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ABSTRACT: Crystallization of cathode films in solid-state microbatteries :'na:z;ﬁrgp

requires thermal annealing at high temperatures, restricting the choice of

substrate and current collector materials. Here, flash lamp annealing (FLA) is

explored to crystallize LiCoO, (LCO) cathodes on aluminum foils. Millisecond

pulses of visible light induce rapid heating of the LCO films up to 900 °C,

whereas the aluminum never exceeds the melting point. Microbatteries

consisting of an FLA-processed LCO cathode, a LiPON electrolyte, and a Li

metal anode are fabricated on flexible aluminum foil, with performance crystallized
comparable to those on rigid silicon. This method can enable new microbattery Liceo,
designs at lower production costs.

Al foil
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hin-film solid-state batteries (TF-SSBs) are marketed as value. In both cases, the ion kinetics in the cathode becomes

an integrated energy storage unit for low-power devices slower, and therefore the thickness of the cathode film has to
such as wearable sensors, smart cards, implantable medical be limited to submicrometer values, which restricts the areal
devices, and active radio frequency identification (RFID) tags.I capacity of the batteries to below 100 W h cm™ TF-SSBs on
They provide energy and power densities in the range of mWh flexible ceramic substrates such as Y—ZrO,'* and mica'® have
and mW, respectively, ideal for electronic systems where the been demonstrated. These inorganic substrates can endure
power consumption is in the yW range (e, 3 uW for a high temperatures (above 1000 °C) so that cathodes deposited
glucose SenSOf)-z_s The development and expansion of the on them can be fully crystallized. TF-SSBs with such substrate
Internet of Things (IoT), wearables, and ubiquitous sensing are able to deliver performances comparable to those on a rigid
will require better and cheaper TF-SSBs. Indeed, the market of substrate. However, these ceramics have to be processed to
flexible, printed, and thin-film batteries is expected to reach a thicknesses of about 100 ym to become flexible, adding high

size of $500 million by 2030.° In the fabrication of TE-SSBs,
the cell components are sequentially deposited in the form of
films onto a substrate. To obtain an electrochemically active
cathode with high capacity, the film made of a cathode
material, such as the spinel LiMn,0, (LMO),’ layered LiCoO,
(LCO),® or olivine LiFePO, (LFP), needs to be crystallized
after deposition. This crystallization step is typically done by
annealing the cathode/current collector/substrate stack in a
furnace at temperatures about 700 °C for several hours.” Such
thermal annealing adds cost and complexity to the fabrication
process and, importantly, limits the substrate choice to

temperature-resistive materials like Si, sapphire, or special
stainless steels. Received: May 5, 2021

Accepted: June 7, 2021
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complexity to the processing, and even then, the flexibility is
limited as compared to polymers and metallic foils. Addition-
ally, a current collector layer has to be added between the
ceramic and the cathode for electrical conduction. Common
current collector materials for TF-SSBs are Pt and Au, which
are unreactive and thermally stable at high processing
temperatures as well as electrochemically stable during
operation. An additional layer such as Cr and Ti is often
needed between the ceramic and the current collector to
improve adhesion.

If a temperature-sensitive substrate (e.g, Al foil or a
polymer) is used for the fabrication of TF-SSBs, either an
amorphous cathode material with a lower potential (e.g,
MoO; with ~1.7 V vs Li*/Li)'>"" has to be used or the
annealing temperature needs to be decreased to a suboptimal
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Figure 1. Processing steps for fabrication of TF-SSBs on Al foil.

Metallic substrates offer lower material cost, present
flexibility, and do not require an additional current collector
layer unlike polymer and ceramic substrates. Conventional Li-
ion batteries employ Cu and Al as substrates for anode and
cathode, respectively. Surface-passivated Al foil is electro-
chemically stable against high voltage cathodes and cost-
effective from an industrial perspective. However, the use of Al
foil as a substrate for TF-SSBs is impeded by its melting point
of 660 °C and the cross-diffusion of Al and cathode
components that degrade the electrode performance.

Novel photonic methods for cathode crystallization have
been reported as a way to circumvent the temperature
limitation. Our group recently published a comparison of
three different methods (flash lamp, UV excimer laser, and IR
laser annealin$) for rapid crystallization of 150 nm LMO
cathode films.'* Yim et al." utilized a UV excimer laser to
crystallize 220 nm LiNiy jMn; O, (LNMO) cathode films on
polyimide, but the TF-SSB could deliver only ~20% of the
theoretical capacity at a discharge rate of 0.4 C (corresponding
to 70 g4W h cm™ at 35 yW cm™2).

