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Abstract

Design and fabrication of reliable materials with high capacity, cycling stability and good adhesion properties for flexible
microbatteries remains a challenge. A 2 um thick flexible solid-state Ge-LiCoO; battery was fabricated and the structure,
composition, thermal, optical, electrical, and electrochemical properties of the materials that determine and influence its
electrochemical potential were investigated. RF-sputtered lithium cobalt oxide (LiCoO) cathode and lithium phosphorus
oxynitride (LiPON) electrolyte films were fabricated at 120 W and 100 W of power, respectively. A ~ 300 nm thick Ge
anode was deposited by e-beam. The full-battery was fabricated using conventional and low-cost PVD processes. X-ray
diffraction (XRD) and Raman spectroscopy confirms the hexagonal R3m phase of annealed LiCoO.. Differential scanning
calorimetry (DSC) technique was applied to investigate the thermal behaviour of the LiPON film with a moderate electrical
resistivity of 108 Qcm and high optical transmission (> 75%) in the UV-Visible range. Bending experiments were also
performed to evaluate thin-films adhesion and stability. Scanning electron microscopy (SEM) technique was used to evaluate
the morphology of films surface and the layered structure of the full-battery. This detailed experimental study allows us to

understand the discharge behavior of the fabricated Li-ion battery. Copyright © 2017 VBRI Press.
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Introduction

Li-ion battery technology is already in use for low power
applications such as consumer electronics and power
tools. Extensive research has projected the application of
this technology toward renewable energy sources (such
as, solar cells and windmills) [1] [2], human and animals
[3]. However, the battery safety, lifetime and generated
power is still a concern. Furthermore, for these kind of
applications, when thin-film micro-architecture battery is
directly engineered and fabricated as a part of an
integrated circuit (taking in account compatible
manufacturing processes), the battery implementation
process is easier. Additionally, if the batteries are flexible,
lightweight and thin, this technology could be expanded
to more specific applications (e. g. implantable medical
devices).

Electrochemical energy storage devices are very
complex. They are multicomponent systems that
incorporate widely dissimilar phases in physical and
electrical contact [4]. Operation of a rechargeable battery
relies critically on electron and ionic transfer across the
solid/solid interfaces (for thin-film electrolyte) and
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solid/liquid interfaces (for liquid electrolyte) and within
each of the constituent elements. Moreover, repeatedly
charging/discharging processes of the battery induces
microstructural ~ evolutions not only at the
electrodes/electrolyte interfaces as well as within the
active materials due to the electronic conduction and ionic
migration [4]. The main challenge in the design of
rechargeable thin-film Li-ion battery is to ensure that the
electrodes keep their mechanical integrity over many
charge/discharge cycles. The diffusion of lithium ions, the
reaction rate at the cathode/electrolyte interface, and the
adhesion between the materials [5] of the multilayer
system are critical for the performance and durability of
the desired batteries.

The main active materials in the battery is the cathode,
the anode and the electrolyte. For Li-ion batteries and
among all valuable cathode materials studied, lithium
cobalt oxide (LiCoOy) is an attractive cathode material
due to high theoretical specific capacity of 247 mAhg?,
high theoretical volumetric capacity of 1363 mAhcm,
low self-discharge, high discharge voltage (4.1 V vs
Li*/Li), and good cycling performance [6] [7]. LiCoO;
crystallographic structure is usually separated by the so
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called low temperature LiCoO, (LT-LiCoOy) that has the
lattice of the cubic spinel (space group Fd3m) and high
temperature LiCoO, (HT-LiCoO;) that has a hexagonal
lattice (space group R3m) [8]. HT-LiCoO; is the most
suitable for application in lithium microbatteries [9], [10].
J. B. Bates, et al. [11] go further and explain that the
crystallization of LiCoO; films should privilege the plane
(101), which provides a structure perpendicular to the
substrate and improves lithium cycling. To achieve the
desired crystallographic structure, an annealing at 700 °C
for 1 hour is usually needed, which is impracticable in
plastic/polymeric substrates.

