a function of position of the tip in contact with the cathode. The device revealed an extremely high current density of
1 Alcn? due to the low thickness of the electrolyte and the cathode and the concentration of electric field under the scanning probe
microscope tip. Transformation of cathode structure due to Li ion intercalation was observed in real time.
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Thin-film solid-state microbatteries have been studied with greatas the Li ion source. While this is clearly not an appropriate battery
interest in recent years because of their potential applications ircombination, it was used to study the local structure and electrical
microelectronics, communications, smart cards, and medicaktonductance of the X5 cathode at the early stages of cathode
devices:™ Li-ion conducting devices have been the focus of this thin-film formation (20-30 nm thicknegs The HOPG was used to
research because of their light weight and high energy density. Typicreate a flat surface upon which to deposit the thin layers of elec-
cally, a microbattery consists of a lithium-containing anode, a sepatrolyte and cathode. Vanadium pentoxide has the ability to incorpo-
rating film of some lithium ion conducting electrolyte, and a cathode rate alkali into its network because of its open planar strudftig
material capable of intercalation of the lithium into its own 1a); a thin- film lithium phosphate glass can be used as the
structure® The entire film structure is usually coated with a final electrolyte®>® This cathode/electrolyte combination has been the
layer to serve as an electrical contact and protective layer. Much ofised in solid-state batteries and electrochromic thin films; however,
the effort in the development of these batteries has focused on the
properties of the individual filn¥®° and new materials are con-
stantly being evaluatett®1?

Clearly, the performance of these devices must depend not only
on the bulk properties of the individual film materials, but also on
interface behavior. However, while there have been studies of the
interface between liquid electrolytes and electrodethere have
been far fewer studies of interfaces in solid-state devices because ¢
the difficulty of accessing buried interfaces. There has been interes
in the possibility of microheterogeneity in the conductance of a thin
film device, but no direct analysis of such heterogeneity has beer
presented.

In the work presented in this paper, we have useditu depo- A
sition and ultrahigh vacuum scanning probe microscépyHV- %
SPM), which includes UHV scanning tunneling microsco(SmM)
and UHV atomic force microscopyAFM) to address interface
structure and heterogeneity in solid-state oxide Li-ion conducting
thin-film devices. The electronic effects can be very local in STM
due to the effect of the concentration of the electric field at the probe
tip and the tunneling effect, allowing manipulation of a
moleculé**Sor ion**including mechanical transfer and chemical
reduction with electron injection. By placing the UHV-SPM probe
tip in mechanical contact with the substrate battery, the tip can be

used as an electrode of the battery to apply an electric potential at V.0. cathode, 300 A (b)
specific place on the substrate and measure local conductance. E m Pé ;Iecﬂow; 200 A

using the UHV-SPM in the scanning tunneling mode, surface topog- = <

raphy with near atomic resolution is possible. This combination en- HOPG graphite, 0.2mm thick

ables us to associate local conductance with local structure at thi Iref"°;l‘
interface of thein situ deposited layers and address heterogeneity LiCo0,, 0.3mm thick soiation
with nanometer resolution. In addition, transformation of the depos- | ’

ited cathode structure during charge and discharge of device can b Epoxy
studied via SPM in real time. Stainiess steel holder glue

The thin-film cathode/electrolyte system investigated in this

work is vanadium pentoxide ()Ds) inte.rfaced with a lithium phosj Figure 1. (a) Structure of \JOs. The larger spheres are vanadium and the
phate electrolyte glass. The anode side consists of a planar highlymaller spheres are oxygefb) The diagram representing the multilayer
ordered pyrolytic graphit¢HOPGQ in contact with LiCoQ powder structure of the experimental thin-film battery.
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the intent of the work presented here is to study an appropriate
model interface rather than study the newsid ever changing
materials that are in vogue for thin-film batteries. In addition, the

use of \LOs as the cathode enables a potential correlation of the
experimental results with our molecular simulations of interface be- 2NA
havior occurring between a Li-ion conducting glassy oxide electro-

