
C
p

B
a

b

c

d

e

a

A
R
R
A
A

K
L
M
T
T
L

1

d
m
a
i
m
T
i
t

s
(
l
1
b
t
u
u
n

0
d

Journal of Power Sources 196 (2011) 10289– 10296

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jo ur nal homep age: www.elsev ier .com/ locate / jpowsour

haracterization  of  all-solid-state  Li/LiPONB/TiOS  microbatteries
roduced  at  the  pilot  scale

.  Fleutota,b, B.  Pecquenarda,∗, F.  Le  Crasc,  B.  Delisa,  H.  Martinezd,  L.  Duponte,  D.  Guy-Bouyssoub

CNRS, Université de Bordeaux, ICMCB site de l’ENSCBP, 87 Av du Dr. Schweitzer, Pessac F-33608, France
STMicroelectronics, Advanced Technologies R&D, IMS/ASD & IPAD division, 16 rue Pierre et Marie Curie, B.P. 7155, 37071 Tours Cedex 2, France
CEA LITEN, 17 rue des Martyrs, 38054 Grenoble, France
Laboratoire IPREM – UMR 5254, Université de Pau et des Pays de l’Adour, Hélioparc Pau-Pyrénées, 2 Av du Président Angot, 64053 Pau Cedex 9, France
LRCS – UMR 6007, Université de Picardie Jules Verne, 33 rue Saint Leu, 80039 Amiens, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 February 2011
eceived in revised form 5 July 2011
ccepted 6 July 2011
vailable online 18 July 2011

a  b  s  t  r  a  c  t

All-solid-state  Li/LiPONB/TiOS  microbatteries  were  manufactured  at the pilot  scale  on  silicon  substrate.
In  a first  attempt,  the  characterization  of  the  active  materials  constituting  the  microbattery  was  achieved
in order  to determine  their  accurate  composition,  structure  and  morphology.  Finally,  a  thorough  electro-
chemical  characterization  was  carried  out on  all-solid-state  cells.  Excellent  performances  were  noted  in
terms  of  cycle  life  (with  more  than  1000  cycles),  efficiency  and  self-discharge  (less  than  5% per  year).  In
eywords:
ithium
icrobattery

itanium oxysulfide
hin films
iPON

addition,  the  positive  electrode  highlighted  a  high  volumetric  capacity  close  to 90  �Ah cm−2 �m−1 when
cycled  at  100  �A  cm−2 between  1 V and  3 V vs. Li+/Li.

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

The development and the miniaturization of portable electronic
evices have stimulated numerous research projects in the field of
icro-power sources. All-solid-state microbatteries are becoming

n interesting alternative to button cells or conventional Li-ion cells
n numerous applications (stand-alone sensors, energy backup for

emories, RFID tags, etc.) for which these latter cells are oversized.
he reduced footprint of microbatteries enables a wide range of
ntegration modes, and in particular the opportunity to manufac-
ure them directly onto microsystems.

An all-solid-state thin film battery can be defined as a monolithic
ystem constituted of more than 10 layers including the active part
both electrodes and the electrolyte), protective layers, current col-
ectors and thin film barriers, with a total thickness not exceeding
5 �m.  The active materials of a microbattery can be fabricated
y different methods including physical vapor deposition (PVD)
echniques such as evaporation or sputtering, which are commonly

sed in the microelectronics industry. In these microbatteries, the
se of a solid electrolyte, despite its low ionic conductivity, has
umerous advantages. The most important ones are the possibility

∗ Corresponding author. Tel.: +33 5 40 00 33 03; fax: +33 5 40 00 66 98.
E-mail address: pecquen@icmcb-bordeaux.cnrs.fr (B. Pecquenard).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.07.018
of using metallic lithium as a rechargeable negative electrode, the
low reactivity at the electrode/electrolyte interface contributing to
a very low self-discharge rate, and the possible operation at ele-
vated temperatures. Moreover, the absence of a liquid electrolyte
enhances the intrinsic safety of the battery, and has a particular
interest for healthcare applications.

