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Chapter 20
Solid-State Thin-Film Lithium Batteries
for Integration in Microsystems

J.F. Ribeiro, ML.F. Silva, J.P. Carmo, L.M. Gong¢alves, M.M. Silva,
and J.H. Correia

Abstract The increasing miniaturization of electronic devices requires the minia-
turization of devices that provide energy to them. Autonomous devices of reduced
energy consumption are increasingly common and they have benefited from energy
harvesting techniques. However, these devices often have peak power consumption,
requiring storage of energy.

This chapter presents the fabrication and characterization of thin-films for solid-
state lithium battery. The solid-state batteries stand out for the possibility of all
materials being solid and therefore ideal for microelectronics fabrication techniques.
Lithium batteries are composed primarily of three materials, the cathode, the
electrolyte and the anode. The positive electrode (cathode) and negative (anode)
have high electrical conductivity and capacity for extraction and insertion of lithium
ions. The electrolyte’s main features are the high ionic conductivity and high
electrical resistivity. The materials chosen for the battery are lithium cobalt oxide
(cathode), lithium phosphorus oxynitride (electrolyte), and metallic lithium (anode).

The lithium cobalt oxide cathode (LiCoO,) was deposited by RF sputtering
and characterized using the XRD, EDX, SEM techniques, and electrical resistivity.
Fully crystalline LiCoO, was achieved with an annealing of 650°C in vacuum for
2 h. Electrical resistivity of 3.7 2-mm was achieved.

The lithium phosphorus oxynitride electrolyte (LIPON) was deposited by RF
sputtering and characterized using the techniques EDX, SEM, ionic conductivity,
DSC, and TGA. Ionic conductivity of 6.3 x 1077 S-cm™! for a temperature of 26°C
was measured. The thermal stability of LIPON up to 400°C was also proved.

The metallic lithium anode (Li) was deposited by thermal evaporation and its
electrical resistance measured at four points during the deposition. Resistance of
about 3.5 2 was measured for a thickness of 3 um. The oxidation rate of the lithium
in contact with the ambient atmosphere was evaluated. The patterning process of the
battery was developed by means of shadow masks.
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20.1 Introduction

20.1.1 Thin-Film Batteries

A battery is an energy source that converts chemical energy into electrical
energy [1]. Each battery consists of an electrolyte and two electrodes. The
electrolyte is essentially an excellent ionic conductor and an excellent electrical
insulator. The electrodes are designated as cathode (positive electrode) and anode
(negative electrode) and are essentially good electrical conductors, capable of
insertion and extraction of ions. The battery produces electric current when an atom
or molecule becomes an ion by electron transfer [2]. The electron is released into
an external circuit via an oxidation reaction. The ion resulting from the oxidation
reaction will flow through the electrolyte and a counter reaction, the reduction will
occur at the cathode. The electron transfer reactions, known as redox reactions,
occur among a set of chemical species. In the case of the battery, the anode is the
reducer and the cathode is the oxidant, in other words, the anode gives electrons
and the cathode has the capacity to receive them. The change between the types of
charge carriers, i.e., the electrolyte and the electrode, forces the reaction between
the electrode/electrolyte connection [3]. Figure 20.1 shows a simplified schematic
of a battery.

The power provided to an external circuit through redox reactions is called
battery discharge. The redox reaction is possible only when a battery cathode and
anode have different chemical potentials [2]. The chemical potential is equivalent to
the electric potential in an electronic circuit by analogy. The chemical potential of
a material is the partial molar free energy of Gibbs of this element in a solution [4].
Thus we can consider it to be the driving force for the diffusion of atoms in a broad
sense of the word. The battery is rechargeable when the cathode and anode also have
the capacity to release and receive electrons respectively. Recharging the battery
takes place by applying a reverse voltage higher than the operating voltage of the
battery, thereby forcing the electrons and ions to flow back to the battery anode.
This process is called charging the battery.

20.1.2 Battery Evolution

The electric battery was invented by Alessandro Volta (Fig.20.2) in late 1799 [5],
who announced his invention to the Royal Society of London in 1800. The
investigation that led to the development of this device began in 1792, after Volta
read the work of Luigi Galvani [6]. The work of Galvani reported the existence of
intrinsic electricity in living organisms [7].

In 1802, Dr. William Cruickshank designed the first electric battery capable
of being mass-produced. Cruickshank had managed to obtain copper sheets in
the shape of squares, which were welded to the edge of zinc sheets of the same
size. These sheets were placed inside a rectangular wooden box, which was then
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Electrolyte

Fig. 20.1 Simplified schematic of battery discharge, where C is the cathode and A is the anode
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Fig. 20.2 Alessandro Volta: (a) contemporary picture, (b) letter of page that announced the
electric battery [8]

sealed with cement. After putting the plates in position, the box was filled with an
electrolyte of brine solution (water saturated with salt). John F. Daniell, an English
chemist, developed in 1836, a battery with a better and more stable current than the
device of Volta. He tried to find a solution to the problem of hydrogen bubbles found
in the Volta battery, adding a second electrolyte to consume hydrogen [6]. In 1844,
William Robert Grove developed a battery with a higher current than that of Daniell
and nearly twice the voltage. This consisted of a platinum cathode immersed in
nitric acid and a zinc anode immersed in sulfuric acid, separated by porous clay.
Gaston Planté, a French physicist, invented the first rechargeable battery in 1859.
This battery was based on lead-acid chemistry that is still used [9]. During the
1860s came a variant of the Daniell battery, invented by Callaud, which dispensed
with the porous barrier that allowed the increase of current. In 1866, Georges
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Leclanché invented a battery with a manganese dioxide cathode, a zinc anode,
and an electrolyte of ammonium chloride, known as the Leclanché battery. Several
scientists have tried to find a battery consisting of only solid materials for ease of
use. Carl Gassner in 1886 obtained a German patent of a variant of the Leclanché
battery, which came to be known as the dry battery, because the electrolyte was not
a free liquid [6].

In 1899, Waldmar Jungner from Sweden invented the nickel-cadmium battery,
with nickel as the positive electrode, cadmium the negative electrode, and an
electrolyte solution of potassium hydroxide [9]. Two years later, Edison replaced
cadmium by iron forming the nickel-iron battery. At this point, the nickel-cadmium
and nickel-iron was expensive due to the cost of their materials and therefore had
limited applications. The nickel cadmium batteries became available only after
Shlecht and Ackermann improved the load current and longevity of batteries in
1932, and after Neumann completely sealed the batteries in 1947 [6].

Lewis Urry, an engineer who worked for Energizer, was given the task of
improving the longevity of the zinc-carbon battery. Urry decided that this was not
the best solution and dedicated his time to the development of alkaline batteries
with a manganese dioxide cathode, an anode of zinc powder, and an alkaline
electrolyte [10]. This battery became commercially available in 1959. The batteries
of nickel metal hydride appeared in the market in 1989 as a variation of the nickel-
hydrogen batteries, which had appeared in 1970.

The early research on lithium secondary batteries dates back to the years of
1960-1970 due to the energy crisis and the growing interest in energy sources
for mobile applications [6]. However, no breakthrough was achieved until 1991
and there is still a major deficiency in the power and energy density of secondary
batteries. John B. Goodenough, in 1980, led a team in Sony in the investigation
of Li-ion batteries. These batteries came into the market in 1991 [11, 12]. The
lithium polymer batteries that were launched in 1996 introduced greater flexibility
and energy density [13]. Lithium solid state batteries emerged only in 2009, released
by the company Cymbet [14]. Table 20.1 summarizes the history of batteries.

Currently most attempts to improve the batteries face the macro scale problem,
but work is now being directed to the nano scale [15]. The nano materials were slow
to enter into the energy storage market because the effective increase in surface area
of the electrodes increases the risk of adverse reactions involving the decomposition
of the electrolyte. Only in 2000 was it perceived that such reactions can be controlled
by coating the electrodes to protect them from unwanted oxidation and reduction
reactions. The work on nano materials gave new life to lithium-ion batteries [16].
Nano materials allow benefits in terms of capacity, power, energy density, and cost
of lithium ion batteries and are still far from being fully exploited [15], making
it increasingly important for energy storage [17-19]. In the coming decades the
batteries may also evolve into using organic materials. Today the feasibility of using
LixyCsOg active molecules, which can be prepared from natural sugars, is already
under investigation [20].