lyte and \4Os,181°

Experimental 1nA

The substrate consists of a thin-film solid electrolytePQ),
glass and a thin film of the ¥D5 cathode depositeth situ on an 0.4nA
atomically flat surface of the anod€ig. 1b. To create the atomi- '
cally flat anode, HOPG was mounted by epoxy glue on the stainles:
steel holder with the LiCo@powder between the HOPG and the
stainless steel sample holder. The graphite was electrically isolateu
from the stainless steel holder by a strip of Teflon film on the edges_. o .
of the holder and fixed with epoxy glue. HOPG with a lateral size of Figure 2. p|str|but|on of current at the voltage of1.8 V on the.t'p was

obtained with the probe contacted to the surface gbd/mechanically at

8 X 8 mm and thickness of 0.2 mm has a contact area with theconstant repulsive force in UHV. STM constant current image parameters are

LiCoO, of_5 X 5 mm. The layer of _LiCo@_ powder was slightly 40 of 530 A, height range of 370 Aly, = —1.8 V| = 250 pA.
pressed with pressure oféPa to the final thickness of 0.3 mm. The

graphite was cleaved with tape in the air beforeithsitu deposition

of the electrolyte.

The film of lithium phosphate electrolyte glass was deposited by gigita| multimeter immediately after preparation of the anode was
radio frequency(rf) magnetron sputtering ugima 1 in. diam UHV/

compatible Torus 1 magnetron sputter system from K. Lesker Co.108 Q2. A current of 100 nA was detected atl0 V applied to the

(Clairton, PA. The lithium phosphate films were deposited using graphite. Subsequeirt situ depositions of the electrolyte and cath-

e . . ode were done in the UHV-SPM and conductance analyses were
lithium phosphate targets made by pressing’0, powder.(Aldrich doneV\:Jnder UHVI conditions. . y W

Chemical Co. into disks at a pressure of 2 10° Pa, and sintering In situ deposition of the lithium phosphate electrolyte glass cre-
at 900°C for_2 h. Densities were observed to be 80% of theoretical ;0 4 system of SECoO,\graphiteelectrolyte that showed typical
The target with a thickness of 3.8 mm was then ground down to theresistance of 2¢ 101 O ‘while the UHV-STM tip mechanically
appropriate size in order to fit into the magnetron. touched the surface
. The rf sputter deposition was done in_ atwo-_stage UHV chamber Deposition 0f~360 A of vanadia over the electrolyte in the

with a base pressure of 19 Torr after baking. This system has been e ice reduced the resistance of the whole structure between the tip
described previousff While this background pressure was main- touching the surface of the vanadia and SS holder 10 50’ Q) due
tained in thg S':[M atl)naklyssts_lde OC]; th? chr;mber, thet?ep(t)smo? S'd? higher conductivity of the cathode relative to conductivity of the
was topene abert ? eo‘i\ In order Ito Cb ankge Splé er targets ar(]ﬁ?ectrolyte. If the tip touches the electrolyte, the diameter of current
Inser ?E?W substrates. ‘AS a result, -background pressures G, mqn through the electrolyte is about the thickness of electrolyte,
5 x 107" Torr were typical in deposition chamber. Sputter deposi- o *_>00 A, If the tip touches the cathode deposited over the elec-
tion was done usga 1 in. diam magnetron source from K. Lesker yqvte " diameter of current filament through the electrolyte is 3000
Co. The source was powered by an rf power supply and impedanc i, o case. Measurements of this contact conductance performed
matching circuit from Applied Energy. The source to sample dis- it yanadium and Ptir probe tips cut in the air before experimental
tance was 10 cm. Thickness of the films were monitored by & quartz,easyrement showed no dependence of these electrical properties
crystal deposition monitofLeybold Inficon Inc) located 3 cm from on the tip material.
the sample. For deposition of lithium phosphate films, ultrahigh pu- ", o der to address the proposed heterogeneity of conductance of
rity argon was used as the working gas and a pressure of 5 MTOrg thin_fim battery and the effect of structure on that heterogeneity,
was maintained. The rf power was 50 W and rate & per minute i\ STM and UHV-AFM analyses of local cathode structure,
were qbserved. A lithium phosphate electrolyte_ fl_lm of 200 A was forces, and the associated contact conductance were performed. In
deposited onto the HOPG. The substrate containing the @8O  these analyses, a W-probe tip was used. For STM images with near
low the HOPG below the thin-film glassy electrolyte was transferred yiomic resolution the W tip was clean@dsitu by heating with an
to the UHV-SPM analysis chamber for characterization immediatelygjactron beam to 900°C in UHV before usage. For combined AFM
after deposition of the electrolyte. and STM analysis the W tip had not been heat cleaned, and there-