Various studies were carried out on all-solid-state lithium thin
film batteries [1–4] based on metallic lithium as a negative elec-
trode prepared by evaporation, lithium phosphorus oxynitride
(LiPON) as a solid electrolyte prepared by sputtering from a Li3PO4
target under pure nitrogen gas and a positive electrode which
strongly influences the characteristics of the whole system. Two
types of positive electrodes can be considered. The first type con-
cerns lithiated ones such as LiCoO2 and LiMn2O4 which need to be
thermally treated (400–700 ◦C) to get the performing crystalline
structure. These materials operate reversibly around 4 V/Li+/Li, and
are directly synthesized in the discharged (reduced) state. The
other type gathers transition metal oxides or sulfides such as V2O5,
TiS2, which can be directly synthesized in an amorphous state (or
crystallized for V2O5) [4,5] without any additional annealing and
reversibly insert lithium mainly below 3 V/Li+/Li. Thus these latter

materials need to be associated with a lithiated negative electrode.
The performances of these different positive electrode materials
associated with LiPON and metallic lithium are summarized in
Table 1 [1].

dx.doi.org/10.1016/j.jpowsour.2011.07.018
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pecquen@icmcb-bordeaux.cnrs.fr
dx.doi.org/10.1016/j.jpowsour.2011.07.018
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Table 1
Comparison of electrochemical performances of various positive electrodes in all-solid-state cells (positive electrode/LiPON/Li) according to Bates [1].

c-LiCoO2
a c-LiMn2O4

a V2O5 TiS2

Capacity (�Ah cm−2 �m−1) 62 40 123 75
[4.2–3.5 V] [4.2–3.5 V] [3.7–1.5 V] [2.45–1.8 V]

Energy density (Wh  l−1) 400 433 611 364
Specific  energy (Wh  kg−1) 200 211 444 225
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Annealing 700 ◦C, O2

c- means that the compound is crystallized.

In the present work, titanium oxysulfide thin films were selected
ecause of their specific potential window [1.0–3.0 V/Li+/Li] well-
dapted for the envisaged application. For more than twenty years,
his type of material has been thoroughly studied by the ICMCB
roup either with solid or liquid electrolytes [6,7]. Contrary to most
f the published works concerning titanium disulfide, the thin films
repared by sputtering always contain some oxygen due to the
trong avidity of titanium for oxygen (the oxygen coming from the
arget and/or the presence of remaining water molecules always
resent in the chamber whatever the initial vacuum). The incorpo-
ation of oxygen induces the presence of two types of sulfur species:
2− as in TiS2, and S2

2− disulfide pairs as in TiS3. These disulfides
airs present in TiOySz can then be reduced at the beginning of
he lithium insertion (i.e. at higher voltage) and contribute to an
ncrease of the capacity of the positive electrode compared to pure
iS2 [8].  So, for optimum performance, the TiOySz thin films need to
ontain a large proportion of these disulfide pairs, since they play

 large part in the redox processes together with titanium ions.
urthermore, a previous study led in a liquid electrolyte has high-
ighted the beneficial effect on the reversibility of the sulfur redox
rocess of having a dense thin film [8].

Concerning the electrolyte, the addition of a few percents of
oron into LiPON electrolyte is known to enhance its chemical and
hermal stability while maintaining good electrical performances
9].  The latter, named LiPONB, was used in this study.

In the present work, we report on the development of
i/LiPONB/TiOySz all-solid-state lithium microbatteries manufac-
ured at the pilot scale, the characterization of the active materials
onstituting the microbattery (positive electrode and solid elec-
rolyte) in order to determine their composition, structure and

orphology and finally on the thorough study of their electrochem-
cal performances.