For high performance electrolyte, a high ionic
conductivity (to allow fast Li ions movement and
therefore, minimal internal resistance), negligible
electrical conductivity (to prevent the self-discharge of
the cell), chemical compatibility with the electrode
materials, and electrochemical stability at high voltage
window and in a wide range of temperature [12-14] are
needed. Moreover, the use of a solid-state electrolyte (e.qg.
lithium phosphorus oxynitride (LiPON)) eliminates
leaking or explosion risk (present with liquid electrolytes)
and offers stability and good endurance to adverse
environmental  conditions [15]. LiPON exhibits
electrochemical stability window up to 5.5 V vs Li*/Li
[16], which could be combined with high voltage
cathodes [17], moderate ionic conductivity of 10 Scm
at room-temperature [12] and high electronic resistivity
of ~10' Qcm [18]. Metallic lithium is the anode material
that presents higher specific power, but presents many
problems due to the dendrites formation of Li metal,
leading to a short-circuits and undesirable thermal
reactions on the cathode and consequently battery burning
[19]. For this work, a germanium (Ge) material was used
as anode of the solid-state li- ion battery. Ge shows a high
theoretical gravimetric capacity of 1568 mAhg™ and the
ability to alloy with 4.4 Li atoms per Ge atom [20], fast Li
ion-transport Kinetics (400 times higher than Si at room
temperature) and lower volume change during cycling
mechanisms, which can support high charge/discharge
cycles [21] [22]. Ge can store ~ 8 times more Li atoms
than LiCoO; (0.5 Li atoms per CoO- and 4.4 Li atoms per
Ge) [11] [20]. Besides these materials, carbon nanotubes
(CNTSs), graphene and low-dimensional nanostructured
materials are other examples of light-weight, robust and
flexible materials that have been reported in recent years,
to achieve high area and volumetric capacities in Li-ion
batteries [23]. To overcome strain effects from volume
change after lithiation, and extend the battery cyclic
stability, S. Fang et al. [24] reported a hybrid anode for
Li-ion batteries constructed by Ge nanoparticles —
graphene - carbon nanotube that delivers a high-energy
capacity up to 863.8 mAh/g, at a current density of 100
mA/g after 100 cycles. In turn, a 3D vanadium pentoxide
(V20s)/reduced graphene oxide (RGO)/carbon nanotube
structure reported by the K. Palanisamy et al. [25] arises
as a promising cathode architecture for high -
performance Li-ion batteries due to the observed high
capacity of 220 mAh/g at 1C after 80 cycles. This
network structure creates channels for effective Li ion
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transport and increase surface Li+ storage. An original
concept of battery architecture was demonstrated by LG
Chem. Ltd [26], a cable — type Li-ion Dbattery
characterized by a hollow spiral nickel/tin-coated copper
wires (anode), a lithium cobalt oxide (LiCoO;) cathode
composite, and a modified polyethylene terephthalate
(PET) nanowoven separator membrane. A potential
plateau of 3.5 V and an initial specific capacity of 1
mAh/cm were observed. This kind of battery can be
adapted to fit nearly anywhere, facilitating the integration
in practical wearable electronics. However, further
improvement is needed relatively to the capacity retention
results with cycling. Although it has been established that
the active materials properties are responsible for battery
performance, the correlation of these with the
charging/discharging of the full battery are not well
discussed [27].

In this work, the structure, composition, thermal,
optical, electric, and electrochemical properties of the
cathode and electrolyte active materials are investigated
and correlated with the electrochemical potential of the
full Li-ion battery. A flexible solid-state Li—ion battery of
LiCoO,/LiPON/Ge  (cathode/electrolyte/anode)  was
developed by simplified, low-cost and micro-
electromechanical ~ systems  (MEMS) technology
compatibility, which is essential for industry fabrication
requirements. Kapton® sheets of 127 um thick [28] were
used as battery substrate because holds temperatures up to
400 °C and provides flexibility to the battery. A silicon
nitride (SisNg4) barrier layer was deposited on top of the
Kapton® to prevent the lithium ions migration to the
substrate during the charge/discharge cycles. Prior the Pt
cathode current collector, a Ti layer was deposited to
improve the adhesion between the SisN4 and Pt layers.
Among the cathode and electrolyte properties, bending
experiments were performed to evaluate the adhesion and
stability of the battery base structure (kapton/SisNa/Ti/Pt)
before the active materials deposition. The SisN4 barrier
layer electrical and optical properties were investigated.
We have made use of a wide set of characterization
techniques  (X-ray diffraction (XRD), Raman
spectroscopy, differential scanning calorimetry (DSC),
electrical resistivity, optical transmittance, scanning
electron microscopy (SEM) and electrochemical tests) to
give a detailed study of the battery point of view.

To the best of our knowledge, it is the first work that
reports a direct correlation between the properties of
isolated thin-film materials and their effect on the
electrochemical behaviour of the respectively full battery,
when they are coupled together. These findings could
help the researchers on this field to optimize the design of
future all-solid-state thin-films batteries.

Experimental
Materials

The selected fabrication parameters of each battery layer
play a critical role on batteries performance and
durability. Each battery film was prepared taking in
account the application in flexible microbatteries.
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Kapton® 500 HN from DuPont™ (127 um thick) was
used as substrate to provide a flexible structure. This
polyimide can support temperatures up to 400 °C [29].
Several films were deposited on the substrate, prior the
LiCoO; cathode. SixNy film (500 nm thick) was the first
deposited layer. This material was used as lithium barrier
layer [30], [31], to prevent Li ions diffusion into the
substrate. SixNy films were fabricated by RF sputtering
at 250 W of power and, with a constant pressure of
6 X 10 mbar during deposition. A 2” single-side polished
N - type <100> silicon wafer (1 mm thick and resistivity
of 0.5-1.0 Qcm) was used as sputtering target. To
evaluate dependence of the deposition gases in SixNy
properties, five different samples were prepared, using Ar
and N, gases (with high purity of 99,9992%), but
assuming a total flow of 20 sccm in the vacuum chamber
(see Table 1). The distance from target to samples is
75 mm.