Table 20.2 presents a comparison between lithium and other battery types.
The first column indicates the type of battery; the second indicates the voltage
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Table 20.1 Battery history [6]
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1791
1800
1802

1820
1833
1836
1844
1859
1868
1888
1899
1901
1932
1947
1960
1970

1990
1992
1999
2009

Gilbert (English)
Galvani (Italian)
Volta (Italian)
Cruickshank (English)

Ampere (France)
Faraday (English)
Daniell (English)
Grove (Wales)

Planté (France)
Leclanché (France)
Gassner (USA)
Jungner (Sweden)
Edison (USA)
Shlecht and Ackermann (Germany)
Neumann (France)
Union Carbide (USA)

Kordesch (Canada)

Cymbet (USA)

Established the electrochemical study

Discovered “animal electricity”

Electrical battery inventor

First electrical battery capable of mass
production

Electricity through magnetism

Faraday’s law announcement

Daniell’s battery invention

Grove’s battery invention

Lead-acid battery invention

Leclanché’s battery invention

Dry battery completion

Nickel-cadmium battery invention

Nickel-iron battery invention

Cluster plate invention

Nickel-cadmium battery successfully sealed

First alkaline battery development

Development of valve regulated for lead-acid

batteries
Sales of hydride nickel-metal batteries

Marketing of rechargeable alkaline batteries
Marketing of polymer lithium ion batteries

Marketing of solid-state lithium ion batteries

Table 20.2 Comparison of lithium batteries with other type of batteries [21]

Battery type Voltage (V) Energy density  Discharge time Discharge time
(Whkg™! - for 5 mm thickness  for 1 mm thickness
WhL™) (hh:mm:ss) (hh:mm:ss)

Ni-Cd 1.2 40-100 11:15:00 00:05:24

Ni-MH 1.2 90-245 27:36:00 00:13:12

Ag-Zn 1.5 110-220 24:45:00 00:11:54

Li-ion 3.6 155-400 45:00:00 00:21:36

Li-polymer 3.6 180-380 42:45:00 00:20:24

Thin-film Li-ion 3.6 250-1,000 112:30:00 00:54:00

produced and the third the gravimetric energy density (Wh/kg) and volumetric

energy density (Wh/L) reached with the respective type of battery. The fourth and

fifth column show the maximum discharge time at constant current for the battery
depending on thickness.

20.1.3 Motivation For Thin-Film Batteries

One of the great challenges of the twenty-first century is undoubtedly the production

and storage of energy. The increased reduction in energy consumption by electronic
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devices, either in current or voltage supply, has allowed the creation of autonomous
wireless devices without needed external power supply. The wireless autonomous
devices have also benefited from the improvement of energy harvesting techniques,
which allow the use of various types of energy from the environment (heat, light,
vibration, etc.). However these devices require a battery capable of powering
the circuit when the power source is not available and permits the leveling of
energy consumption, since wireless devices have peak consumption when they are
transmitting information and very low power consumption in the remaining period
of time.

The need for remote electronic devices is increasing and batteries increasingly
play a key role in the viability and minimum size of these same devices. Thus, the
integration of the battery in the microchip increases the electronic circuit integration
and miniaturization of devices, enabling further cost reduction. Lithium batteries
have been highlighted by the possibility of all materials being solid such that
they are ideal for fabrication using thin-film techniques, allowing their integration
in integrated circuits. The solid-state batteries (all constituent materials are solid)
are intrinsically safe, can withstand temperatures of welding and present faster
time of charge/discharge than conventional batteries. These batteries can also be
manufactured in any shape and size without increasing costs in miniaturization of
the same. Figure 20.3 illustrates a possible design for solid-state lithium batteries,
using lithium cobalt oxide (LiCoQ,) as cathode, the lithium phosphorus oxynitride
(LIPON) as electrolyte, and metallic lithium as anode.

20.1.4 Applications

Thin-film batteries have a high range of applications, like energy harvesting
modules, wireless sensors, and medical devices. This kind of battery is especially
profitable for remote and autonomous devices. Nowadays most remote devices are
size- and life-limited by their battery. Conventional batteries are normaly huge
in comparison with most electronic remote devices and take a very long time to
get charged making it difficult to use the applications of energy harvesting power
sources. Thin-film batteries can be charged/discharged in less than a minute.
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20.2 Lithium Batteries

20.2.1 Solid-State Batteries

In conventional batteries the electrolyte is usually an acid or an alkaline solution
containing dissolved metal ions or an organic solvent consisting of salts with
metal ions [2]. Liquid electrolytes have advantages such as high ionic conductivity,
high electrical resistivity, and excellent contact with the electrodes. Despite the
advantages, liquid electrolytes have serious disadvantages such as corrosion of the
electrodes. Batteries with liquid electrolytes also require an airtight package to
ensure its security and stability. This type of encapsulation adds weight and reduces
the energy density of a battery.

A solid-state electrolyte, in addition to ensuring a high ionic conductivity and
high electrical resistance, must ensure good contact and good chemical stability
with the electrodes [2]. An excellent energy density can be achieved with solid-state
batteries, because of the reduced size and encapsulation of the battery [21].

20.2.2 State of the Art

The thin-film batteries emerged in 1982 [21], when the Japanese company Hitachi
announced a thin-film solid-state battery. The advertised battery comprised a
cathode of TiS, deposited by chemical vapor deposition (CVD), an electrolyte
of Li3 6Sip6Po 404 deposited by RFE sputtering and an anode of metallic lithium
deposited by thermal evaporation. It was also tested WO3V,05 as cathode deposited
by sputtering in a H,-Ar plasma [22].

A second approach was the replacement of the liquid electrolyte by a polymer
electrolyte. This technology was restricted to large systems (traction power or
backup power) because only they can withstand temperatures up to 80°C [23].
Shortly after, several research groups attempted to develop a hybrid electrolyte,
in the hope of combining the advantages of the polymer electrolyte without the
risks associated with the use of lithium metal. A hybrid electrolyte comprises a
polymer matrix with a liquid solvent and a salt. Companies such as Valence and
Danionics were involved in the development of polymer batteries, but they never
were commercialized on a large scale because of safety issues [21].

In 1991, Sony sold a lithium-ion battery with a LiCoO, cathode and a carbon
anode [11, 12]. This type of lithium-ion batteries had a potential exceeding 3.6 V
(three times longer than alkaline batteries) and gravimetric energy densities of
120-150 Whkg™! (two to three times higher than the nickel-cadmium batteries).
These batteries have become ideal for portable electronic devices.