. Experimental procedure
.1. TiOySz thin film deposition

To avoid any contamination, the sputtering chamber is con-
ected to an argon-filled glove box. Before deposition, a vacuum

Fig. 1. W current collector level on a silicon wafer showing
00 ◦C, O2 Without Without

was created into the chamber until the pressure was less than
4 × 10−6 Pa. Prior to each deposition, a pre-sputtering was  system-
atically carried out for 20 min. The titanium oxysulfide films were
grown at room temperature with no intentional heating/cooling of
the substrates. The reactive sputtering was  held in DC mode with a
Ti target in an Ar/O2 atmosphere (1% O2) with a constant gas flow
of 16 sccm (partial pressure of 0.2 Pa) and a constant H2S flow rate
of 18 sccm (partial pressure of 0.2 Pa). For all samples, the incident
power density was  2.5 W cm−2. The growth rate of TiOySz thin films
was determined by profilometry equal to 3 nm min−1.

2.2. LiPONB thin film deposition

LiPONB electrolyte film was deposited by radio-frequency (rf)
reactive sputtering at a power density of 2.0 W cm−2 using a
(Li3PO4–LiBO2 95/5) target in a pure nitrogen atmosphere under
a total nitrogen pressure of 2 Pa. Before deposition, a vacuum
was applied into the chamber until the pressure was less than
4 × 10−6 Pa. Prior to each deposition, a pre-sputtering was sys-
tematically carried out for 20 min. The growth rate of the LiPONB
deposit was  determined equal to 5 nm min−1.

2.3. Li thin film deposition

Metallic Li was  deposited by thermal evaporation with a growth
rate of 150 nm min−1.

2.4. Fabrication of the thin-film microbattery

The all-solid-state TiOS/LiPONB/Li microbatteries were pre-
pared as follows at the pilot scale using an ENDURA sputtering
platform (Applied Materials). The 6′′ or 8′′ silicon wafers used as
substrates were successively covered by an insulating SiOx film, a
barrier film to avoid any lithium diffusion into the substrate and a
200 nm tungsten level patterned by photolithography as a current
collector (Fig. 1). The deposition of the following levels of the stack

was made through a shadow mask in order to localize each layer.
TiOySz thin films with a thickness of 1.3 �m were grown by DC  sput-
tering on the current collector. The LiPONB solid electrolyte film,
1.4 �m thick, was then deposited by rf reactive sputtering under a

 the different sizes of microbatteries (25 and 7 mm2).
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Fig. 2. SEM cross-section image of an all-solid-state microbattery.

ure nitrogen atmosphere. To complete the active part of the micro-
attery, a metallic lithium film, 3 �m thick, was  then deposited
n the LiPONB film by thermal evaporation. To protect the active
tack from moisture and oxygen, an encapsulation based on a poly-
er/metal multilayer was achieved by chemical vapor deposition

nd sputtering. A SEM picture of the cross-section showing all the
lms constituting the stack is shown in Fig. 2. On each silicon wafer,
icrobatteries with surface areas equal to 7 or 25 mm2 were pre-

ared (Fig. 1).

.5. Characterizations of the active material thin films

To avoid any contamination, air-tight containers were system-
tically used to transfer the sample from the sputtering chamber
o the various characterization apparatus.

The chemical composition of the TiOySz thin film positive elec-
rode was determined by Rutherford backscattering spectroscopy
RBS) at a backscattering angle of 150◦ using an incident beam of
He+ ions with an energy of 2 MeV. The spectra were analyzed with
he SIMNRA software [10]. For that purpose, the 100 nm thin films
ere deposited onto vitreous carbon substrates. The composition
omogeneity over the thickness was checked by Auger electron
pectroscopy (VG Microlab 310 F) on thin films deposited onto
tandard silicon wafers and having a thickness of 1.3 �m.

The structure was studied by means of X-ray diffraction (Philips
W 1050, Cu K� radiation).