Table I. Deposition conditions and measured composition of RF-
sputtered SixNy films.

Material Gas Compositi
Depositi  Temperature on
N, Ar on rate ({9} (EDS
(scem) (scem)  (As™) technique)
20 0 0.7 79 SizNy13
16 4 0.8 79 SizN3 02
SixNy 13 7 0.8 80 Si3Ny02
10 10 0.9 79 Si3N3 g3
7 13 1.0 76 SizNj 65

Table Il. Fabrication parameters for the active materials of the Li-ion
battery.

Material Target Deposition ~ Gas (scem) Power Pressure Thickness Temp.

technique (W)  (mbar) (nm) “C)
Ar N O
LiCoO, LiCoO, 17 - 3 120 500 141
— RF sputtering 6x10°
LiPON  Li;PO, - 20 - 100 1000 55
(7kV,
Ge - E-beam T T T 4oma) - 300 64

The Ti adhesion layer (30 nm thick) plays an important
role in improving the Pt adhesion process. Pt (150 nm
thick) is the current collector for LiCoO.. Pt is electrically
conductive and avoid unwanted reactions with LiCoO;
[32], [33]. The LiCoO; cathode (1.4 um) was deposited
by RF magnetron sputtering technique, with a 120 W
power supply, pressure of 6 x 10~ mbar and 17/3 sccm of
Ar/O; flux, respectively. LiCoO, film was annealed at
400 °C in an oven for 1 hour, in air conditions. A ramp of
3°C/min was maintained during the oven heating and
cooling to prevent cracks in the film. LiPON electrolyte
film was fabricated by RF sputtering of lithium phosphate
(LisPOs) target at 100 W of RF power and in 20 sccm of
N2 flux. LiPON thickness was settled to be 1 um for the
battery. The pressure inside the vacuum chamber was set
at 6 x 10 mbar. The 300 nm Ge anode was deposited by
e-beam. The deposition parameters are listed in Table 1.
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Device fabrication

Solid-state Li-ion battery (Fig. 1) was fabricated by PVD
techniques on top of flexible Kapton® substrate that
provides flexibility, good thin-film adhesion and supports
all deposited layers. Custom stainless steel shadow masks
were specially designed allowing the format required for
each battery layer and providing a 1 cm? active area to the
battery. RF-sputtered SisN4 layer was first deposited onto
de Kapton substrate, with a 250 W of power, pressure of
6 x 10 mbar and 7/13 sccm of Ar/N; flux. A thin Ti
adhesion layer (30 nm thick) was deposited by e-beam
technique (7 kV of voltage; 60 mA of current) and Pt
cathode current collector (150 nm thick) was deposited by
DC- sputtering, with 20 W of power, pressure of 1 x 102
mbar and 40 sccm of Ar. Taking in account the battery
design, RF-sputtered LiCoO; cathode (500 nm thick) was
fabricated on top of the Pt layer by deposition and
annealing conditions described above, in Battery
Materials section. Ti anode current collector (300 nm
thick) was deposited by e-beam and before the LIPON
electrolyte to prevent undesirable chemical reactions
between LIPON and Ti during the deposition of Ti Layer.
RF- sputtered LIPON electrolyte film was deposited over
the LiCoO, cathode by the fabrication parameters
mentioned in Battery Materials section. To provide
electrodes electrical insulation and battery chemical
stability, a barrier composed of SisN4 (20 nm) and LiPO
(50 nm) thin films were deposited by RF sputtering,
before the Ge anode deposition. This SisN4 layer was
deposited with a 100W RF power, lower than the initial
SisNg4 layer, to prevent damage on the underlying layers
due to the temperature increase obtained with higher RF
power. The other parameters were Kkept constant.
Moreover, this layer will prevent Li ions to flow between
cathode and anode in the limits of the battery, avoiding
secondary reactions that could damage the battery. LiPO
and SisN4 materials offer the advantage of compatibility
with underlying layers. The Ge (300 nm thick) anode was
deposited by e-beam, connected by the current collector
Ti layer. The fabrication parameters for the active
materials are summarized in Table Il. The design of the
fabricated flexible thin-film Li-ion battery is presented on
Fig. 1. The battery total thickness is about 2.45 um plus
the Kapton® substrate (127 um thick).

SizNsand LIPO
LiCoO; layers
cathode il
LiPON ’
ele;tmly[e ’ Tianode current
SisNg barrier = Gaanode collector
layer

Pt cathode
current collector

Ti adhesive
layer

Flexible kapton

Fig. 1. Design of Li—ion microbattery with materials indication (not on
scale for better visualization).