The company NTT Group of Japan has also developed thin-film batteries that
use Liz 4 V(6510404 as electrolyte and LiCoO, [24] or LiMn;04 [25] as cathode,
deposited by RF sputtering. The battery has an area of 1 cm? with cathode thickness
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of 1-5 wm, electrolyte thickness of 1 um, and lithium anode thickness of 4—8 pm.
Thin-film batteries were also developed by the Bellcore and Battery group of
companies in 1980. They used an electrolyte of Li4P,S7 or Li;PO4—P,S5, a cathode
of TiS, and an anode of lithium or Lil. Bellcore also announced a lithium battery
with a LiMn,Oy4 cathode, an electrolyte of LiBP or lithium phosphorus oxynitride
(LIPON), and a metallic lithium anode. The displayed battery operated between
3.5 and 4.3V and had a capacity of 70 . Acm™? to more than 150 cycles [26].
A group at Oak Ridge National Laboratory (ORNL), USA, devoted itself to research
of thin-film batteries using an electrolyte of LIPON. The LIPON is deposited by RF
sputtering with a target of Liz; POy in a nitrogen atmosphere, and shows high stability
compared with lithium oxides or sulfates. Despite LIPON being more stable, it
has a moderate ionic conductivity of 2.3 x 107Scm™! at room temperature and
activation energy of 0.55eV [27]. The potential curve indicates a range of stability
of LIPON from 0 to 5.5V against a lithium electrode. The battery anode (lithium
metal) was deposited by thermal evaporation and the cathode (LLiCoO; or LiMn,04)
and electrolyte (LIPON) were deposited by RF sputtering. The ORNL group also
investigated some combinations of electrodes with the electrolyte LIPON, and
achieved a very good performance for voltages between 2 and 5 V, a current density
of 10mA cm™2, and more than 10,000 cycles of charge/discharge [28]. Neudecker
et al., researchers from ORNL, reported a Li-free thin film battery, where the lithium
anode and the anode current collector are replaced by a single layer of copper [29].
This battery is quite useful when you want to use a type of welder, since lithium has
a melting temperature of 178°C [29], which is below the temperature used for the
soldering processes. The LIPON is now recognized as a standard solid electrolyte
for thin-film batteries and has been used by many groups, especially in private
companies in the USA [1]. The LIPON is also used by Park et al. [30], Korea and
Baba et al. [31], Iwate University in Japan. Baba et al. reported thin-film batteries
with an electrolyte of LIPON, a cathode of V,0s5 or LiMn,0Oy4, and an anode of
LixyV,05 deposited by RF sputtering. These thin-film batteries (Li-ion batteries)
have the advantage of having less complexity in manufacturing and increased
safety than with a lithium anode. The disadvantage with Li-ion batteries is the
need to charge them before first use, which does not happen with the batteries
with a lithium anode. The Baba et al. battery, displays an increased capability
when it exceeds 20 cycles of charge/discharge reaching a maximum capacity of
10w Ahcm™2 [32]. This behavior is attributed to the gradual decrease of resistance
between the materials. Baba et al., also proposed a higher battery voltage and higher
current by stacking two batteries on the same substrate, allowing the reduction of
the battery contacts. This battery operates at a voltage between 3 and 6.5V and a
current of 2 A cm™2 [33].

The development of thin-film batteries has, after almost 30 years of research, led
to the development of rechargeable lithium-ion batteries. Table 20.3 shows some of
the developed thin-film batteries.

Thin-film batteries manufactured by companies like Cymbet [14] and Infinite
Power Solutions are available in the market [41]. Both use technology from ORNL,
above. Four battery models are available from Cymbet:
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Table 20.3 Thin-film batteries [21]

Cathode Electrolyte Anode Voltage (V) Current Capacity Ref.

(LAcm™?)
TiS, Li ¢Sio.6Po.404 Li 2.5 16 45-150 jLAhcm ™2 [22]
TiSx Oy Li,S04-Li,0-B,03  Li 2.6 1-60 40-15 pAhem™2 [34]
V,05 LIPON LiV,05 3.5-3.6 10 6 wAhcm™2 [31]
LiMn,O,  LIPON V,05 3.5-1 >2 18 pAhcem™2 [32]
LiMn, 04 LiBP-LIPON Li 3.5-4.5 70 100 mAh g™! [35]
LiMn,O4  LieiVoeiSio00s36  Li 3.5-5 10 33.3 pAhcm™2 [25]
LiMn,O,  LIPON Li 4525 2-40 11-81 wAhcm™2 [36]
LiCoO, LIPON Cu 4.2-3.5 1-5 130 LAhcm™2 [29]
LiCoO, LIPON Li 4.2-2.0 50-400 35 WAhcm™2 [28]
LiMn, 04 LIPON Li 4-5.3 10 10-30 pAhcm™2 [37]
Li-V,0s5 LIPON Li 1.5-3 2-40 10-20 wAhcm™2 [38]
LiCoO, LIPON SiSnON 2.7-4.2 ~5,000 340-450 mAh g [39]
LiMn,Oy4 LIPON Li 4.3-3.7 ~800 45 1w Ah [30]
em™2 —pm™")

LiCoO, Lie.1 Vo.615i0.3905 36 SnO 2.7-1.5 10-200 4-10 pAhcm™2 [40]

Fig. 20.4 Thin-film battery
CBCO012 marketed by
Cymbet, at right with
encapsulation of integration
with other integrated

circuits [14]

S5mmx5mm 28mmx3.5mm
DFN SMT Package Bare Die

Table 20.4 Technical specifications of marked Cymbet batteries

Technical aspects CBCO012 CBCO050 CBC3112 CBC3150
Output voltage (V) 3.8 3.8 33 33
Capacity (WAh) 12 50 12 50
Charge time (min) 30 50 30 50
Charge/discharge cycles >5,000 >5,000 >5,000 >5,000

* CBCO012 (5 mm by 5 mm with a thickness of 0.9 mm)
e CBCO050 (8 mm by 8 mm with a thickness of 0.9 mm)
 CBC3112 (7mm by 7 mm with a thickness of 0.9 mm)
e CBC3150 (9 mm by 9 mm with a thickness of 0.9 mm)

The models CBCO012 and CBCO050 are also available with a package that allows
connection to other integrated circuits (Fig. 20.4). CBC31xx models already include
a load control and the ability to adjust to the output voltage. Its technical characteris-
tics can be found in Table 20.4. The Cymbet in conjunction with Texas Instruments
also offers systems consisting of thin-film batteries and energy harvesting tech-

niques.

Infinite Power Solutions also sells thin-film battery using LiCoO, as the cathode,
the LIPON as electrolyte, and metallic lithium as the anode. This provides, like
Cymbet, four models of thin-film batteries. Its technical characteristics can be found
in Table 20.5.
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Table 20.5 Technical specifications of marked Infinite Power Solutions batteries

Technical aspects MECI125 MECI120 MECI101 MEC102
Open voltage(V) 4.1 4.1 4.1 4.1
Internal resistance (£2) 200 100 35 15
Capacity (mAh) 0.2 0.4 1 2.5
Charge time up to 90% (min) 15 15 15 15

Life cycle (years) >15 >15 >15 >15
Charge/discharge cycles >10,000 >10,000 >10,000 >10,000
Self-discharge by year <1% <1% <1% <1%

20.2.3 Materials for Lithium Batteries

Due to its characteristics, lithium is one of the most common materials used in solid-
state batteries [21]. Lithium batteries are usually categorized by the anode material.
Thus, batteries with metallic lithium anode are commonly known as “Li-Batteries”.
Batteries with anode of metal oxide or nitride are commonly known as “Li-ion
Batteries” and batteries where the anode is also the current collector, usually copper,
“Li-free Batteries.”

In lithium batteries, the operating voltage is only defined by the chemical
composition of the battery cathode and anode and not by its size. Rather, the capacity
is defined by the volume of the battery cathode and anode. More volume means
greater amount of lithium atoms, which results in a higher charge. During battery
discharge, the operating voltage can go down a bit due to the battery’s internal
resistance.

Figure 20.5 illustrates the discharge of a rechargeable battery with a cathode of
lithium cobalt oxide (LiC0O;) and lithium metallic anode. In the battery charge
process is carried out the extraction of about 50% of lithium from the cathode, which
will be transferred to the anode. The lithium transferred will be used later in the
discharge. However, considering the lithium anode, an even higher percentage of
lithium will be transferred in the discharge. Chemical reactions of charge/discharge
are shown in Table 20.6.

The separation between the battery cathode and anode is obtained through the
electrolyte, which allows the passage of lithium ions, without letting pass lithium
atoms or free electrons. Current collectors of the cathode and anode only allow
the passage of electrons. When an external circuit is connected to the battery, an
oxidation reaction occurs at the battery anode. This reaction will stimulate the
electrons, through the external circuit, and the ions, through the electrolyte, to flow
to the battery cathode. The lithium ions move into the gaps created in the cathode
during battery charge. The electrons and ions will recombine again in the battery
cathode [4].