After UHV-SPM measurements of the electrolyte layer, the g0 had 4 native oxide film (W on its surfacé® This latter tip
sample was transferred back to the deposition chamber. The vang;,q ' soft cantilever elastic constant of 17 N/m.
dium pentoxide film was deposited by reactive sputtering of 2 99.5% ¢ |ocal conductance occurring in the cathode was studied us-
pure vanadium target obtained commerciély Lesker Co) using a ing the UHV-SPM probe tip in mechanical contdrpulsive forcg
working gas with a composition of 16%;@nd 84% Ar. The pres-  yjth feedback open. The results are shown in Fig. 2. The image
sure was 16 mTorr and the power was 50 W. Thickness of 4@V  jtself was obtained in constant current UHV-STM mode. The contact
cathode film was 300 A as measured by a quartz crystal depositiogyrrent from 0.4 to 1.0 nA was detected in black areas of the image
monitor. ) shown in Fig. 2 and from 2.0 to 2.2 nA in the white areas at the tip

UHV-SPM (UHV-STM, UHV-AFM) was used to characterize yojltage of—1.8 V. The force was also monitored during this experi-
the structural and electrical properties of the electrolyte and the cathment. The force remained constant with an accuracy of
ode thin films. V, Ptir, and W probe tips were used at various stages) 7 « 108 N and deflection of the cantilever was constant with an
of analysis. accuracy of 10 A. While the conductance was not sensitive to such
variations of force in the contact regime, it was sensitive to changes
to lateral position. The results shown in the figure indicate a factor

Conductance of the substrate device was monitored at all stagesf 5 difference in the conductance from one local region to another,
of preparation. Resistance between the stainless €&Slholder with a lateral separation distance of less than 200 A. Thus, a
and the graphite through the layer of LiCo@easured in air by local nanoheterogeneity in conductance is observed for the first time

2.2nA

Results
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Figure 3. Periodical structure presented on the inset was observed in UHV
at the bright area in the center of the large-scale image,0EVSide of inset . (b)
of 53 X 45 A. Height range of 130 A, = 90 pA, U, = —1.5 V. Side of T i T
large-scale STM constant current image of 1060 A. Height range: 360 A, 0 100 200 300 nm

| = 250 pA,Vy, = —1 V. Probe of W annealed at 900°C. ) ) o
Figure 4. (a) AFM image of \LOs5 surface taken at constant force in air.

Height range of 100 nmb) Section along the line shown by arrows in Fig.
4a. Height of step between marks: 9 nm.

at the cathode/solid electrolyte interface. This heterogeneity in con-

tact conductance is associated with the local structure of the cathode

rather than the electrolyte.

Orientation of the deposited, @5 crystal lattice was determined <50 nm films indicated that théD03 planes were parallel to the
with UHV-STM. Figure 3 shows a large-scale constant current im- cathode/electrolyte interface while thicker films indicated that the
age with sides of 1060 A. The bright areas indicate high topography(003) planes were perpendicular to the interfddhe orientation of
while the dark areas indicate lower topography. In addition, asthe V,O5 (001) planes parallel to the interface is consistent with
shown above with respect to Fig. 2, the bright areas are also assatudies of monolayer adsorption of @5 deposited onto silica
ciated with higher mechanical contact conductance. substrates for catalyst studi&sSuch results corroborate our scan-