In this study, we investigate the use of flash lamp annealing
(FLA)'® as a crystallization technique for fabrication of high-
performance TF-SSBs on Al foil. FLA, also known as intense
pulsed light (IPL) or photonic curing (PC), uses light pulses
with a duration of 0.1—10 ms from a xenon pulsed lamp, which
generates light with a broad spectral band ranging from the UV
to the IR (200 nm to 1.5 ym in this work) for a rapid, transient
heating of the illuminated surfaces. In FLA, only the upper
layers of the sample are heated while the substrate is kept
relatively cool, below the melting point, which is not possible
in the traditional thermal annealing methods.

Figure 1 illustrates the fabrication steps to manufacture TF-
SSBs on Al foil. LCO films with thicknesses of 0.7, 1.2, and 3.3
um were sputtered directly on Al foil and subsequently
crystallized by FLA. Neither additional adhesion layer nor
interdiffusion barrier was required between the LCO film and
the Al foil, which simplifies the fabrication process compared
to those with polymer and ceramic substrates. Lithium
phosphorus oxynitride (LiPON) and Li were used as
electrolyte and anode, respectively, with an active device area
of 3 X § mm’.

The essential crystallization step of the LCO film was
performed by FLA through consequent light pulses, using 20
pulses for 0.7 yum LCO, with a total output exposure energy
density of 330 J cm™, 43 pulses for 1.2 ym LCO with 830 J
cm™? and 300 pulses for 3.3 ym LCO with 4950 J cm™>. These
parameters were optimized for attaining a desired crystalline
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phase and electrochemical performance while avoiding damage
to the Al foil. To estimate the temperatures reached on the
surface of the LCO layer, the SimPulse software was used. The
simulation results are shown in Figure 2. On the surface of the
cathode, annealing temperatures ranging from 700 to 900 °C
were estimated. Thicker films demand a higher surface
temperature to ensure sufficient crystallization for good
electrochemical performance of the cathode. Simultaneously,
the Al substrate remained below the melting point of the Al foil
(660 °C) for most of the experiments. This simulation
confirms that the LCO films can be annealed without
thermally loading the underlying Al substrate, which is the
main advantage of the FLA method used in this study.
Figure 3a shows an optical picture of the bendable TF-SSBs
on Al foil. After the FLA processing, the LCO films exhibit
homogeneous microstructure, as seen in the secondary
electron microscopy (SEM) image of the TF-SSB in Figure
3b. The surface of the FLA processed LCO remains smooth
after FLA processing, and crystal grain-like features appear,
evidencing crystallization of the cathode film. LCO adheres
well to the Al foil, and no delamination is observed. The well-
defined boundary between LCO and Al indicates negligible
interdiffusion or cross reactions. The crystallization of LCO
films with thickness ranging from 0.7 to 3.3 ym was verified by
grazing-incidence X-ray diffraction (GI-XRD), comparing an
as-sputtered LCO film with the FLA-processed films (Figure
3c). The as-sputtered film shows only reflexes of the Al
substrate and a broad hump which can be attributed to the
amorphous LCO phase. The reflections that appear in the
FLA-processed LCO films can be indexed to a layered LCO
phase, the desired electrochemically active phase. No
secondary phases can be detected in the XRD patterns. The
remaining hump at lower diffraction angles indicates that some
amorphous phase is still present in the cathode film, likely at
the lower part of the film due to the temperature gradient. The
hump becomes larger for the thicker film, which is consistent
with the assumption that a higher crystallinity is achieved in
the surface layers. The higher background noise and broader
peaks at low angles in the diffractogram of the 3.3 ym LCO
film can also be caused by an increase of the surface roughness
observed in the samples with thicker LCO films. To further
investigate the interface between LCO and the Al foil, an
elemental profile of the Al/1.2 pum LCO stack after FLA was
acquired by time-of-flight secondary ion mass spectrometry
(ToF-SIMS), as shown in Figure 3d. The signals correspond-
ing to SLi*, Co*, Al*, and Al” rapidly decay when transitioning
from one layer to the other, indicating low concentrations of Al
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Figure 2. Simulated temperature profiles of FLA microsecond processing for (a,b) 0.7, (c,d) 1.2, and (ef) 3.3 yum LCO films on Al foil,
representing temperatures reached on the LCO surface, at the LCO/AI interface, and in the bulk of the Al foil. Left plots show three enlarged
pulses after 42 s processing, and right plots show the complete temperature profile during the processing.

in the LCO layer and Co and Li in the Al foil. This evidence
that no major elemental interdiffusion occurs during the FLA
treatment.