In Li-ion batteries the materials normally used as anode are SnO,, LiNiO;,
LiMn,04, V,05, MoS,, TiS, among others [42]. These materials must have the
ability to accept large amounts of lithium ions. After battery fabrication the anode
with these materials may not contain lithium, which restricts the choice of a
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Fig. 20.5 Rechargeable lithium battery with LiCoO, cathode, where the empty circles represent
the cobalt and oxygen atoms and the full circles the lithium atoms

Table 20.6 Chemical

reactions of charge/discharge ' . '
in a rechargeable lithium Charge LiCoO, = 0.5Li + Liy.5C00,

battery Discharge 0.5Li 4 Liy.5C0o0, = LiCo0O,

Rechargeable lithium battery

cathode in a lithium-rich cathode, the LiCoO,, the LiMn;0O4 and the LiNiO, being
the most common.

The battery capacity or the amount of charges that can be provided are expressed
in the amount of flowing current in a period of time (in hours), with the units Ah.
1 A = 1Cs™!, the battery capacity can also be expressed in Colombo (C), where
1 Ah corresponds to 3600 C.

The battery energy is given by its operating voltage multiplied by the loads
supplied and is usually expressed in Wh. For example, a battery with an operating
voltage of 4.2V and a capacity of 50w Ah, provides an energy of 210w Wh.
Contrary to the operating voltage, the battery energy depends on its size, since the
amount of charge delivered is proportional to the cathode mass. The battery power
supplied is its energy per unit time.

The energy and power per unit of volume or per unit of mass are often used to
compare different battery technologies [21]. Figure 20.6 compares lithium thin-film
batteries, lithium polymer batteries, and conventional batteries.

The battery’s volumetric energy density is calculated by dividing the power
supplied to a specific discharge rate by the total volume in liters, with the units
WhL™!. The battery’s gravimetric energy density is calculated by dividing the
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900 —+ Smaller Batteries
(less volume for
800 - same energy)

Thin-film

700 —- Li/Li-ion

600

500 +

Li-ion

Volumetric energy density (Wh/1)
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same energy)
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v

Fig. 20.6 Batteries — comparison of volumetric and gravimetric energy density [21]

power supplied to a specific discharge rate, by the total mass in kilograms, with
the units Whkg™!.

The quality of a lithium ion battery’s electrodes is very important to its energy
density [21]. The most important characteristics of an electrode in a lithium-ion
battery, which determine the energy that a battery can provide, are the number of
electrons that the electrodes can store per unit volume or weight (volumetric and
gravimetric energy density) and the electrochemical potential they produce.

20.2.3.1 Anodes

The anode is the ion source of battery [2]. The oxidation reaction occurs in the
anode, ions and electrons being released into the electrolyte and the external
circuit, respectively. Ions supplied by anode diffuse into the electrolyte. The
anode should be a light metal or light metal compound with low electronegativity
(tendency of an atom to attract electrons in a chemical bond) and high electrical
conductivity.

Lithium is an excellent choice as the anode of a battery due to its low molecular
weight and low electronegativity [42]. The lithium metal, although the most
common material in the anodes of solid-state batteries, has a melting temperature
of 180.7°C and is highly reactive with air. These reasons raise security issues in
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Table 20.7 Anode material comparison [2]

Material (anode) Capacity (mAh g~ 1) Problem

Liy; Sis 1,967 Volume change after first charge/discharge cycle
Liy»Sns 710 Volume change after first charge/discharge cycle
LiC¢ 370 Limited capacity

InSb 270 Limited capacity

CaSi, 320 Limited capacity

LisTi50, 168 Limited capacity

SiTON 450 Loss capacity after first charge/discharge cycle
SnO 1,560 Loss capacity after first charge/discharge cycle

Table 20.8 Cathode material

comperison [2] Material The(.)reticgl Opep voltage i.n

(cathode) gravimetric relation to metallic
energy density lithium (V)
(Whkg™")

TiS, 473 2.1-2.5

V,05 442 3-3.7

LiCoO, 500 3.6-4.7

LiMn,0y, 462 3-4.5

a battery. Table 20.7 compares other possible materials for the battery’s anode in
relation to capacity and present the major problems.

The materials for the anode shown in table above were investigated. These
materials cannot yet compete with lithium owing to reduced capacity, changes in
materials’ volume, and high capacity loss after the first charge/discharge cycle.

20.2.3.2 Cathodes

The cathode of a lithium battery is where reduction reaction occurs by electron
transfer [2]. During the battery discharge, electrons and ions are transferred from
the anode to the cathode. To enable a rapid and effective transfer, the cathode must
have a high electrical conductivity, high diffusivity, and ion insertion capacity [42].
The higher the open voltage of the cathode in relation to a reference, the higher
the operating voltage of the battery. The reference in lithium batteries is typically
lithium metal. Table 20.8 compares some of the materials used as cathodes in lithium
batteries, in relation to the theoretical gravimetric energy density and open voltage
of metallic lithium.

The preceding table indicates that the LiCoO; is the material that has better
characteristics, both in gravimetric energy density or the voltage level. The LiMn, 04
also shows high gravimetric energy and voltage level, while the TiS, and V,05
present with features considerably lower than others.

t30.1

t30.2
t30.3
t30.4
t30.5
t30.6
t30.7
t30.8
t30.9

t31.1

t31.2
t31.3
t31.4
t31.5

332
333
334
335
336

337

338
339
340
341
342
343
344
345
346
347
348
349
350



584 J.E. Ribeiro et al.

Table 20.9 Electrolyte material comparison [2]

Material (electrolyte) Electrolyte type Ionic conductivity (Sc m™")
LiClOy or LiPF in EC-DEC/DMC Liquid 1073-1072

and PC
Lil Solid ~5.5x 1077
Li0,33La()_56TiO3 Solid 10_4
B,03-xLi,O-yLi,SO4 (x < 0.6 and Glassy 108

y <0.3)
xLi O-ySi0;-zP,05 Glassy 10—2-10~"
LIPON Glassy 1077-107°

20.2.3.3 Electrolytes

The electrolyte of a battery is essentially a passage for ions and a barrier to
electrons or atoms without charge. Fundamental characteristics of an excellent
electrolyte are a high ionic conductivity, high electrical resistivity, an excellent
contact with the electrodes, and an excellent chemical stability in contact with the
electrodes [2].

In conventional batteries, the electrolyte is usually a liquid or an alkaline solution.
This type of electrolyte, although it has high ionic conductivity, high electrical
resistivity, and an excellent contact with the cathode, requires an airtight and heavy
package, which reduces the energy density and increases the battery size [21].
To reduce the size and increase the energy density of a battery, a solid and glassy
electrolyte is under investigation since 1970 [42]. Table 20.9 compares electrolyte
materials in relation to their type and ionic conductivity.

The preceding table indicates less ionic conductivity of the glassy electrolyte
than other types of electrolytes. However, the glassy electrolytes are still quite
advantageous in battery safety.

Polymer electrolytes (PEs) are complexes formed between ionic salts and
polymers with electron-donor atoms, such as linear high molecular weight poly
(oxyethylene) (PEO). These materials are in general divided into two groups: solid
(or solvent-free) PEs (designated as SPEs) and gel polymer electrolytes [43].

SPEs were first introduced by Armand et al. [44] as an attractive alternative
to non-aqueous liquid electrolytes in light-weight, rechargeable lithium batteries.
The advantages of these materials include good electrochemical properties, a reduc-
tion in problems related to safety and environmental issues, and elimination of
electrolyte leakage problems. These electrolytes may assume a multifunctional role
as separator, adhesive, and cell sealant in electrochemical devices. Lit-based SPEs
are considered to be attractive materials for application in electrochemical devices
such as galvanic cells, electrochromic displays, and sensors [45].

The most studied solid-state polymer electrolyte (SPE) systems are based on
poly(ethylene oxide), PEO, and are prepared by the dissolution of various guest
ionic salts in the polymeric host matrix [46-50].
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In spite of their technological potential, SPEs suffer from a series of drawbacks
that have delayed their application in lithium batteries. These include a marked
tendency to crystallize, substantially lower ionic conductivity (typically 10~% to
107> Scm™' at room temperature) than non-aqueous liquid electrolytes and a
tendency for the ionic guest species to salt out at high salt concentration. As liquid
electrolytes also pose significant safety and environmental concerns, in recent years
considerable effort have been devoted to increasing the ionic conductivity and
improving the mechanical properties of SPEs [43].