The inset in Fig. 3 shows a periodic structure within an area Ofning probe microscopySPM) data. In additional support for the
53 X 45 A located at the area near the center of the large-scalgyientation of the VO films in our samples, we analyzed the bat-
image. This periodic structure has a spacing of 11.0.5 A and  tery studied here using a Nanoscope Il in the constant force AFM
corresponds to the XDs crystal having its(001) planes oriented  mode. Results showed steps in the deposited films that were mul-
pal‘allel to the substrate. This SpaCing is consistent with the unit Celhp|es of 0.44 nm Spacing' consistent with the spacing |n<ﬂm_>
spacing in thea direction (100)), indicating the separation between direction, again indicating that th@01) planes are parallel to the
the vanadyl pairs. This is shown schematically in Fig. 1. The twointerface. Figure 4a presents an AFM image taken in the constant
other possible orientations, with t#@10 or (100) planes parallel to  force mode in air. The quality of images was sufficiently high so as
the interface, would each have a much smaller periodicityto enable measurement of the heights of the monatomic steps, as
(~3.5t0 4.5 A. However, the~11.7 + 0.5 A periodicity seen here  shown in Fig. 4b. The heights of 330 steps were measured and the
requires higher resolution to distinguish the crystal from beig@svV  statistics of small size steps up to a height of 4 nm are summarized
doped with Li ions or &-Li V,Og phase. It should be noted that in the histogram in Fig. 5.
additional images with similar periodicity were observed in other  Besides providing the firstimages of the crystal structure ahan
areas of the vanadia film. In addition to this periodic structure beingsitu deposited vanadia thin film at the initial stages of formation, the
observed in the bright area of the substrate, this structure was alseesults imply that Li ion transport into the vanadia may have to
detected in the flat gray areas. Crystallographic structure of the darkeccur perpendicular to th@01) planes. Of course, Li diffusion in
est areas was not resolvéfig. 3 and 2. the cathode could be more complicated based on the precise orien-

While the crystal structure of a large single crystal of reducedtation or misorientation of the planes at the interface. Molecular
V,05 has been imaged via ambient SFMFig. 3 shows the first ~ simulations of Li ion transport into vanadia show a high activation
image of the crystal structure of am situ deposited YOs thin film barrier to migration across tH@01) planes(in the (001) direction
with unit cell (1 nm) resolution. In previous studies of solid oxide as compared to migration between the plafieshe (010 or (100
thin-film batteries using layered cathodes, X-ray diffraction data of directiong.*81°
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image. Figure 7 indicates a negative derivatidé-(dl) at voltage

60 of —2 V and the current of 140 pA used in the STM and force
imaging. The gap between the tip and the surface is smaller at the
low conductive spots at constant current, force loweore attrac-
tive) and dark spots appear in-phase in both topography and force
image.

The bright spots of topography reveal repulsive forces in Fig. 6b
after the first frame of the series of images, and zero force at the last
frame in Fig. 6f. The plotf vs. | current in Fig. 7 shows similar
behavior. A repulsive force at a current of 140 pA was detected at
engagement of the tip. Force is shifted toward attraction at with-
drawal of the tip. The repulsive force observed in Fig. 7 could be
attributed to a long range electrostatic interaction.

The time dependent measurement of the local current was per-
formed with the STM probe tip in contact with the cathode of the
battery. The voltage of-4 V was applied to the oxidized W tip in
mechanical contact with the surface for 5 min, after which the volt-
age on the tip was switched 0, = —4 V. The time dependence

0 1 2 3 4 of current after the voltage was switched was measured as shown in
Step Height, nm Fig. 8..This figure demonstrates that near saturatiqn of current oc-
curs within~1 s, followed by a very slow increase in current. The
Figure 5. Histogram presents statistics of height of steps measured,0g V condgctancm_a of the bat.tery after (_:ompletlon of th.'s process 1s about
surface by AFM at constant force in air. Steps are multiples of 0.44 nm WO times higher than in the beginning. We ascribe this process to
spacing, consistent with the spacing in (881) direction. local doping of the cathode with Liions that enhances the electri-
cal conductivity of the cathode, as discussed below.
Of course, the migration of Li ions through the electrolyte into
) . ) cathode requires the injection of electrons into cathode from an ex-