Characterizations

The thickness of the films was measured using a
calibrated quartz microbalance inside the vacuum
chamber during deposition, and then validated by
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profilometry (stylus profilometer Veeco DEKTAK 150),
optical  transmittance and SEM  measurements.
A NanoSEM - FEI Nova 200 (FEG/SEM) with an
integrated system (EDAX — Pegasus X4M (EDS/EBSD))
of X-ray microanalyses energy dispersive spectroscopy
(EDS) was used. Specifically, EDS was used to quantify
the element composition of SixNy films. A four-point
resistance measurement and surface SEM imaging were
performed to evaluate thin-films adhesion and stability
after bending experiments. For the optical transmittance, a
power of 200 W was applied in the lamp of the
spectrophotometer (Oriel 66881). The monochromator
(Corner Stone 130 1/8m) made scanning of the
wavelength from 300 to 1000 nm and the correspondent
light irradiates on Hamamatsu Photodiode Model S1336 —
5BQ, controlled by LabView software. The step used in
the wavelength was 1 nm and the mean value of four
readings was calculated for the current in photodiode.
Films thickness and refractive index were calculated
using the method proposed by Swanepoel [34]. Air was
taken as reference for transmission measurements.
Electrical characterization was performed for SixNy and
LiPON films. For the SixNy films, e-beam Al contacts
(200 nm thick) were deposited and patterned by
photolithography on the top and bottom of the SixNy
films, to create a MIM (Metal-Insulator-Metal) structure,
on glass substrates. The remainder of Al was removed by
wet-etching. A similar MIM structure was fabricated for
LiPON films, but to avoid possible reactions at Al/LiPON
interfaces, e-beam Ti films (100 nm thick) were deposited
between Al and LiPON layers. In this case, the Al and Ti
contacts were patterned using typical stainless steel
shadow masks on the top and bottom of the LiPON films.
We did not use a lithography patterning process to
prevent chemical reactions in the LIPON material when in
contact with photoresist and etching solutions. Electrical
measurements were performed at room-temperature with
a picoammeter Keithley 6487, controlled by an own made
LabView software. A DC voltage (alternating between
positive and negative value in each measurement) was
applied in two complementary ways, namely; (i) 0- 10 V
with 0.2 V step; and (ii) 0 — 500 V with 2 V step (for
SixNy films) and in one procedure between 0 to 10 V
with 0.1 V step (for LiPON films), to plot V-I
characteristics. The current measurement was taken after
600 milliseconds of voltage application. Electrical
resistance was calculated with 1 V applied to the film.
Breakdown field was measured dividing the maximum
applied voltage without film disruption by the thickness
of the film. The thermal behavior of the LiPON films was
measured by DSC technique. The DSC scans were
performed in argon atmosphere using a Mettler Toledo,
DSC821 at a constant heating rate of 10 °Cmin? over a
temperature range from -60 to 350 °C. XRD and Raman
spectroscopy were performed to evaluate the phase
crystallization of LiCoO; film. Room temperature micro-
Raman spectra was measured on a Jobin-Yvon T64000
spectrometer equipped with a liquid nitrogen charge-
coupled device (CCD) detector, in a frequency range of
350-800 cm™, using the 514.5 nm excitation line of an
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Ar* laser, with an incident power of 1 mW ina 1 um spot
and in backscattering geometry. XRD were acquired
using an X-ray Bruker, model D8 Discover, copper source
of 40 kV and 40 mA, beam wavelength of 1.54 A and
theta/2theta configuration, also called Bragg-Brentano
configuration. Charge/discharge tests were performed in
the flexible battery, after Ge deposition, and without
breaking the chamber vacuum, to avoid reaction of
battery with air, since no protection layers were deposited.
The tests were performed with Gamry Reference 600TM
potentiostat/galvanostat with the working electrode
connected to Pt cathode current collector and the
reference and counter electrode connected to anode
current collector (Ti).
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Fig. 2. (a) Electric resistivity and breakdown field results of SixNy films
as a function of nitrogen flow, (b) Transmission spectrum for the SizN3g,
film (black line) and for the glass substrate (red dashed line) as function
of wavelength, (c) Refractive index (measured at 650 nm) and calculated
by the Swanepoel method [34] as function of nitrogen flow, during P\VD
deposition.