Unfortunately, the rather modest ionic conductivity of known systems continues
to restrict the application of these materials as components in commercial products.
To increase conductivity, different polymer matrix architectures [51], liquid plasti-
cizing components [52, 53], ceramic fillers [54], plasticizing salts [55], as well as
ionic liquids have been evaluated [56].

The most extensively investigated PEO-based systems have included lithium
salts [45] because of the applications in advanced primary and secondary batteries
that can be foreseen.

Lithium bis(trifluoromethanesulfone)imide (LiN(SO,CF3),, LiTFSI)-based PE
systems [57-61] give on the average higher conductivities than other lithium
salts [62]. This improvement of ionic conductivity is attributed to the low lattice
energy of the salt, which facilitates the solvation of the lithium by the polymer,
and to the deslocalized negative charge on the nitrogen and four oxygen atoms,
which reduces ion pairing tendency. In addition, because of its shape and internal
flexibility, the TFSI-anion exerts a plasticizing effect and reduces the crystallinity
of the PE, therefore lowering the glass transition of the materials.

Several recent papers by Zhang et al. [63—-65] have demonstrated that lithium
tetrafluoroborate (LiBF4)-based electrolytes are a good alternative to lithium
hexafluorophosphate (LiPFg)-based materials as components in low temperature
Li-ion batteries with improved performance. These authors found that, although
an electrolyte based on a solution of LiBF, in propylene carbonate/ethylene
carbonate/ethylmethyl carbonate had lower ionic conductivity and a higher
freezing temperature than the LiPFg-based analogue, at —20°C the LiBF,-
based cell had lower charge-transfer resistance than the LiPF¢-based device.
In spite of the slightly lower conductivity of the LiBFs-based electrolyte,
the cell based on this system showed slightly lower polarization and higher
capacity in the liquid temperature range (above —-20°C) of the electrolyte.
These results suggested that the ionic conductivity of the electrolytes is not
necessarily a limitation to the low-temperature performance of the Li-ion cell.
The LiBF, salt may be a good choice for a low temperature electrolyte of
a Li-ion cell if a solvent system that has low freezing temperature, high
solubility toward LiBF4, and good compatibility with a graphite anode can be
formulated. Examples of SPEs doped with LiBF, and supporting acceptable
levels of room temperature ionic conductivity have already been reported
[66-70].
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Fig. 20.7 Vacuum chamber for PVD depositions

20.3 Deposition and Characterization Techniques

20.3.1 Thin-Film Deposition

The deposition of thin films for current collectors, cathode, anode, and electrolyte
of a battery was performed with the follow techniques:

* Thermal evaporation for anode;
e E-beam for current collectors;
* RF-Sputtering for cathode and electrolyte.

These thin-film deposition techniques belong to the group denominated as Physical
Vapor Deposition (PVD) [71]. The utilization of these techniques requires a
controlled atmosphere as in vacuum chambers, like in Fig. 20.7.

20.3.1.1 Thermal Evaporation

The thermal evaporation technique consists of the evaporation or sublimation of
a material owing to heating of the same [72]. When the material passes from the
solid state to the vapor state, without becoming a liquid, sublimation occurs. The
material creates vapors that after condensation in the substrate, forms a thin film
of the same material. The heat is achieved by applying a high current to a crucible
that contains the material that should evaporate (Fig. 20.8). The standard crucibles
are in tungsten, molybdenum, or tantalum because they have high temperatures of
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Fig. 20.8 Example of setup for thermal evaporation technique
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Fig. 20.9 Working demonstration of e-beam

evaporation/sublimation. The thermal evaporation technique is intended to create a
thin film with the same composition of the material placed in the crucible [73].

20.3.1.2 Electron Beam

Like thermal evaporation, e-beam is also a technique to evaporate/sublimate a
determinate material over a heater of the same. This technique uses a high
energy beam of electrons that focuses on the material and will provide the heat
(Fig.20.9) [74]. A magnetic field helps to target the electron beams onto the
material. The beams of electrons focus on a small area of material thus preventing
contamination [73] in comparison with thermal evaporation because it is possible to
reach higher temperatures. Figure 20.10 shows a setup for e-beam.
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Fig. 20.10 Example of setup for e-beam
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Fig. 20.11 Working demonstration of sputtering technique

20.3.1.3 Sputtering

The sputtering technique allows the deposition of thin films at low temperatures
(typically less than 150°C) [73]. The material to be deposited, denominated of
target, is bombed with a beam of positive ions, that forces the extraction of
molecules/atoms at the target surface. The beam of ions is achieved by the ionization
and acceleration of a gas (normally argon) inside the chamber [72]. The extracted
molecules/atoms will form the thin film on the substrate (Fig. 20.11). The sputtering
technique allows the deposition of thin films with better characteristics in terms of
composition and uniformity [71], owing to a large area for the incidence of ion
beams on the target.

The sputtering technique can be done by direct current (DC sputtering) or by
radio frequency (RF sputtering). The DC sputtering is only applied to conductive
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Fig. 20.12 Magnetron with
LizPO, target

materials, while the RF sputtering does not have that restriction [71]. Figure 20.12 465
shows a magnetron with a Li; PO, target (used in electrolyte deposition). 466

20.3.2 Material Characterization 467

The thin-film characterization is performed using X-Ray Diffraction (XRD), 4es
Energy-Dispersive X-ray-spectroscopy (EDX), and Scanning Electron Microscope 469
(SEM) techniques. 470

20.3.2.1 X-Ray Diffraction 471

The XRD allows the quantification of crystalline structure of a given material. 472
This technique is only possible because the atoms are usually ordered in crystal 473
planes separated by distances of the same order of magnitude of the X-rays 474
wavelength [75]. 475

The phenomenon of diffraction occurs when an X-ray beam covers the crys- 476
tal and interacts with the present atoms. The XRD is based on Bragg’s Law 477
(Equation20.1) establishing the relationship between diffraction angle and the 478
distance between the planes giving rise to (characteristic for each crystalline 479
phase) [76]. 480

ny = 2d sin6 (20.1)
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Where:

e n is a whole number

* v is the wavelength of incident X-rays
 d is the distance between the planes

* 0 is the diffraction angle.

When compared with others, the XRD technique is simple, fast, and reliable.
The possibility of analysis of materials composed of a mixture of phases and a
quantitative analysis of these phases are the advantages of XRD.

20.3.2.2 Dispersive X-Rays Spectroscopy and Electronic Scan Microscopy

The EDX is an electron beam that focuses on a sample (which must be electrically
conductive), causes excitation and removal of electrons from one orbit inside the
material, creating a gap. The X-ray emission occurs when an electron from an outer
orbit occupies the created gap. Chemical analysis of sample composition is possible
because the wavelengths emitted are specific to each element of a material. The
analysis is performed on all the material from the surface up to 2 um depth and
does not allow the composition of elements with a low atomic number (lithium for
example).

The equipment composition by EDX analysis normally incorporates the SEM
microscope. The SEM technique allows the achievement of an image of the surface
material through the capture of electrons generated by a detection array [77].

20.3.3 Other Physical Measurements on Thin-Film Batteries

Apart from the traditional characterizations for thin films explained above, other
physical measurements were performed, namely electrical resistivity, ionic con-
ductivity, differential scanning calorimetry, thermal gravimetric analysis, and cyclic
voltammetry.

20.3.3.1 Electrical Resistivity

The electrical resistivity was measured at four points (Fig. 20.13), using the Van der
Pauw method [78].

The asymmetric configuration, the geometry of contact, and the material
anisotropy are corrected by repeating the measurement in four different
configurations (Fig.20.14). This technique of measuring at four points requires
uniformity in the thickness of the sample [72].