Figure 6 shows a series of UHV-STM/AFM images of one areaternal circuit. A typical voltage-current characteristigolt-amp
of the deposited cathode layer as a function of time at constangharacteristic, VAG taken during mechanical contact between the
current and bias. Also shown in the Fig. 6g is a scan of the he&ht  pyr tip and vanadia is presented on Fig. 9. Results identical to those
position along a line of zero force as established in the UHV-AFM snown in Fig. 9 were obtained using a V tip and a Ptir tip cut in air.
mode. This force was measured concurrently during the constanthe VAC is shown to provide evidence of the conductive behavior

Population
N (V]
(-] ) [—]

-
]

current feedback. of the cathode film. The exponential behavior of the current may be
Changes in the surface structure ofQO4 were observed after explained as involvinga) activated Li ion diffusion into the cath-
several frames of scanning with UHV-SPM &2 V on the tip. ode, (b) electron transfer from the tip via a Poole-Frenkel bulk elec-

Figure 6a-f presents a series of STM height and AFM force imagesron emission mechanism or by a Schottky emission at the
taken on the same area at constant current mode with a time intervallectrode?® or a combination of a and b. The Poole-Frenkel bulk
of 2 min between images. The white box within each image showsmechanism and Schottky emission at the electrode can be described
the same area, indicating the drift occurring in the SPM. Large flathy
terraces with lateral sizes 0200 A and thickness of 116 22 A
are visible in Fig. 6a. The large terraces gradually transform during | = AT?exp(BsV*? — do)/kgT (Schottky emission [1]
scanning into small terraces with lateral sizes of3®.7 A and o
heights %f 46+ 15 A by Fig. 6e. | = BexpBprVY? — &1)/kgT (Poole-Frenkel emission[2]
The variation in structure may be attributed to Li intercalation
. . . . — — 3 1/2 H )
into the V,O5 caused by the voltage applied to the tip. The spacingWhere Bpr = Bs = 2(e”/4mee,d)™ where e is the electronic
between thé001) crystal planes of vanadi@ee Fig. 1lis increased  charge,d is the thickness of the thickness of the filiky is the
as Li ions intercalatéeventually to form thé-Li,Os phase, which Boltzmann constang, is the dielectric constant of free space, and
also reduces bonding between the planes. This weakening betwed$ the relative dielectric constant of the material of the film. The
planes may enable sliding of the planes induced by the movement o¥AC shows the expected exponential behavior that indicates the
the probe tip. presence of some barriers between the tip and the cathode or within
Using combined UHV-AFM and STM, force measurements were the cathode film. The voltage-current characteristic in Fig. 9 shows
performed to distinguish between the contribution of geometricalthat there is no dielectric breakdown at any voltage below the 8 V
relief and the variation of conductance and deformation on the to-shown.
pography obtained by UHV-STM. Figure 10 shows several VAC curves of charging this device at
Figure 6g presents the height variation along the zero force linenear zero voltages. The battery was charged with different voltages
shown in the Fig. 6a. The force between the tip and sample is almosapplied to the tip of~0.1, -1, —2, =3, —4, and—5 V for 1 min
constant and zero along this line, causing minimal deformation ofbefore the VAC was taken. The voltage was switched from the
the sample. Based on this analysis, the real amplitude of relief varia*setup” voltage to the sweeping voltage within 1. The sweeping
tion was estimated to be 60 A. The amplitude of relief variation voltage was 2.5 V/s. The feedback was open and the tip was in
taken in a constant force mode in the AFM image shown in Fig. 4 ismechanical contact with the vanadium oxide surface. There is a
90 A. finite current at zero external voltage in the same direction as would
Figures 6a and b show the constant current STM topography anéccur with a negative bias on the tip, indicating no back-current of
force image, respectively, taken at the same place on the surfacelectron through the external circuit in the opposite direction. This
Force imaging was done using the signal from the laser interferom{inite current increased at zero voltage with increasing setup voltage.
eter force sensor while feedback was monitored by STM. Both im-Such a model battery was charged to 50 mV between cathode and
ages reveal an in-phase variation of contrast. The force image wastainless steel electrode by external volt&g = —5 V. Figure
not sensitive to the scanning rate, so force contrast is not due td1l presents an equivalent scheme of the battery and STM in our
noncoordination of feedback. A plot of for¢E) vs. current(l) pre- experiments. The input resistance of the preamplifier was(2 M
sented in Fig. 7 could explain the origin of contrast in the force The sum of capacitance of the battery and the preamplifier was less
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800A