The cyclovoltammetry measurement of a FLA-processed
LCO film seen in Figure 4a shows peaks at around 3.9 V,
which correspond to the characteristic lithiation and
delithiation processes of crystalline LCO. The galvanostatic
charge—discharge curves in Figure 4b also present the distinct
lithiation and delithiation plateaus at about 3.9 V. The voltage
profiles are similar for the three different thicknesses
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investigated, with an areal capacity scaling as a function of
thickness. When charged/discharged at a rate of C/8,
corresponding to a current density of 32 yA cm™? the 3.3
um LCO electrode (3.3-LCO) is capable of delivering a
capacity of 212 A h cm™, corresponding to approximately
90% of the theoretical value. Normalized to the cathode
thickness, this corresponds to a value of 64 yA h cm™ pum™".
At about 1 C, corresponding respectively to 50 and 86 A
cm™ for the electrodes with a thickness of 0.7 um (0.7-LCO)
and 12 um (1.2-LCO), the TF-SSBs deliver almost full

https://doi.org/10.1021/acsaem.1c01283
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Figure 3. (a) Picture of an array of TF-SSBs on a bendable Al foil. (b) Cross-sectional SEM image of the TF-SSB with FLA-processed LCO. (c)
GI-XRD diffractograms of an as-sputtered LCO film and FLA-crystallized LCO films with different thicknesses (0.7, 1.2, and 3.3 ym). (d) ToF-

SIMS depth profile of an Al/1.2 um LCO stack after FLA.

theoretical capacity of 49 and 85 yA h cm™?, respectively. That
is, 70 and 72 puA h cm™ pm™" when normalized to the cathode
thickness. In contrast, the 3.3-LCO device loses about half the
capacity at this rate as a result of the thicker cathode and a
higher polarization. At about 10 °C, the capacity of the 0.7-
LCO TF-SSB remains high at 30 yA h cm™, thanks to the
shorter diffusion length through the thinner cathode film. At
this same rate, the 1.2-LCO and 3.3-LCO TF-SSBs suffer a
drop in capacity to 44 yA h cm™ and 46 pA h cm™
respectively, evidencing a downward trend in rate performance
with the thickness of the electrode as a result of longer charge
carrier diffusion paths. Regarding the cycle life, as shown in
Figure 4c, the 1.7-LCO TF-SSBs exhibits almost no capacity
fading after 100 cycles at 10 C.

Figure 4d shows a Ragone plot comparing the energy and
power densities of the TF-SSBs fabricated in this work on Al
foil (blue symbols), conventional TF-SSBs on rigid substrates
(black symbols) and TF-SSBs fabricated on polymer and
flexible ceramic substrates (brown symbols). Table 1 shows a
detailed description of the architecture, processing conditions,
and performance of selected TF-SSBs. All of the TF-SSBs
presented in this plot employ LiPON as the electrolyte and
lithium metal as the anode. The large disparity in performance
between TF-SSBs fabricated on rigid sapphire or silicon
substrates with Pt as current collector and TF-SSBs on flexible
substrates becomes evident. The performance of the TF-SSBs
on a flexible substrate is severely compromised by a lower
thickness of the electrode and/or the use of amorphous
cathodes. The only flexible TF-SSB with comparable perform-
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ance to conventional TF-SSBs is the one fabricated on a
thinned-down mica substrate. Thanks to the crystallized
cathode obtained with the FLA processing, the TF-SSBs on
bendable Al foil in this work show energy densities about 1
order of magnitude above those fabricated on polymers and,
most remarkably, in the same range of those on costly
sapphire/Pt substrates.

The TF-SSB with the thickest electrode can deliver an areal
energy density of 828 yW h cm™ at a power of 123 yW cm™>
and retains 22% of the areal energy density at powers as high as
5727 W cm™ In contrast, the best reported TF-SSBs on
polymer substrates discharged at such power densities fail to
deliver energy densities above 15 W h cm™.