The thickness, surface and cross-section morphology were
nvestigated using a Tencor profilometer alpha-step 200 and
canning electron microscopy (JEOL-JSM 6360). The X-ray pho-
oelectron spectroscopy (XPS) was performed with a KRATOS
model Axis ultra 165) using a monochromatized Al K� radiation
1486.7 eV). The residual pressure inside the analysis chamber was
n the 5 × 10−9 Pa range. The spectrometer was calibrated using the
hotoemission lines of gold (Au 4f7/2 = 83.9 eV, with reference to the
ermi level) and copper (Cu 2p3/2 = 932.5 eV). For the Au 4f7/2 lines,
he full width at half maximum (FWMH) was 0.86 eV. The peaks

ere recorded with a constant pass energy of 50 eV. All the samples
ere fixed on the sample holders in a glove box directly connected

o the introduction chamber of the spectrometer. The XPS analy-
es were carried out on the as-deposited thin film. Peaks were then
Fig. 3. Stainless steel/electrolyte/stainless steel sandwich structures used for the
determination of ionic conductivity by impedance spectroscopy. This design allows
four  measurements for each thin film electrolyte in order to ensure a good accuracy.

shifted to align the hydrocarbon C1s photoemission line to 285.0 eV
binding energy. The experimental curves were fitted with a com-
bination of Gaussian (80%) and Lorentzian (20%) functions using a
minimum number of components.

The chemical composition of LiPONB thin films was determined
by RBS and electron microprobe analysis (Cameca SX100) for P,
O and N contents. The Li, B and P contents were determined using
an inductively coupled plasma-optical emission spectrometer (ICP-
OES) (Varian 720ES) by firstly dissolving thin films deposited on
the glass substrate in 10 ml  of diluted HCl. A small quantity of
these solutions was  injected. The wavelength of the emission line
is 460.289 nm for Li, 214.914 nm for P and 249.678 nm for B.

The ionic conductivity of LiPONB thin films was measured by
impedance spectroscopy using a Solartron 1260 analyzer. Stainless
steel/electrolyte/stainless steel sandwich structures were prepared
on glass substrates. A special design with a grid allowing 4 mea-
surements for each thin film electrolyte was used to ensure the
reproducibility and the accuracy of the results. The overlap area of
each plot was 4 mm2 (Fig. 3). The stainless steel electrodes were
deposited by radio-frequency magnetron sputtering from a stain-
less steel target under a pure argon atmosphere. The impedance
measurements were carried out in a frequency range from 1 Hz to
10 MHz  with 50 mV  AC voltage amplitude with a 5 ◦C increment
from 30 ◦C to 75 ◦C. The ionic conductivity, �, was calculated from
the following equation:

� = 1
R

d

A

where d is the solid electrolyte thin film thickness, A is the area of
the electrode and R is the resistance of the solid electrolyte thin film
deduced from the Nyquist diagram. The local structure of LiPONB
was investigated by X-ray photoelectron spectroscopy (XPS) and
TEM.

2.6. Electrochemical characterization of the Li/LiPONB/TiOySz

microbattery

Electrochemical measurements were conducted using a VMP3
galvanostat-potentiostat (Bio-Logic) with channels equipped for
electrochemical impedance spectroscopy (EIS) analysis. The micro-
batteries were connected using a probehead with multiple gold
plated tips and placed at 20 ◦C in a thermostated chamber. Different
cells of a given wafer were used for each type of experiment.

Various electrochemical characterizations were achieved
including galvanostatic cycling between 1 V and 3 V/Li+/Li, cyclic
voltammetry at a low sweep rate of 5 �V s−1, Galvanostatic Inter-

mittent Titration Technique (GITT) and EIS analyses. Note that a
relaxation time of 1 h was  applied before impedance measure-
ments. The lithium chemical diffusion coefficient was calculated
from GITT measurements for various LixTiOySz compositions using
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Fig. 4. RBS analysis of a TiOS thin film electrode 100 nm thick deposited on vitreous carbo
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ig. 5. AES analysis of a TiOS thin film electrode deposited on silicon wafer in depth
rofile.

he method described by Weppner [11] according to the following
quation:

˜ = 4
�

(
VMi0

F

)2
[

dE/dx

(dE/d
√

t)