Figure 6. Series of STM and AFM images of vanadia with side of 1060 A were taken in UHV on the same are with interval of 2 min at constant current
| = 140 pA andVy, = =2 V. (@) (0) (d) and () are STM height images; height range: 340 (&) Force image, force range from5 X 107’ to +5

X 1077 N. (f) Force image, force range from5.6 X 10~ N to zero.(g) Section along the line with zero force shown in a. Result of intercalation of vanadia
with Li ions is visible. Large slabs with lateral size of 200 A and thickness of #1282 A gradually transform into small terraces with lateral size of 36

+ 0.7 A and height of 46+ 15 A.

than 22 pF measured by a Wavetek 28XT multimeter and this ca-of the battery is much smaller than the voltage of the external cir-
pacitance was omitted on the equivalent scheme. The internal resiguit, so variation of the current due to variation of electrochemical
tance of the battery was of 2.7 Min this experiment. The low  potential could be only 5% and is negligible compared to the spatial
observed voltage of the battery was due to the very similar electroy,griation of current by the factor of 5.5 observed in Fig. 6.
_chemlcal potentlal of _C’G“ and 7, Both battery 1 formed b)_’ Behavior of VAC presented in Fig. 10 provides evidence for the
interface LiCoQ-graphite and battery 2 with the structure graphite- chemical nature of the source of voltage on the battery due to
electrolyte-l\éOSI, presfenteld In Fl':g' 11, have opposhlte S|g|1ns andf 2lithium migration. With zero external voltage the current flows in
near equal value or vo tage. For comparison, the voltage o 8the same direction as at the previously applied negative voltage on
Li-V,Og cell in experiment 6 was 3.6 V and the voltage of a . o o S
Li-LiCoO. cell was of 4.2 V2 with an electrolvte of lithium phos- the tip. It means Li ions move still in the same direction tgOy.

2 : y P There was no hysteresis in the voltage-current characteristics

phorus oxynitride in both experiments. ; . -
The low voltage of our experiment battery 6f50 mV helps VAC was not influenced by charge of capacitance on the input of the

distinguish between spatial variation of electrochemical potentialPreamplifier and the capacitance of the baftery
and variation of conductance of vanadia by STM imaging. Voltage



Al244 Journal of The Electrochemical Society48 (11) A1239-A1246(2001)

. 10
4 8
=z 3
=
g * 6
L 1
0 4
-1
2 - 2
-3 =
-4 ﬁ" 0
s | g
e = -2
00 02 04 06 08 10 12 14 16 18 =
Current, nA ) -4
Figure 7. Plot forceF vs. currentl at feedback off reveals negative deriva- l
tive dF/dl at voltageVy, = —2 V and current = 140 pA used by STM '6
and force imaging in Fig. 2. Letter A in the plot marks that point. Repulsive /
force at current of 140 pA was detected at engagement of the tip. Force is -8
shifted toward attraction at withdrawal of the tip.
Discussion _8 .6 -4 -2 0 2 4 6
The conductivity of the layers measured at every step of battery
preparation enabled calculation of the current distribution through V0|tage, Vv