The voltage drop is measured between two points while a constant current
intensity is applied at the other two points. The voltage and current values are then
used in Equations 20.2 and 20.3, to calculate Ry and Rpg, respectively.
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Sample

Fig. 20.14 Schematic of each measure needed for the resistivity measurement

V V.
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(20.2)

(20.3)

Knowing R and Rpg, and using the Equation 20.4, the value of Rg is calculated by

numerical convergence.

e(_ %3) —|—e(_ %) =1

(20.4)

The value of resistivity is finally calculated with the value of Rg and the film

thickness (%), as shown in Equation 20.5.

pIRsh

(20.5)
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20.3.3.2 Ionic Conductivity

The ionic conductivity is an important characterization parameter, which has been
used as the criterion for quantification of electrolyte quality in lithium batteries.
The ionic conductivity is a measure of the amount of ions or ion clusters that can
move through the action of an electrical or chemical potential [79]. In general, the
ionic conductivity of the electrolytes is measured as a function of salt composition
and temperature. The objective of this characterization is to identify the electrolyte
with the most favorable behavior for use as a component of the practical device.

Lithium batteries can have two different types of electrolytes. The solid elec-
trolytes, that allow the fabrication of all batteries by PVD techniques and the more
common polymer electrolytes (PEs). A solid electrolyte and a PE intended for
use in diverse electrochemical applications must have adequate ionic conductivity,
together with negligible electronic conductivity if self-discharge on standing is to be
avoided. A PE is considered to be a promising candidate for commercial application
if its ionic conductivity is as high as 107> Scm™' at room temperature [80-82].

In general, salts with a polarizing cation and a large anion with a well-
delocalized charge, and therefore also with low lattice energy, are the most
suitable for use as PEs [83, 84]. In spite of the dangers associated with the
anion, lithium perchlorate (LiClOy) is a salt that satisfies the conditions mentioned
above. Lithium trifluoromethanesulfonate (or triflate) (LiCF3;SO3) and lithium
tetrafluoroborate (LiBF,4) have also been extensively employed in this context [85].
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) is particularly interesting as
a guest species in solid PEs and also one of the best choices. In common with
other salts that contain large polarizable anions, LiTFSI has low lattice energy and
a low tendency to form ion-pairs, leading to enhanced ionic mobility. This salt also
performs as a plasticizer in polyether electrolytes by creating free-volume. This is a
significant advantage in polymer hosts that have an inherent tendency to crystallize.

Typically the total ionic conductivity of the electrolytes discussed here was
measured by placing the sample between gold blocking electrodes, along the
so-called electrode/electrolytes/electrode assembly (Fig.20.15), which was secured
in a suitable constant-volume support, to form a symmetrical cell. Low-amplitude
alternating potentials at frequencies between 65 kHz and 0.5 Hz were applied over
a range of temperatures from 20°C to 80°C. This technique is possible, in an
appropriate electrochemical system, owing to separation of the analysis of the
electrolyte response and the connections electrode/electrolyte response (Fig. 20.16).

The electrodes are typically in the form of reduced thickness disk, minimizing
the separation distance between the electrodes and maximizing the area. This
also allows the decreasing of electrical current that goes through the system
which seeks to eliminate the possible change of electrochemical properties of the
sample. These conditions guarantee that no transfer of electrical charge through the
metal/electrolyte interface happens, because these interfaces exhibit a purely capac-
itive behavior. Whereas the electrode/electrolyte interfaces are equal, the equivalent
circuit of Fig. 20.17 can be considered [86]. So for high frequencies, the impedance
is dominated by the parallel circuit, corresponding to the electrolyte. For low
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Fig. 20.15 Sample for ionic
conductivity measure
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frequencies, the impedance is dominated by the series circuit, predominantly 564
electrode/electrolyte interfaces [87]. 565

The frequency spectrum is studied through the Nyquist diagram of the sample se6
impedance. The Nyquist diagram is accomplished by applying a sinusoidal voltage 567
to the sample in a high frequency range. Figure 20.18 shows an example of a Nyquist ses
diagram obtained with this technique. The figure shows that after tracing the Nyquist s69
diagram, it is necessary to draw a semicircle to get the value R(£2). 570

The R value is then applied in Equation 20.6, /& being the film thickness, A the 571
area and p the ionic conductivity. 572
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Fig. 20.18 Example of a Nyquist diagram from an electrolyte sample

L him)
pSeem™) = 2Q) x A(em?) x 10,000 (20.6)

20.3.3.3 Thermal Properties

Thermal analysis techniques, in particular Differential Scanning Calorimetry (DSC)
and Thermogravimetric Analysis (TGA), are valuable tools to study the thermal
behavior of electrolytes.

Differential Scanning Calorimetry

The DSC i1s a technique of differential thermal analysis based on the release or
absorption (depending on the material) of heat by the sample [88]. This technique
characterizes the sample through the temperature difference between the sample
itself and a reference material. Figure 20.19 represents a schematic illustration of
DSC where one can see that the heating elements and temperature sensors of the
sample and the reference are independent. The reference material is chosen to
be inert and not subject to the release or absorption of heat in the temperature range
investigated. This technique requires a chamber with controlled temperature and
atmosphere. The atmosphere in the chamber is controlled by introducing an inert
gas to clean the chamber prior to measurement, to protect the sample, and to prevent
the deposition of ice on the inner surfaces of the chamber when operating at negative
temperatures.
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Fig. 20.19 Schematic representation of DSC

In case of PEs, DSC allows to calculate the proportion of crystallinity, detect the
formation of new crystalline phases, free guest salt or uncomplexed polymer chains,
monitor the loss of solvent(s) (e.g., occluded water, alcohol), determine the 7, value,
and distinguish between endo- and exothermic events. For the DSC measurements
of PE samples, sections are usually subjected to thermal analysis under a flowing
inert atmosphere between 25°C and 300°C and at a heating rate of 5°C min™'.

Given the relative simplicity of construction, convenience in use, and adequate
precision for most applications, DSC is the preferred choice of manufacturers and

the more common thermal analysis technique.

Thermal Gravimetric Analysis

The thermal analysis techniques are usually a group of techniques that registers a
particular property of the sample as a function of temperature. In the TGA technique
the weight of the sample as a function of temperature is registered. The realization
of this technique is based on the use of a thermal balance and requires a chamber
with controlled temperature and atmosphere [88]. You need a prior knowledge of
the mass of the sample at room temperature. The onset of thermal decomposition
is-estimated by extrapolation from the TGA curves (Fig. 20.20). TGA provides rich
information about the thermal degradation of the samples and their thermal stability
domain.

20.3.4 Cyclic Voltammetry

The application of the PEs in electrochemical applications depends on their stability
window.

To evaluate the electrochemical stability window of PE compositions we have
typically used a two-electrode cell configuration involving the use of a 25 um-
diameter gold microelectrode surface. Cell assembly was initiated by locating a
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Fig. 20.20 Typical graph of TGA

freshly cleaned lithium disk counter electrode on a stainless steel current collector. 615
A thin-film sample was centered over the counter electrode and the cell assembly 616
completed by locating and supporting the microelectrode in the centre of the 617
electrolyte disk. Measurements were conducted at room temperature within a 618
Faraday cage. 619

The electrochemical stability range of the lithium-doped di-ureasils was deter- 620
mined by microelectrode cyclic voltammetry over the potential range between —1.5 621
and 6.5 V. In the anodic region, all electrolytes are stable up to 4.0 V versus Li/LiT. 62
Lithium deposition begins in the cathodic region at about —0.5V versus Li/Li*. 623
These results suggest that the electrochemical stability of the PEs is acceptable for 624

application in practical devices. 625
20.4 Fabrication and Characterization 626
20.4.1 Electrical Contacts 627

Platinum was the material chosen for the battery’s contacts as having high electrical 628
conductivity, being inert in contact with other battery materials, and allowing a 629
better distribution of electrons at the cathode surface. The platinum was deposited 630



20 Solid-State Thin-Film Lithium Batteries for Integration in Microsystems 597

Fig. 20.21 Battery contacts 70 nm of 30 nm of

Si [100]

by e-beam technique. The integration of the battery manufacturing processes with
integrated circuits is a very important aspect and therefore, the substrate must be
compatible with these requests. The chosen substrate was silicon because it 1s used
the most in manufacturing processes of integrated circuits [71].