Results and discussion

In this work, the correlation between the selected
materials and the electrochemical performance of the
corresponding full battery is clearly presented. Silicon
nitride  (SixNy) films is commonly applied in
microelectronics systems, such as thin film transistors and
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solar cells [35], due to their characteristics as a high
diffusion barrier against water molecules and sodium ions
[30], high thermal stability, elevated hardness, electrical
resistivity and good dielectric properties [36]. In optics, it
provides great transparency for the visible wavelengths
[35]. SixNy films are typically fabricated by chemical
vapor deposition (CVD) processes [37]. However, in this
work, this material was fabricated by RF magnetron
sputtering, since we pretend to fabricate the entire battery
by only PVD deposition techniques. Moreover, RF
sputtering technique makes use of inert gases, lower
temperatures (for bio and organic applications) and
provide versatility and simplicity to change the
parameters of film growth [38], as well as lower stressful
stoichiometry [39], than the CVD processes. Here, SixNy
lithium barrier layer was evaluated recurring to chemical,
electrical and optical measurements. The thickness and
roughness of deposited films were measured in four
points with the profilometer system (stylus has 12.5 pum
of diameter and applies a force of 30 pN). The mean
thickness of SixNy films is 516.0 + 58.7 nm with a
roughness of 1.64 nm. SixNy films composition was
analyzed through EDS technique, and the films
stoichiometry are indicated in Table 1. Films
stoichiometry was calculated fixing SisNy and assuming
the multiplicative factor to calculate the number of N
atoms for 3 Si atoms, for each film. To measure the
electric resistivity and breakdown field in SixNy films,
Al/SixNy/Al sandwiched structures was fabricated using
the process previously described in Battery Materials
section. Fig. 2 (a) displays the electric resistivity and
breakdown field for RF-sputtered SixNy films. The
electrical resistivity, “p”, was calculated using the
equation
_ VXA

_de

1)

where, “V” is the applied voltage, “I” is the measured
current, A is the area of the metal contact and d the film
thickness. As can be seen in Fig. 2(a), the electrical

Before bending

First bending
(a)

1um
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resistivity of SixNy films increases with increased
nitrogen flow, reaching the value of 9.51 x 10! Qc¢m. For
instance, our PVD-SixNy film, deposited with 13 sccm of
N flow (reflecting in 65% of nitrogen ratio), show an
electric resistivity value of ~10'' Qcm, which is in the
same order of magnitude of the value obtained for CVD —
SixNy films fabricated at 100 °C and 250 °C [40].
Furthermore, M Vila, et al. [41] reported electric
resistivity of 1 x 10! Qcm by RF sputtering (similar to
our samples). Interestingly, the breakdown field value
decreased with increased nitrogen flow. However, our
PVD-SixNy films can support higher electric field (up to
2.67 MVcm?) than with previous results of CVD-SixNy
films fabricated at 100 °C (up to 2 MVcm'?) and 250 °C
(up to ~1MVcm?) [40]. In order to improve the SixNy
thin-films  characterization,  optical  transmittance
measurements were also performed. An high quality
transparent barrier coating could be interesting for single-
film coatings and organic-inorganic stack but is also
considerable interesting for food and pharmaceutical
industry [42], [43]. The transmission spectrum of a typical
Si3sNsg, film, deposited on glass substrate, is shown in
Fig. 2 (b). The transparency of the silicon nitride film is
between 85 and 90%, between 400 and 1000 nm of
wavelength range. The transmittance data of SixNy films
was used to calculate the film thickness and refractive
index, by the Swanepoel method [34]. Calculated mean
thickness was 518.0 nm, a very accurate result when
compared with profilometer measurements (516.0 nm).
Optical  transmission as well as profilometer
measurements were taken on the same pieces of the films.
The refractive index of the RF-sputtered SixNy films
ranged from 1.84 to 1.92, at 650 nm of wavelength
(Fig. 2(c)). The refractive index of the glass substrate was
1.52, considering a mean transmission of 91.8%. Due to
reasonable combination of high electrical resistivity and
breakdown field and taking in account a high quality
transparent barrier coating, we incorporate the SisNao,
stoichiometric film as electrical insulator in our battery
fabrication, considering  flexible lithium battery

Second bending

Third bending

(d)

Fig. 3. Photos (top) and surface SEM images (below) with different magnification of kapton/SizN4/Ti/Pt structure: (a) without bending, (b) after first
bending, (c) after second bending, and (d) after third bending. Crack lines distance are indicated on SEM images.

Copyright © 2017 VBRI Press
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applications.