]2
M is defined as the molar volume, i0 is the applied constant cur-
ent density, F is Faraday’s constant (96500 C), E is the cell voltage
nd x is the stoichiometric number of lithium. The lithium content

Fig. 6. SEM images of a TiOS thin film electr
n. The composition deduced from the fit (line) done with SIMNRA [10] is TiO0,6S1,6.

in the lithiated titanium oxysulfide thin film of the all-solid-state
microbatteries was deduced from previous measurements made
on weighted TiOySz thin films cycled in liquid electrolyte. The
sequence used for the galvanostatic intermittent titration can be
described as follows: a constant current density (i0 = ±10 �A cm−2)
was applied for a given time leading to constant charge increments
�x = ±0.025, followed by a 4 h rest period.

3. Results and discussion

3.1. Individual thin films

The chemical composition of the positive electrode thin film
determined by RBS spectroscopy was  TiO0.6S1.6 (Fig. 4). Auger spec-
troscopy revealed a uniform composition over the whole thickness
for all samples, in agreement with the composition determined
by RBS spectroscopy (Fig. 5). XRD and TEM analyses showed that
TiOS thin films were amorphous. The surface and cross-section SEM
images are presented in Fig. 6a and b. The surface was homogeneous
and composed of grains with a diameter in the order of 200 nm
(Fig. 6a). The image of the cross-section showed a typical columnar

growth (Fig. 6b), similar to the TiOS thin films previously studied
by Lindic et al. [12]. The Ti2p and S2p XPS spectra corresponding
to TiO0.6S1.6 thin films are very close to that previously published
by Lindic et al. (see Refs. [6,8]). More precisely, the Ti2p3/2–1/2

ode. (a) Surface and (b) cross-section.
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Fig. 8. TEM image of LiPONB thin film showing its amorphous state.
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At room temperature, the sweep voltammogram of the micro-
battery (Fig. 10)  achieved at low rate (5 �V s−1) exhibited two
defined regions in the range [1.8–3.0 V] and [1.0–1.8 V Vs Li/Li+]
corresponding to the reversible reduction of respectively S2

2− and
ig. 7. Impedance measurements on the LiPONB thin film electrolyte at various
emperatures from 25 ◦C to 55 ◦C.

PS core peak may  be fitted into two doublets: the first one, with
he main intensity (89%), is located at 456.3–462.3 eV and corre-
ponds to Ti4+ ions in a sulfur environment as in TiS2 reference
456.1–462.2 eV) or in TiS3 (456.0–462.2 eV). The second one (11%)
s assigned to Ti4+ ions in a majority oxygen environment since
he binding energy (458.1–463.8 eV) is close the rutile TiO2 refer-
nce (458.5–464.1 eV). The relative percentages of the doublet area
learly reveal the prevalence of Ti4+ ions in a sulfur environment.

The S2p3/2–1/2 XPS core peak was fitted into two  compo-
ents, assigned to the presence of S2

2− disulfide pairs located at
62.3–163.5 eV as in TiS3 reference (162.3–163.4 eV) in addition
o S2− at 161.1–162.3 eV (as in TiS2 – 160.9–162.1 eV – or TiS3 –
61.0–162.1 eV – references). Note that S2− ions are present in the
hin film with a higher proportion (70%) than S2

2− disulfide pairs
30%), but the presence of those has a great importance regarding
o the redox processes in agreement with the previous studies of
indic et al.

The composition of LiPONB thin films determined by three com-
lementary techniques, RBS spectroscopy and electron microprobe
nalysis for P, O and N amounts and ICP for Li/P and Li/B ratios
as Li3.64PO3.63N0.46B0.07. The ionic conductivity was deduced

rom impedance measurements carried out on the following stack:
locking electrode/LiPONB/blocking electrode. At room tempera-
ure, the ionic conductivity was equal to 2.6 × 10−6 S cm−1 (Fig. 7).
he activation energy was determined equal to 0.63 eV from ionic
onductivity measurements taken at various temperatures accord-
ng to the Arrhenius law. The local structure was investigated by
EM and XPS spectroscopy. TEM analysis has confirmed the amor-
hous nature of the electrolyte (Fig. 8).