A deposition of 100nm of platinum was taken up for adhesion investigation.
It appears that the adhesion of platinum to silicon is very vulnerable and the films
were shown to be damaged. The resolution of this problem was achieved with the
prior deposition of 30 nm of titanium [89-91], also using the e-beam technique.
This improved platinum adhesion and the films were not damaged. After depositing
the two materials it is necessary to test their vulnerability to annealing, since this is
necessary for the battery’s cathode. The sample was placed in an oven for two hours
in a vacuum at temperatures between 500°C-and 800°C, that is, the same conditions
necessary for the battery’s cathode. Under these conditions of annealing, the films
were not damaged, so the battery contacts are made of 30 nm of titanium and 70 nm
of platinum (Fig. 20.21).

20.4.2 Cathode

Lithium cobalt oxide (LiCoO;) was the chosen material for the positive electrode
(cathode) of the thin-film solid-state battery. The LiCoO, was chosen because of
its excellent electrochemical stability and its capacity for insertion and extrac-
tion of lithium ions. These characteristics derive from its excellent structural
stability [92]. The most common material used in thin-film batteries is LiCoO,,
because it produces a high voltage [21, 93] and has a high performance over
the cycles of charge/discharge (owing to its structural stability, it can hold more
than 500 cycles of charge/discharge maintaining its capacity at about 80% to
90%). Compared with other materials (for example, LiMn,;O4 and LiNiO;), the
LiCoO; is easy to fabricate and can store a large amount of lithium ions. LiCoO,
was deposited by RF sputtering, and deposition parameters can be found in
Table 20.10. Films were deposited with different gases to adjust to the fabrication
process.

After his deposition, LiCoO; was subjected to annealing [94, 95]. The annealing
increases the crystallization and decreases the resistivity of the LiCoO, film,
being carried out at temperatures between 500°C and 800°C. LiCoO, films
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Table 20.10 Cathode deposition parameters

Thin-film Deposition Target Thickness Pressure Supply Gas (sccm)
technique power -
02 Ar N 2
#01 RF sputtering LiCoO, 1 pm 2 x 10~ mbar 150 W 10 30 -
#02 - 40 -
#03 - 40 -
Fig. 20.22 Battery cathode 1um of
illustration LiCoO,

LiCoO,

Si [100]

annealing was performed in vacuum for two hours. Figure 20.22 illustrates the
deposition of LiCoO; to proceed to the annealing after its characterization.

The thin-film characterizations were performed by XRD, Van de Pauw, EDX and
SEM techniques to measure the crystallization, the electrical resistivity and chem-
ical composition. Figure 20.23 shows the XRD patterns of LiCoO; films deposited
for their annealing temperatures. Crystallographic analysis of the diffractograms
was compared with the standard “016-0427" [96], which contains the crystal planes
of LiCoO;. In Fig. 20.23, the crystal planes are represented with red vertical lines.
The spectra show the predominance of LiCoO, in the samples [97], especially in
sample “#03” (sample with better features). A detailed analysis allows us to observe
that the crystal planes of LiCoO, increases with increasing temperature to 700°C.
The plan [003], in particular, is one which denotes this additional feature, being one
of the most important [97]. The annealing at 650°C and 700°C proved to be most
suitable for obtaining a LiCoO; film. The crystal structure of LiCoO, film increases
the diffusivity of the lithium ion, which is a very important feature in the battery
cathode.

The resistivity of LiCoO, films was measured by Van der Pauw technique.
As can be seen in Fig.20.24, the film subjected to an annealing of 650°C
under the conditions described above, was the film with better resistivity, about
3.7 Q2-mm. The chemical composition of the film with improved resistivity was
also analyzed by EDX in Fig.20.25. Note that the atomic number of lithium is
quite small, and therefore not covered by this technique. A SEM image was also
performed (Fig. 20.26), which denotes the formation of crystals in the LiCoO, film
surface.
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Fig. 20.23 XRD of LiCoO, films with annealing at 700°C, 600°C, and 650°C. Vertical lines (red)
correspond to LiCoO, phases and circles (green) point to the correspondence phase in spectra

20.4.3 Electrolyte

The main features of the electrolyte are high ionic conductivity, high electrical
resistivity, and stability when in contact with the cathode and anode of the bat-
tery [21]. It is generally accepted that amorphous materials (without crystal planes)
have a higher ionic conductivity [98]. These characteristics are met by the lithium
phosphorus oxynitride (LIPON), which is the chosen material for the electrolyte of
thin-film solid-state batteries. The LIPON also has a high electrochemical stability,
which drives its use in thin-film batteries [99]. An electrical resistivity greater than
10MQ-cm is also an important feature of LIPON, because it prevents the self-
discharge of the battery, increasing the time it keeps the battery charged [100].
The LIPON was deposited by RF sputtering and the deposition parameters can be
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Fig. 20.24 LiCoO; films resistivity from deposition “#03”

O|Ka
Element At%
SiKa O 70,34
Si 11,76
Cola Co 17,90
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Fig. 20.25 LiCoO; film chemical composition
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Fig. 20.26 LiCoO; film SEM, surface picture

Table 20.11 Electrolyte deposition parameters

Thin-film  Deposition Target N> Pressure (mbar) Power Thickness
technique supply (W)

#01 RF sputtering  LisPO; 20scem 1 x 1072 200 1 pm

#02 2x 1073

#03 7% 1073

#04 3x 1074

#05 3x10™* 150

found in Table 20.11. Pressure was kept at different values during the deposition of

each film to correlate the deposition parameters with film properties.

Figure 20.27 illustrates the deposition of LIPON films to measure the ionic
conductivity. The aluminum substrate was chosen because of its high electrical

conductivity and low cost, being used as a contact. To improve contact, LIPON
was deposited between platinum films. Subsequently, an aluminum disk with
a diameter less than the substrate (to ensure non-occurrence of short circuit)
was glued (using silver glue) at the top of the sample to ensure its robustness

(Fig. 20.28).

The ionic conductivity was measured by applying a sinusoidal voltage with

25mV peak to peak to the sample in a range of frequencies between 0.5 Hz and
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60 nm of 1 um of
Platinum LIPON

Fig. 20.27 Electrolyte deposition illustration

Fig. 20.28 LIPON sample with upper and lower contact
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Fig. 20.29 Nyquist diagram of LIPON films

65 kHz. Reading the response of the sample allowed drawing of the Nyquist diagram 709
of the sample impedance [98, 101]. Figure 20.29 gives examples of the Nyquist 710
diagrams for samples “#4” and “#5” at different temperatures. 711
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Fig. 20.30 Ionic conductivity of LIPON films
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Fig. 20.31 Ionic conductivity of LIPON films as a function of pressure during deposition

Semicircles in the Nyquist diagram (Fig. 20.29) were traced with the help of a 712
specific program (in this work Autolab was used). The intersection of the semicircle 713
with the x-axis indicates the resistance value to be applied in the formula for ionic 714
conductivity (Equation 20.6). Figure 20.30 shows the value of ionic conductivity for 715
the various deposition parameters (Table 20.11). Please note that ionic conductivity 716
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Fig. 20.32 Comparison of LIPON ionic conductivity 1 month later at air exposure

SiKa
Element At %
N 8,01

PKa (0] 60,38

Si 19,00

OKa P 12,61

100 %

N

Zl.l]ll 4'.nn sl.nn s'.nn 1000 keV

Fig. 20.33 EDX of LIPON film
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a b

Fig. 20.34 LIPON SEM. (a) Surface picture, (b) cut images
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Fig. 20.35 Heat flow (mW) of LIPON film as a function of temperature during DSC analysis

increases with increasing temperature. The reduction of pressure and power source 717
during the deposition increases the ionic conductivity. The graph of Fig. 20.31 shows 718
the ionic conductivity of depositions “1,” “3,” and “4” as a function of pressure 719
during deposition. 720

The ionic conductivity of sample “#4” was also measured after being exposed 721
to the ambient atmosphere for a month (Fig.20.32). It was concluded that the 722
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Fig. 20.36 Weight of LIPON film as a function of temperature during TGA analysis

behavior of the sample remained unchanged, but its ionic conductivity decreased
considerably.