Before the LiCoO, cathode deposition, it is important
evaluate the adhesion and stability properties of the
multilayered structure (kapton/SisN4/Ti/Pt) which form
the basis of the full-battery stack. For this purpose,
electrical resistance and SEM measurements were
performed after several bending experiments of the base
structure. Electrical resistance was measured with a four-
point system for more accurate measurements. Fig. 3 (a)
presents the photos of the base structure without bending
and the surface SEM acquisitions of Pt cathode current
collector. A resistance of 1.4 Q was measured. Fig. 3 (b,
¢, d) presents the same sample as before, but after the
first, second and third bends. The bending process is
shown on top photos. After the first bend (Fig. 3 (b)), it’s
visible on SEM images that some crack lines appeared on
Pt surface spaced of ~ 10 pum and all in the same
direction. Despite crack lines, the sample remains similar
to before bending, and the same resistance of 1.4 Q was
measured. After the second bending on the same direction
(Fig. 3 (c)), SEM images of Pt surface show more crack
lines than before, reducing the space between lines to
~ 6 um. A resistance of 1.5 Q was measured. The third
and final bend (Fig. 3 (d)) was on a perpendicular
direction to previous bending’s. Surface SEM images of
Pt presented more crack lines in a perpendicular direction
and spaced by = 4 um. A resistance between 4 and 20 Q
was measured, presenting a significant increase and
variation on Pt thin-film resistance. Noteworthy that even
after all the bends, the thin-films continued attached to the
Kapton® substrate. The crystallization of LiCoO; films is
one of the most challenging problems to improve thin
film flexible microbatteries. LiCoO, usually needs an
annealing around 700 °C for 1 hour to be completely
crystalline [11], which is not compatible with most
flexible substrates (e.g. kapton that supports until 400 °C).
J. F. Whitacre et al. [44] reported a 150 nm thick LiCoO;
film deposited on by RF-sputtering (RF power: 100 W;
working pressure: 1.3 x 102 mbar; Ar:0,=3:1 to 1:1) and
annealed at 300 °C, but with only a broad (104) peak
observed by XRD analysis. In turn, Kumar et al. [45], that
also deposited LiCoO; films on polyimide substrates by
RF-sputtering (RF power: 50 to 150 W; working pressure:
3.0 x 103 mbar; O, Ar = 1:9), reported an increase of
orientation in (104) plane with the increase of RF power.
Group of S.W. Song [46] performed Raman spectroscopic
characterizations of the annealed (520 °C) RF-sputtered
LiCoO; films (power density: 3.53 W/cm?; Ar working
pressure: 1.3 x 102 mbar) revealing the presence of the
HT-LiCoO, and LT-LiCoO, phases after performing
several cycling tests. Another study demonstrated that
HT-LiCoO, films can be created in the narrow substrate
temperature range of 250 — 300 °C using pulsed laser
deposition technique (KrF excimer laser
(A = 248 nm); Energy density: 1.8 J.cm?; O pressure:
1.3 x 10 mbar). For substrate temperatures, higher than
350 °C, HT-LiCoO, coexist with Co0,03, C0304 and
LiCo,0. impurities [47].

In this work, an annealing at 400 °C was performed
in the kapton/SisN4/Ti/Pt/LiCoO; structure. LiC0O;
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crystallization and morphology were characterized by
XRD, Raman and SEM techniques. XRD pattern and
Raman spectrum for the annealed LiCoO, sample
(at 400 °C in air conditions) are shown on the Fig. 4(a).
The two red dashed lines corresponds to the two main
planes on HT-LiCoO; phase, the (101) and (104) planes.
It can be seen that the plane (101) prevails relatively to
the (104) plane. Thus, in what follows, the annealed
LiCoO; will be considered for battery fabrication. The
other peaks in the XRD pattern are related with previous
films (mainly Pt). The results obtained by XRD are
essentially confirmed by the Raman investigation reported
on inset of Fig. 4(a). HT-LiCoO, hexagonal phase is
observed with two typical phonon modes at 486 and
596 cm™ [8], [48] in annealed LiCoO, film. We also
found one extra peak around 660 cm that can probably
be linked to an undesirable oxide phase or a nanosize
effect [49].
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Fig. 4. (a) XRD pattern and corresponding Raman spectrum (on inset) of
LiCoO; film deposited on Kapton® substrate and annealed at 400 °C in
air. The two vertical red dashed lines correspond to main peaks (XRD)
and vibrational modes (Raman) predict in the hexagonal R3m phase of
LiCoO;, (b) Surface SEM pictures (5 pm of magnification) of structure
before LiCoO, deposition (left) and after LiCoO, deposition and
annealed at 400 °C in air (right).

SEM images (Fig. 4 (b)) were acquired to compare the
surface morphology of the films deposited on Kapton®
substrate during sample preparation: (i) before LiCoO;
deposition (SisN4/Ti/Pt) and (ii) after LiCoO, deposition
and annealed at 400°C in air conditions
(SisN4/Ti/Pt/LiCoO, annealed). Both structures have a
smoother surface. These evaluations are important in
order to fabricate high capacity flexible microbatteries,
since the structure and morphology of the cathode greatly
affects the battery performance and adhesion/stability of
the upper films.

For Li battery applications, the electrolyte should reveal
a negligible electronic conductivity and high ionic
conductivity. Therefore, the electric resistivity and
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breakdown field properties of LiPON film were
evaluated. The measurements were performed at room
temperature and atmospheric conditions. In two-
dimensional (2D) thin-film lithium battery exist some
regions that are more wvulnerable to short circuits
phenomena, due to the low electrolyte thickness which
may not be sufficient to electrically isolate the electrode
materials. This problematic zone is represented in Fig. 1
by a black circle and was strengthened with SisN4 and
LiPO thin—films to increase electrical insulation between
the electrodes. Therefore, the electrical measurements
were performed in LiPON films less than 1 pum thick.
Specifically, in our work, the electric resistivity (p) and
breakdown field (BE) properties were evaluated for
600 nm thick LiPON films. A DC constant potential
(between 0 to 10 V) was applied through the MIM
structure described in Battery Materials section, causing
the flow of an electronic current. The two properties could
be obtained through the relationship between the emission
current density (J) and the electric field (E) applied to RF
sputtered LiPON film, which is shown in Fig. 5 (a). Our
experimental results show that the LiPON film can
support high voltages up to 5.6 V (E =1 x 10° V/cm),
which suits for practical applications powered by 4 V cell
Li batteries. Above these voltage, the flow current is very
high and damage the film. Moreover, a moderate electric
resistivity of 4 x 108 Qcm was measured for our 600 nm
thick LiPON films. This value was extracted with 1 V
applied to the film and using the equation 1. The
morphology of the film can affect seriously the electrical
properties. Particularly, our LiPON film shows a rough
surface with large sized particles (see the SEM image
inset in Fig. 5 (a)). The existence of a rough surface could
justify the low electric resistivity value. Moreover, the
significant difference related to the theoretical value of
~10" Qcm could be attributed to the fact that the
measurements were done in air which can lead to the
contamination of the surface, and the interface quality of
the metal/electrolyte [50]. The electrolyte electrical
resistivity is a critical point to be considered, since could
compromise all battery design (high battery self-discharge
could occur), even when the all battery materials show the
best structure and composition properties, and high
capacities [51].