The spectrum of the N1s core peak (Fig. 9) was  decomposed into
wo Gaussian–Lorentzian mixed components respectively located
t 397.8 eV and 399.4 eV (±0.1 eV) in agreement with the studies
f Marchand et al. [13]. These two values of binding energies can
e attributed to two different bonding states of nitrogen atoms.
he first one, labeled N1, is bound to two phosphorus atoms (–N ),
hile the second one N2 corresponds to a nitrogen atom linked

o three phosphorus atoms (–N<). The energy difference of 1.6 eV
bserved between the two peaks is consistent with the results
btained for a P3N5Hx phosphorus nitride [14] in which these
wo nitrogen chemical environments also exist. For the latter, the

eported values of binding energies are respectively 397.0 eV and
98.6 eV. The shift towards higher energies compared to the Veprek
t al. results could be interpreted by the presence of oxygen bound
o phosphorus, in agreement with an initial state effect.
Binding  energ y (eV)

Fig. 9. N1s XPS spectrum of LiPONB thin film electrolyte.

3.2. Electrochemical behavior of all-solid-state microbatteries
Fig. 10. Linear sweep voltammograms of TiOS/LiPONB/Li cell done at a scan rate of
5  �V s−1 between 3 V for the upper limit and various lower cut off voltages from 2 V
to  1 V. Two cycles were done for each potential range.
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Fig. 11. Evolution of both capacity and coulombic efficiency of a 25 mm2 cell cycled
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Fig. 13. (a) Galvanostatic intermittent titration performed both in charge and in
discharge on a two  electrodes 7 mm2 all-solid-state cell, and (b) the deduced vari-

F
t

t  a constant current density (100 �A cm−2) between 1 V and 3 V. The thickness of
he positive electrode is around 1.2 �m.

i4+. These two reduction/oxidation steps have been confirmed
y XPS measurements at the S2p and Ti2p core peaks achieved
n TiOS electrodes cycled in liquid electrolyte. During galvanos-
atic cycling at 100 �A cm−2 between 1.0 and 3.0 V, the 25 mm2

i/LiPONB/TiOS cell exhibited a high volumetric capacity close to
0 �Ah cm−2 �m−1, which is 38% greater than the theoretical value
f LiCoO2 (65 �Ah cm−2 �m−1) which is commonly used as a pos-
tive electrode in all-solid-state lithium microbatteries (Fig. 11). In
ddition, the Li/LiPONB/TiOS cell had an excellent cycle life with a
orresponding fading rate of −0.02% per cycle. After 500 cycles, only

 minor evolution of the voltage versus capacity curve is observed
n the region corresponding to the oxidation of S2− species (Fig. 12a
nd b).

The chemical lithium diffusion coefficient was calculated from
ITT experiments at 20 ◦C using an estimated molar volume
f 32.3 cm3 mol−1 for TiO0.6S1.6. The slope dE/d(

√
t) was  deter-

ined for a period of time comprised between 2 and 10 s for
ach current pulse. This coefficient ranged mainly from 5 × 10−11

o 3 × 10−10 cm2 s−1 between the compositions TiO0.6S1.6 and
i1.2TiO0.6S1.6 (Fig. 13)  which was rather high in this disordered
nsertion material compared to the values measured on crystalline

aterials such as LiCoO2 (10−13–10−11 cm2 s−1) [15] or LiMn2O4
10−12–10−10 cm2 s−1) [16].