the cathode and the electrolyte for our configuration of electrodes.
Conductance is attributed to a combination of electron injection intoFigure 9. Typical voltage-current characteristic taken at a mechanical con-
the cathode at the tip/cathode interface as well as Li ion migrationfact between the Ptir tip and vanadia.
into the cathode at the electrolyte/cathode interface.
The tip is under a negative potential, so an excess of electrons
injected into the surface of vanadia from the tip could reduce vanadfilament (parallel to the vanadia laygrsThis gradient allows for
dium from V*5 to V** and induce repulsion of the tip, as seen with lateral migration of Li in each layer of s until full saturation of
respect to Fig. 6b and f, and Fig. 7. Negative charge at the surfac¢he film volume occurs. As shown in Fig. 8, the conductance of the
dissipates with time after scanning due to migration of lidns cathode increases with time; however, the lateral migration of Li due
through the electrolyte toward the surface ofO{4. As a result, a {0 the concentration gradient also in(_:rea_ses the area of the current
repulsive force does not appear in the final Fig. 6f. Low conductive filament through the battery. Hence, in Fig. 8, the rapid increase in
dark areas reveal permanent attractive force in Fig. 6b and f due téhe current within~1 s after the change of polarity is ascribed to
lower mobility of charge. growth of the local specific conductivity of D5 at the contact area
The area of current filament through the battery in our STM near the tip due to migration of Lialong the electric field normal to
experiment was estimated to bel0 ° cn? immediately upon en-  the surface. The subsequent slower growth of current is due to the
gagement of the tip. While this is the current filament through theincreasing of the area of the current filament by lateral migration of
battery due to the electric field normal to the interface, there is alsoLi © along the Li concentration gradient.
a gradient of Li concentration in the ,@5; perpendicular to that

8
] /] —=— Viip=-0.1V
6.5 —*— Vtip=-1V
4 / —— Vtip=-2V
6.0 2 —— Vitip=-3V
g <, —8— Vtip=-4V
< 5.5 - —o— Vitip=-5V
= 2
g /
5 5.0 4
(=]
-6
4.57 /
-8
L I
4.0 -10
000 0 001 002 003 004 005 006 0.07
T T T Viip, V
1 2 3
Time, s Figure 10. VAC near-zero voltages. Battery was charged with the tip volt-

age of—0.1, -1, —2, —3, —4, and—5 V for 1 min. Battery demonstrates
Figure 8. Local current demonstrates saturation with character time of thenonzero current at zero external voltage and zero current at positive voltage
process of 1 s after voltage on the tip was switched froto —4 V. The on the tip. Battery loaded by STM preamplifier shows voltage of 50 mV after
STM probe tip touched the cathode. charging with voltage of-5 V.
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planes. The activation barrier in each layer closer to the tip is low-
ered in comparison to those closer to the electrolyte, enabling faster
transport of Li to the tip side of the cathode. This concurrently
depletes layers nearer the electrolyte side of the cathode of Li, thus
STM removing the additional barrier to migration caused by Li-Li repul-
sions and site competition, enabling faster transport of Li into the

V205 ) -7 cathode. Concentration of the electric field at the tip produces the
Electrolyte - | trap with a low potential for Li ions on the tip side of the cathode.
Graphite E3 Q> ! Thus the low thickness of cathode, combined with the localization
! caused by the SPM tip, provides an electric field high enough to
' enable a high rate of diffusion and to prevent accumulation of Li at
: the cathode/electrolyte interface. In this case, we suppose Li ions
! accumulate in the tip side of cathode first and then Li ions fill layers
! down to the cathode/electrolyte interface layer by layer. Molecular
. ! dynamics simulations showed that the activation energy for Li ion
Graphite - ! diffusion between the planes, in t810) direction is, much lower
LiCoO, ! (~8 to 9 eV) than that for diffusion across the layers in @01

-- direction mentioned aboVé.The simulations support a spread of
the Li ions within the planes.

The effect of the tip and the associated concentrated electric field
and the lowering of the activation barriers for Li ion diffusion into
the cathode as Li ions approach the tip is different from what would
occur with a uniform current collector in contact with the cathode,
or from what is seen in the simulations which do not use a localized
field.