The reported performance is sufficient to power micro-
electronic devices such as sensors that require energies and
powers in the order of yW h and puW, respectively. To
demonstrate the functionality of our batteries, a demonstrator
with a 2 mA-rated light-emitting diode (LED) was built. As
shown in Figure 4d, the green LED can be powered by a TF-
SSB with a footprint of 0.15 cm®

In summary, we demonstrate a fabrication process of thin-
film solid-state batteries with an LCO/LiPON/Li architecture
on aluminum foil. The critical fabrication step is the flash lamp
annealing of the LCO cathode films, enabling rapid surface
heating under pulsed visible light. LCO films with a thickness
up to 3.3 um can be crystallized while the aluminum foil
remains below the melting point, and no interdiffusion
between LCO and Al takes place. The performance of the
TE-SSBs on aluminum foil greatly exceeds previously reported

https://doi.org/10.1021/acsaem.1c01283
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Figure 4. (a) Cyclovoltammetry measurement of a FLA-processed LCO film. (b) Charge—discharge curves at different C-rates of TF-SSBs with
FLA-processed LCO films of different thicknesses. (c) Normalized discharge capacity over 100 cycles. (d) Ragone plot comparing the TF-SSBs on
Al foil investigated in this work to state-of-the-art TF-SSBs on flexible and rigid substrates. (e) Picture of an LED powered by a TF-SSB on Al foil.

values for any flexible substrates. It is comparable to the state-
of-the-art devices fabricated on sapphire or silicon wafers with
a Pt current collector. Considering that the optical absorption
and the crystallization profile of LCO are similar to those for
other common cathode materials such as LFP, LNMO, and
NMC, the described approach could be extended to these
cathode materials as well. This approach presents an
opportunity to realize new thin-film battery designs, which
could be manufactured at a lower cost.

B METHODS

TF-SSB Fabrication. Aluminum foil (99.0%) with thickness of 0.1
mm (Korff AG) was used as substrate. As a cathode, LiCoO, films
were deposited at room temperature by RF magnetron sputtering
from a stoichiometric LiCoO, target (Toshima Manufacturing Co.) in
an Orion sputtering system (AJA International Inc.) at a pressure of 3
Pa with a 24 sccm Ar + 1 scem O, gas flow. The target was sputtered
with a power of 5.9 W cm™ FLA was carried out using a PulseForge
1300 photonic curing system (Novacentrix). The pulse duration and
frequency was set at 1.8 ms and 0.4 Hz, respectively. The 0.7 um
LCO film (0.7-LCO) was annealed with a bank voltage of 850 V and
20 light pulses, the 1.2 ym film (LCO-1.2) was annealed with a bank
voltage of 900 V and 43 light pulses, and the 3.3 ym film (LCO-3.3)
was annealed with a bank voltage of 850 V and 300 light pulses. As a
solid electrolyte, LiPON films with a thickness of 1 ym were
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deposited at room temperature by RF magnetron sputtering by
cosputtering a Li;PO, target (Kurt J Lesker Co.) and a Li,O target
(Toshima Manufacturing Co.) in an Orion sputtering system (AJA
International Inc.) at a pressure of 0.4 Pa with a 50 sccm N, gas flow.
The targets were sputtered with a power of 5 W cm™ The
cosputtering of Li,O increases the lithiation of the LiPON film and
improves its ionic conductivity. The ionic conductivity of the LiPON
electrolyte is 2 X 1075 S cm™, as determined by EIS measurements
with blocking electrodes. As the anode, 2 um-thick Li films were
thermally evaporated using a Nexdep evaporator (Angstrom
Engineering Inc.). The Li films were deposited through shadow
masks. Two device areas were used in this work: circles with a
diameter of 0.1 cm (area of 0.008 cm?) and rectangles with lateral
dimensions of 0.3 cm by 0.5 cm (area of 0.15 cm?).