An estimation of the maximum value of the self-discharge was

arried out by measuring the evolution of the OCV (open circuit
oltage). The drift of the OCV is due both to the homogenization
f concentration profiles and to the self-discharge of the cell. The

ig. 12. (a) Evolution of the voltage–capacity curve after 500 cycles. Charges and dischar
he  corresponding incremental capacity over 500 cycles showing a slight evolution of the
ation of lithium chemical diffusion coefficient with the lithium content in LixTiOS.
The estimated thickness of the TiOS thin film is 1.0 �m.

latter being preponderant after 20 days was estimated at around
−12 �V h−1 (corresponding to −5.2% per year) by the measurement
of the OCV drift in the charged state (Fig. 14). Even if this method
leads to an overestimation of the self-discharge, the direct mea-
surement by storing a charged cell knowing its initial reversible
capacity during one year is not adapted to industrial test spec-
ifications. Moreover, the obtained value is much lower than the
specified value for the envisaged applications.
The impedance measurement analysis carried out at the end
of each charge and discharge showed progressive modifications
over cycles. Hence, the internal resistance of the Li/LiPONB/TiOS

ges have been done at a constant current density of 100 �A cm−2. (b) Evolution of
 S2− oxidation step at 2.4 V.
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Fig. 14. Evolution of the open circuit voltage of a fully charge cell (3 V/Li+/Li).
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ig. 15. Correlation of the capacity fading with the increase of the cell impedance
easured at 88 Hz.

ell increased whereas the capacity decreased (Fig. 15). A corre-
ation has been established between the capacity fading and the
ell impedance increase. The evolution of the real and the imag-
nary part of the impedance at the end of the charge between
he first and the 501th cycle are plotted in Fig. 16.  The evolution
f the cell impedance does not involve a new limiting step that

ould correspond to the formation of a new interface but is only
ncreased by a real scale factor. In addition, the relaxation fre-
uency characteristic of the solid electrolyte remains unchanged
ver cycles. So, to explain this impedance increase observed for

ig. 16. Evolution with frequency of the real and the imaginary part of the
mpedance for the 1st cycle and the 501th cycle.
Fig. 17. Evolution of the impedance spectra for cells discharged at 10 �A cm−2 and
charged either at 10 �A cm−2 (a) or 200 �A cm−2 (b).

solid-state microbatteries having a planar geometry, the most obvi-
ous hypothesis would be to consider a modification of the negative
or positive electrode/solid contact area. To try to identify the ori-
gin of a such increase, complementary impedance analyses were
carried out by measuring the evolution of the cell impedance for
different values of the charge current while maintaining the dis-
charge current at 10 �A cm−2 (Fig. 17). At a low charge current
density (10 �A cm−2), the impedance was  fully stable either in the
charged or in the discharged states. Nevertheless, during the dis-
charge, we  observed a second half-circle at low frequency which
could correspond to the formation of an interface between the
LiPONB solid electrolyte and the TiOS positive electrode. At a charge
current density of 100 �A cm−2, the impedance rapidly increased
during the first cycles and then roughly stabilized. The impedance
dramatically increased during charge and discharge for the charge
current density of 200 �A cm−2 while maintaining the discharge
current at 10 �A cm−2 as for the other analyses. Thus, the results of
these experiments carried out with various charge current densities
while maintaining a low discharge current density (10 �A cm−2)
show that the main origin of the impedance increase is linked to
the current density. All these results would tend to indicate that
the main origin of the capacity fading is related to a modifica-
tion of the morphology of the Li electrode during charging which
induced a progressive decrease of the Li/LiPONB contact area and
an increase of the internal resistance during subsequent discharges.
This explanation is not so surprising if we  consider a previous study
leaded by J.B. Neudecker on Li-free microbattery showing that the Li
deposit after a charge is not necessary homogeneous and can form
some nodules at the electrode/electrolyte interface which limits
the Li/solid electrolyte contact area [17].

4. Conclusion
The all-solid-state Li/LiPONB/TiOS cells produced at the pilot
scale exhibit excellent performances in terms of cycle life, efficiency
and self-discharge in the operating range [1–3 V]. The use of lower
charge current densities (lower than 100 �A cm−2) guarantees a
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ycle life superior to 1000 cycles at 100% depth of discharge. The
rogressive capacity loss of around 0.02% per cycle correlated with a

ow increase of the cell impedance, is related to the evolution of the
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