The influence of any possible inhomogeneous conductivity of Li
in the electrolyte could not be determined in our SPM experiments.
This is due to the lower electrical resistance of thgdyin our
experiment compared to the resistance of the electrolyte, plus the
fact that the current in our experiment is collected at the STM tip

With the tip of SPM in contact with the surface of the thin cath- from an area of the cathode and the electrolyte with a lateral diam-
ode layer, an extremely high current density-af A/cm? with 60% eter of~3000 A.
voltage drop on internal resistance occurred in this study. A current Possible local shortages with electronic conductivity in the elec-
density of 0.1 mA/criwas reached in Bates’ wdtior a thin film trolyte do not influence the neighboring areas in our STM experi-
battery using a YOs cathode without excessive voltage drop due to ment. Every area studied with the probe is practically independent
internal resistance. The cathode and electrolyte films were each off other parts of the battery. This is an important advantage of STM
about 1pm thick in that worké Current densities of 10 mA/c  that enables the study of very thin layers of electrolyte and cathode.
were observed by the same group on the plane cells with LiCoO Significant statistics can be easily taken by changing the probe po-
cathodes with a loss of 70% of their maximum capatityve ex-  Sition on the sample.
plain the higher current density in our experiment as being caused
by two effectsi(i) lower thickness of electrolyte and cathode &ind
the concentration of the electric field directly under the tip. Lower  Orientation of O lattice was locally determined with UHV-
thickness creates a 25 times higher electric field in the electrolyteSTM. The observed periodicity of 11% 0.5 A corresponds to the
and the cathode compared to the previous vidfkan additional  (001) plane of 4O, oriented parallel to the substrate. Additional
factor of 4 excess of current in our experiment compared to thegnalysis that showed steps on the vanadia planes equdl.t nm,
previous wqu%4 could be explained by the electric field concentra- ~onsistent with the lattice spacing in t(@01) direction, corrobo-
tion at the tip. _ _ o rated the interpretation of the orientation of the deposited polycrys-

Previous molecular dynamics computer simulations indicated thegjjine film. Transformation of cathode structure due to Li ion inter-
formation of a Li-rich layer at the cathode/electrolyte interfd@md calation was also observed.
was similarly suggested in experimental work done by 5'ﬁ_ﬁ_|-25 Conductivity of the battery was studied locally with the probe tip
The simulations give an activation energy o2.5 eV for Liion ot yHV-STM/AFM in the regime of mechanical contact with a con-
diffusion perpendicular to the X0s (001 planes, which is much  stant repulsive force. The variation in current was detected from 0.4
higher than the value of Li ion diffusion in the electrolyte glass to 2.2 nA in nearby areas of the UHV-STM image. The battery
(~8 eV).*" This causes a difficulty of Li ion migration in the cath- formed with the SPM probe in contact with the surface of the thin
ode with the(001) planes parallel to the interface, causing an accu-|ayer cathode revealed an extremely high current density of 1
mulation of Li at the interface. In experimental work, Bakal 2 Alem2. Two effects may explain this high current densitythe low
find a similar accumulation of Li and discuss an associated decreasgickness of electrolyte and cathode diifithe concentration of the

in electrode potential caused by the filling and accumulation of Li gjectric field under the tip of SPM. Experiments with different thick-
ions in the cathode/electrolyte interface. They also detected a depegs of cathode are in progress.

crease in diffusivity which was assigned to the increased Li-Li in-
teraction and a decrease of available sites in the crystal. Acknowledgments
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Figure 11. Equivalent scheme of model battery in STM experiment. Two
opposite electromotive forcdsl andE2 are partially shunted through elec-
tronic resistanceR1e”, R2e") and ionic resistanceR1Li+, R2Li+) of
interface LiCoQ-graphite and electrolyte, respectively. Film cathode with
resistanceRc is in contact with the tip of STM closing the circuit by input
resistance of preamplifier ramp and source of voltage E3.
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