Simulation. To estimate the temperatures reached on the surface
of the LCO layer, the SimPulse software was used. It couples a
transient 1-D heat conduction model to temperature-dependent
thermal and optical material properties. For the simulations, the FLA
pulses were treated as a volumetric source heat flux for the materials
stack as shown in Figure 2: 100 ym thick Al foil with 0.7 ym, 1.2 um,
and 3.3 ym LCO layers. Thermal conductivity of 0.66 W m™'K™",
specific heat of 740 J kg™! K™/, melting temperature of 1100 °C were
used as input parameters for the LCO layer in the simulations.””
Thermal conductivity of 237 W m™" K, specific heat of 904 J kg™"
K™, and melting temperature of 660 °C were used as input
parameters for the aluminum substrate in the simulations.

https://doi.org/10.1021/acsaem.1c01283
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Table 1. Summary of State-of-the-Art TF-SSBs Fabricated on Non-noble Metal Current Collectors on Rigid Substrates or

Flexible Current Collector/Substrates

substrate/CC/cathode electrolyte/anode
non-noble metallic Si/Li,O, 20 nm Al/300—400 nm wet half-cell
current collector LiCoO, measurement
1.1 mm glass/100 nm V/200 nm 1.5 um LiPON/
Li,Mn,0O, 50—300 nm Nb,O4

flexible current
collector/substrate

160 pm glassor 75 ym polyimide/
200 nm Pt/200 nm MoO; Li

30 um SS (SUS304)/1.1 um wet half-cell
LiCoO, measurement

50 pm mica/Cr+Pt/3 pym LiCoO,

polyimide/250 nm Ti/600 nm 1.4 ym LiPON/2 ym
TiOS Li

polyimide/25 nm Ti + 80 nm Pt/ 1.2 ym LiPON/2 ym
250 nm LFP Li

Polyimide/SiO,—Si;N,, 50 nm Pt/ LiPON/Li
220 nm LNMO

40 pm Y-ZrO,/20 nm Ti + 70 nm 500 nm LiPON/Li

Pt/200 nm LTO
100 pm Al foil/0.7 ym LiCoO,
Li
100 pum Al foil/1.2 pm LiCoO,
Li
100 pm Al foil/3.3 um LiCoO,
Li

1.5 ym LiPON/7 ym

1.5 ym LiPON/Li

1 pum LiPON/2 ym
1 pum LiPON/2 ym

1 pm LiPON/2 pm

cathode fabrication performance ref
sputtered, annealing at 3.9V, 40 yAh cm™ pum™" @20 17
500 °C,2 h #Acm™ (1 C)

1.5V, 60 yuAh cm™ ym™' @2 yAcm™ 18

sputtered, no annealing % ) 1
~0.15 C), 500 cycles

sputtered, no annealing 1.7 V, 125 pyAh cm™ ym™ @10.1 10,11
uAcm™ (0.5 C)
sputtered, annealing at 3.9V, 37.56 yAh cm™ ym™' @16 19
550 °C, 20 min puAcm ™ (~0.2 C), ~50 cycles
sputtered, rapid annealing 3.9 V, 39 uAh cm™ um™' @42 13
at 520 °C, 15 min uAcm™ (0.3 C), 800 cycles
sputtered, no annealing 1.8V, 78 uAh cm™ ym™ @10 20
#Acm™ (0.2 C), >200 cycles
sputtered, annealing at 3.4V, 40 yAh cm™ pum™" @10 3,21
400 °C, 3 h uAcm™ (0.1 C), >70 cycles
sputtered, UV excimer (70 4.5 V, 12 yAh cm™ pym™ @3.7 15
mJ cm™2) uAcm™? (0.4 C), >20 cycles
sputtered, annealing at 1.6 V, 50 gAh cm™ pm™' @120 12
800 °C, 20 min puAcm™ (10 C)
sputtered, FLA (330 3.9V, 70 uAh cm™ um™' @50 this
J cm™) puAcm™ (1 C), >100 cycles work
sputtered, FLA (830 3.9V, 72 uAh cm™ um™" @86 this
cm™ cm - (1 , >100 cycles wor|
2 puAcm™ (1 C cycl k
sputtered, FLA (4950 39V, 64 uAh cm™ um™ @32 this
J em™) uAcm™ (C/8) work

Characterization. Cross-section SEM images were obtained with
a FIB/SEM Helios 600i TFS system in a cryogenic stage (at about
—150 °C). Grazing incidence X-ray diffractometry (GI-XRD) was
performed on a Bruker D8 Discover diffractometer with Cu Ka
radiation at an incident angle of 3°. Electrochemical measurements
were performed in an argon-filled glovebox (<1 ppm of O, and H,0
levels, Inert Corp.) dedicated for electrochemical characterization. A
Squidstat potentiostat (Admiral Instruments) was used to perform all
electrochemical experiments. The cells were galvanostatically cycled
between 4.25 and 3 V vs Li*/Li at different C-rates.
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