Optimization of electric and ionic conductivities of
LiPON electrolyte has been reported in the last years. Y.
Su et al. [14] reported 1330 nm thick RF-sputtered
LiPON films (RF power: 100 W; N pressure: 1.5 x 103
mbar; stoichiometry: Liz13PO169N139) with an ionic
conductivity of 4.9x10% S/cm (at 22 °C) and an
electronic conductivity of 1.6 x 10"*2 S/cm (by current —
time curves at a constant voltage). Furthermore, S. Nowak
et al. [50] show that 195 nm thick LiPON films fabricated
by ion-beam sputtering (RF power: 130 W; Beam energy:
700 eV; current density: 0.6 mA/cm?) reveals an ionic
conductivity of 1-2 x 107 S/cm (at 25°C) with an
electronic conductivity around 10 S/cm. More recently
15 nm thick LiPON layers (RF power: 225 W; N, flow:
30 sccm; stoichiometry: Liz14PO1.85No91) With an ionic
conductivity of 1x10-°S/cm (at 27 °C) and high
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electrical resistivity of ~10® Q.cm) were also
demonstrated by the work of B. Put et al. [52]. LiPON
findings needs to be correlated to battery functionality,
because when the electrolyte is significantly downscaled
to only few nanometers in size, the chemical stability and
the ability of the electrolyte to prevent electronic current
flow, between the active electrodes and over the cycles
could be compromised [51].
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Fig. 5. (a) Typical J — E profile for LiPON film fabricated at 6 x 10
mbar of Ar pressure. Inset: surface SEM image of LiPON film. Optical
transmission spectra, (b) and DSC curve, (c) for the LiPON film
fabricated at 6 x 10 mbar of Ar pressure. The transmission of a raw
glass substrate is shown as red dash—dotted line in (b).

The ionic conductivity measurements on LiPON films
were also performed by our group, through
electrochemical impedance spectroscopy (EIS), showing
values in range of 1077 — 10® Scm™, for temperatures
between 22 °C and 43 °C [53]. Pt (contacts)/LiPON/Pt
(contacts) sandwich structures deposited on aluminum
substrates were used to perform the EIS. Pt was used to
avoid possible reactions at AI/LIPON interfaces. The
experiments were carried out in an Ar glovebox (O, H.O
< 1 ppm) by applying an AC voltage of 12.5 mV within a
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frequency range from 65 kHz to 0.5 Hz (Autolab
PGSTAT - 12 (Eco Chemie) set-up) at different
controlled temperatures (Biichi TO-50) [53].

Fig. 5 (b) shows the optical transmission of LiPON
film. A high transparency between 75 and 90% for 350 to
1000 nm is observed, which could be interesting for
transparent electronic devices [54]. Similar for SixNy
films, the transmittance data were used to calculate the
film thickness (a mean thickness of 548 nm) and
refractive index of 1.76, by the Swanepoel method [34].
The film thickness is a very accurate value when
compared with profilometer measurement (555 nm).
Optical  transmission as well as profilometer
measurements were taken on the same pieces of the
LiPON film. The refractive index of the glass substrate, in
which LIPON was deposited, was 1.61, considering a
transmission of 89.7%.

RF-sputtered LiPON films (RF power: 100 W; N
pressure: 1.5 x 10 mbar) with thickness range from 200
to 2000 nm and a transparency higher than 80%
(refractive index of 1.8) were also reported by Y. Su et al.
[14]. Furthermore, X. Yu et al. [55] reports LiPON films
deposited by RF sputtering (RF power: 100 W;
Ar:0.= 3:2) with an refractive index between 1.7 and 1.9.

LiPON electrolyte should be also thermally stable, in
order to promote a good battery performance over a wide
temperature range. Here, DSC technique was applied to
investigate the thermal behavior of the LiPON films. The
DSC results in Fig. 5 (c) show that the LiPON film is
stable when subjected to temperatures up to 300 °C.
However, a possible chemical change in LiPON film is
observed at a temperature close to 350 °C. No visual
changes were observed in the LiPON. Among this
observation, we considered the fabricated LiPON
electrolyte film for the battery fabrication, since it holds a
temperature range of -50 °C to 300 °C, without thermal
events.