The chemical composition of LIPON film was also measured using EDX
technique, where the oxygen has the largest share of atomic percentage (Fig. 20.33).
Images of the surface and cut of LIPON samples were also generated by the SEM
technique (Fig.20.34). Note that the images do not show crystalline grains. The
XRD analysis also confirmed the amorphous structure.

The thermal stability of LIPON films was also measured by Differential Scanning
Calorimetry (DSC) and Themogravimetric analysis (TGA) techniques. Figure 20.35
shows the result obtained with DSC and Fig. 20.36 shows the result obtained from
the TGA. It can be concluded from these graphs that the LIPON is stable when
subjected to temperatures up to 400°C.

20.4.4 Anode

Initially, the lithium metal was the material chosen as the anode (negative electrode)
of thin-film solid-state battery. This material was chosen due to the large amount of
lithium ions that it can provide during battery discharge. Contacts were deposited
on glass to measure resistance within the vacuum chamber and during deposition.
Lithium was deposited by thermal evaporation and deposition parameters can be
found in Table 20.12.
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Table 20.12 Deposition parameters of anode

Thin-film Deposition Current source Thickness (jum) Resistance with 3 pm t35.1
technique thickness (£2)
#01 Thermal 6.0 3.26 t35.2
#02 evaporation 150 A 53 3.04 t35.3
#03 33 3.50 t35.4
11 -
I °
10
9- \
) L] \
_ 8 °\ —u— #1
g 7 ] ° #2
S ° —o—#3
s 61 °
g >
S 54 °
% 4 1 s L1 °°o°°°
L
| B Lol L LT ———
o
1 -
0
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1000 2000 3000 4000 5000 6000
Thickness (nm)

Fig. 20.37 Lithium resistance during deposition

The last column of Table 20.12 shows the resistance value measured when the
lithium film reaches 3 pm thick. The graph of Fig.20.37 shows resistance values
measured during depositions. The resistance measurements were performed during
the deposition with a four point setup.

After deposition, the resistance of lithium when it comes into contact with
the atmosphere was investigated. The results in Fig.20.38 show that lithium film
oxidizes very quickly in contact with the ambient atmosphere and thus a protective
film, deposited on top of lithium, is essential for battery functioning.

20.4.5 Battery Fabrication

The fabrication of solid-state lithium battery was projected using only shadow
masks. The shadow masks are essential for fabrication of the battery to prevent short
circuit between the battery electrodes owing to lack of lithography processes that
can replace the shadow masks. The shadow mask to the battery current collectors

742
743
744
745
746
747
748
749

750

751
752
753
754



608 J.E. Ribeiro et al.

10000 5

1000 - 0//
f /
100 - ;”““’
5 [
] °

10 -

—o— #1

Resistance (Ohm)

»

14
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Time (min)

Fig. 20.38 Lithium resistance measured during ambient atmosphere exposure

Pt+Ti

Si [100]

Fig. 20.39 Design of battery current collectors (thickness was exaggerated for better visualiza-
tion)

Si [100]

Fig. 20.40 Design of battery cathode (thickness was exaggerated for better visualization)

permits the contacts to have the format shown in Fig.20.39. The cathode current
collector is on the left side of the image and the anode current collector on the right
side.

Then, the battery cathode is deposited as illustrated in Fig.20.40, being con-
nected only with the cathode current collector. This takes into account the area
needed to connect an electric wire (left margin on the left).

After LiCoO, annealing, the electrolyte deposition is performed as shown in
Fig.20.41. The electrolyte fills the gap left by the previous mask to ensure isolation
between the cathode and anode of the battery.
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Fig. 20.41 Design of battery
electrolyte (thickness was
exaggerated for better

visualization)

Fig. 20.42 Design of Cathode Anode

complete battery (thickness current current

was exaggerated for better collector collector

visualization)

Si[100]

The battery manufacture is completed with the deposition of the anode, as shown
in Fig.20.42. Figure 20.42 also indicates positive and negative battery contacts.
Note that without a protective film deposited over the battery anode it cannot operate
outside the vacuum chamber.

20.5 Conclusions

The overall objective of this work was to select, fabricate, and characterize the
materials to fabricate a lithium solid-state battery. A lithium battery is composed
primarily of three materials, the cathode, electrolyte, and anode. The manufacturing
process and design for the battery was projected. The results presented in this work
fall within the above objectives, presenting the following solutions:

* Silicon substrate, to integrate the battery with microelectronics processes.

e Current collectors consisting of two thin films, 30nm titanium and 70nm
platinum. With this solution the adhesion problem of platinum to silicon was
eliminated. Unwanted reactions between the contacts and the electrodes are
prevented by using platinum.

* (Cathode (positive electrode) of lithium cobalt oxide (LiCoO;) with a fully
crystalline structure and high capacity for insertion/extraction of lithium ions.

* Electrolyte of lithium phosphorus oxynitride (LIPON) with high ionic conduc-
tivity and stable up to 400°C.

* Anode (negative electrode) of metallic lithium, which allows a high amount of
lithium ions.
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* Manufacturing process with different structures for each of the constituent
materials of the battery, preventing contact between battery electrodes. Manu-
facture of films using shadow masks, due to lithography processes are not yet
developed for the chosen materials.

20.5.1 LiCoO,

LiCo0O; is mostly used as cathode material in lithium batteries because of its
excellent electrochemical stability, high capacity of lithium-ion diffusion, and
capability to provide a high voltage to the battery. The fully crystalline structure
facilitates the diffusivity of lithium ions and decreases the resistivity of the
LiCo00O;. The LiCoO, film was deposited by RF sputtering and presented the best
characteristics with a power source of 150 W, a pressure of 2x10~3 mbar, 40 sccm of
argon, and an annealing at 650°C for 2 h in a vacuum. Electrical resistivity of 3.7 2-
mm was achieved and chemical composition proven by EDX technique. A SEM
image was also shown for the crystallization of LiCoO, film.

20.5.2 LIPON

LIPON is a glassy electrolyte with high ionic conductivity and high electri-
cal resistivity. It has an electrical resistivity greater than 10*Q and has an
ionic conductivity of 6.3 x 1077 Scm™! for a temperature of 26°C. The LIPON
was deposited by RF sputtering with a power source of 150 W, pressure of
3 x 10~* mbar and 20secm of nitrogen. The chemical composition and structure
of the amorphous LIPON were proven using the EDX and SEM techniques.
Thermal stability of LIPON up to 400°C was also proven using the DSC and TGA
techniques.

20.5.3 Lithium

The lithium metal is the most common material used as battery anode due to the
high amount of lithium ions that it can provide at battery discharge. This was
deposited by thermal evaporation and its resistance measured during the deposition.
The resistance of about 3.5 2 was measured and the oxidation of the film in contact
with the ambient atmosphere evaluated. The necessity of a protective film to prevent
oxidation of lithium was proved.
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20.6 Future Trends for Thin-Film Batteries

The fabrication and characterization of a battery using the process presented and
optimized manufacturing revenues during this work will provide the desired goal
in this area: a rechargeable solid-state battery, totally fabricated in thin-films.
The battery characterization must take place within a vacuum chamber to prevent
oxidation. Then, a material that protects the battery from the oxidation must be
found and tested. The use of LIPON, silicon nitride, or Parylene as protection
layer has been suggested. The substitution of metallic lithium as the anode of
the battery by a material having a higher melting point will allow the welding
processes on the battery. On the other hand, the use of nano-structured materials
at the anode and cathode opens horizons for the development of batteries with
times of charge/discharge of tens of seconds. The integration of the battery in
microelectronics manufacturing processes would be the next step, aiming at their
integration in integrated circuits.
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