After structural, chemical, optical, thermal, electrical
and electrochemical evaluations of the battery elements, a
full Li-ion battery was fabricated, using the same
deposition conditions used for each material and using the
Ge as thin-film anode. The full-battery was also
fabricated on silicon substrate for microstructure
investigation by SEM technique. Si substrate facilitate
the cross-section visualization of the battery. A well-
organized multilayered-structure of the main components
of the battery (cathode/electrolyte/anode), with smooth
interfaces and good adhesion layers are observed in SEM
picture (Fig. 6). Measured thickness of each layer is also
present in figure 6. The thickness measured by SEM is
equivalent (error < 5%) to the thickness measured by the
microbalance during deposition. However, the thickness
of LiPON film appears significantly thinner than expected
(~1 pm thick) which could be justified with acoustic
properties settled in microbalance system.

The charge/discharge tests in the full battery were
performed to evaluate the electrochemical behavior. The
voltage profiles of the battery during discharge cycles in
the region of 0 — 2 V at current of 100 and 200 nA are
shown in Fig. 7 (a). Potentiostatic charges of 4.1 V during
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60 min were applied to the Ge-LiCoO, battery. The

expected voltage of 4.1 V was not reached. After the first
discharge cycle, a capacity of 46 nAhcmwas calculated.

LiCoO2

Pou ' ."Ptl'&.'.' ‘V

Li&OOz
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mag HV det [mode| WD HFW
£150000 x| 15.0kV|TLD| SE |5.1 mm |5.97 ym

Fig. 6. SEM image (cross-section) of the Li-ion battery with Ge as
anode, before the battery tests. The substrate is silicon.

(a)

Discharge voltage [V]

(b)

le

Fig. 7. (a) Discharge properties of the flexible thin-film Li-ion battery
during 5 charge/discharge cycles, (b) Photograph of the battery.

However, this capacity reduces rapidly in the next cycles,
as can be calculated from discharge data. A theoretical
capacity of 69 pAhcm for LiCoO; can be expected. Our
battery has only 13% coulombic efficiency in the 1™ cycle
and decrease in the next cycles. This low capacity could
be justified by many factors: (i) lack of Li ion in
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electrolyte film; (ii) oxygen defects in LiCoO; that
consumes Li ions; low electric resistivity and bad
morphology structure of LiPON electrolyte, inefficient
electrical insulator barrier at the problematic battery zone
(see Fig. 1); and/or Li ions ends up in the build-up of SEI
interface during the insertion and extraction mechanisms
during the electrochemical battery operation, making Ge
not really charged. A battery picture is also shown in
Fig. 7 (b). Battery is already destroyed in this picture,
since it was obtained after several charge/discharge cycles
and after exposing battery to atmospheric conditions.
Despite the bad capacity retention observed, the aim of
this work is highlight the simplified, low-cost and micro-
electromechanical ~ systems  (MEMS) technology
compatibility of a flexible solid-state Li—ion fabrication.
These findings put in evidence the strongly lithium
battery dependence of the properties of all battery
elements [56, 57].

Conclusion

Cathode and electrolyte properties, such as, structure,
composition, thermal, optical and electric resistivity were
investigated and correlated with the electrochemical
potential of the full Li-ion battery. RF-sputtered LiCoO-
cathode (with 120 W of RF power; 6 x 10 mbar of
pressure and 17/3 sccm of Ar/O, gases) shows the
preferable HT-LiCoO. phase with (101) plane by an
annealing at only 400 °C, which is compatible with
flexible plastic/polimeric substrates. A moderate electrical
resistivity of 108 Qcm of LiPON film was achieved.
Moreover, no thermal reactions up to 300°C were
observed for high transparent rf-sputtered LiPON film
(DSC and optical transmission investigations). The
adhesion and stability of the films were evaluated by
SEM and resistance measurements after simple bending
tests. Although it was observed a variation on Pt
resistance after three bending experiments, the multilayer
base structure (SisN4/Ti/Pt) continued attached to the
Kapton® substrate without visible changes. The RF-
sputtered SisN4 lithium shows an electric resistivity of
9.51 x 10" Qcm and a mean breakdown field of 1.69
MVcm?. Refractive indexes could be reached among
1.921 and 1.844 at 650 nm by simple adjustment of
nitrogen ratio. These findings led to the fabrication of a
flexible solid-state Li-ion battery recurring only to PVD
techniques. A 127 pum thick plastic Kapton® was used as
substrate to provide flexibility to the battery. A well-
organized battery structure was observed by cross-section
SEM images. Despite the observed low initial capacity
(46 nAhcm™) and retention fading along charge/discharge
cycles, a solid-state battery was developed using materials
and techniques compatible with those used in MEMS
industry.
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