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Table 1  Main electrochemical properties of typical cathode thin films
Crystalline Cathode Specific capacity/ Volumetric capacity/ Li content Potential plateau
structure films (mAh/g) (mAh/cm’) variation, x vs(Li/Li" ) /V
Layered Li, CoO, 137 700 0.5-1 3.9
hexagonal Li NiO, 150 - 200 650 0.35-0.85 3.8
0-1 4.1
Spinel cubic Li Mn, 0, 120 650
1-2 3.0
Li FePO, 140 - 170 610 0.1-1 3.4
Olivine )
Li MnPO, 171 590 0-1 4.1
orthorhombic
Li CoPO, 167 620 0-1 4.9
Layered V, 0, 118 400 0-0.8 3.0
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Table 2 Summary of main fabrication methods of active thin films

Preparation Cathode Electrolyte Anode Preparation method Characteristics of
methods materials materials materials description the method
LiCo0,!%0~52)
LiNiOzL‘m 5n0, Pros: uniform film composition
. (151 1461 . ) )
Magnetron LiMn. OL15:5%] LiPON'"” SnyN, Target surfaces are sputtered by and thickness; high purity and
i R LiNbOL®! V,0 ions | :
sputtering ) [20,55,56] 1 3 2Us ions in vacuum, and produce strong adhesion to substrates.
( Physical ) LiFePO, . [60] . [61,62] . . b C .1 d B . b
ysica . L1TaOz Tl()2 target 1ons onto substrates. ons: low deposition rate by
. 57 3
LiCoPO, Li Ti. 0l r. f. sputtering, high cost.
- 4 5 12
V,0.%
Materials are evaporated locally Pros: fast deposition rate,
E-beam LLTO by high-power electron beams films of high purity.
evaporation =~ — . Li"” and are transformed into gaseous Cons: evaporation of high
. LiPON"* - , . . .
(Physical ) phases and precipitate onto sub-  melting point materials, high
strates. cost.
LiCo0,"" )
NiO[67] LiPON-" Pulsed laser is focused on target Pulsed laser is focused on tar-
Pulsed laser ~ LiNiO, [34,74] .77 . ° .
d . LiMn. 0L LLTO TiO, surface, rapidly evaporates tar- get surface, rapidly evaporates
eposition 1VMn . . r .
(Pﬁ ical) : ,469 201 LleO3751 Li, Ti, 0% get material of high energies to target material of high energies
sica iF . ; ;
Y Lik 6?04 LiTaO;m substrates. to substrates.
Vz 0é71,72] 3
. High voltages are applied on Pros: high efficiency, simple
Electrostatic ~ LiNiO; surface of solutions containing equipment, easy to operate.
& quip Yy p
spraying LiCOPOfn] — — precursors to produce aerosols.  Cons: requirement of conduc-
(Physical) LiMnPO.*" Aerosols are coated onto sub- tive films and post annealing
strates via electrostatic coating. treatments.
LiC 0{51,32~841 - '
oM After hydrolysis and polyconden- P 10 dobi i
N85 [94] ros: easy to doping modifica-
Sol-gel LiNiO, LLTO"™ TiOT sation reactions of organic sol- " .y ) ping )
[ . ion, simple process, low
deposition LiMn20486’37] L1N1)03'95J ’ o8 vent solutions with compounds, p. P .
. . Li, Ti; 0, ! . . cost, large film area, suitable
(Chemical)  [iFepOl -2 LiTa0!%! sol is spin-coated onto substrate .
e 3 . for mass production.
V. QL9 s and annealed into gel.
25
Pros: films of high quality and
niform thickness, high coat-
- [99,100] . [83] Mixed gases are introduced into e ess, gl co
Chemical vapor LiCo0, LiPON Amorphous ing rate, easy to mass produc-
d . LiMn. 01017 LiNbO[ 103 g;[105.106) vacuum  chambers,  heated, .
eposition 1Mn, 1 D1 tion.
P . 2 ? A T107] cracked, reacted and condensed . .
(Chemical) VZOS'm] LiTaO;]U” TiO, . Gl Cons: controlling film compo-
: into films.

sitions by tuning gases partial

pressures.
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Fig.4 Schematic structural representations of typical kinds of three-dimensional thin-film lithium batteries

(a) a 3D-integrated battery in a trench configuration:“]] ; (b) 400 nm thick LiCoO, deposited in a

10 x 30p,mztrench[“0] ;

(e) arrays of interdigitated carbon microrods’

a 3D battery based on (c¢) microchannel p]ates[“o] ; (d) a templated deposition

117,118
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Fig.5 Domestic and oversea flexible thin-film lithium batteries (a) PDMS/LiCoO,/LiPON/Li battery

structure and specific capacity degradation as a function of bending state' ') (Reprinted from [122] with

permission from the American Chemical Society Copyright 2012. ) ; (b) a flexible battery based on

a PI substrate in BIAM and demonstration of powering a red LED in bent condition
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Fig.6 A large-sized thin-film lithium battery (a)'

(b)) ()¢ Reproduced with permissions' "> >

Electrochemical Society Copyright 1999. )

and high capacity batteries and battery packs in series and parallels

and reprinted from [ 129 ] with permission from the
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(b)IPS products, cross-sectional views of double-sided and multi-layered batteries' "’
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Table 3 Comparison chart of principal company products and the market competition situation( updated to Aug. 2014)

Company Electrolyte Cathode Anode

Applications Market Status Notes

Cymbet LiPON LiCoO, Li

Infinite power

LiPON LiCoO, Li
solution
Front edge .
LiPON LiCoO, Li
technology
LiCoO, Li
Excellatron LiPON
LiMn, O, Sn, N,
Thio-LiSiCON
Planar Energy CuS Sn0,
LiAlGaSPO,
LiCoO, Graphite
Toyota/AIST LiPON oo
LiMn, O, Li, Ti;0,,
ULVAC LiPON LiCoO, Li
SEEO Solid polymer NA NA
Sakti3 LiPON NA NA

. T™ ™
. . EnerChip ", PowerFab
Micromemory Commerical
series products

Wireless sensors,

THINERGY, LITE * STAR
RFID, medical VC:Commerical

) series products
devices

Clock, medical

VC:Commerical EnFilm series products

devices
Low temperature continu-
Microbatteries Private : Pilot ous fabrication by PECVD,
substrate: PI
Electric vehicle VC. Pilot Roll-to-roll process
A room temperature high-
Microbatteries ,

) ) Toyota: R&D speed  coating  process:
electric vehicle N
aerosol deposition

Home-made high speed

sputtering system, home-

Microsensor,
Pilot made cathode and electro-

smart card
lyte targets with high rela-

tive density

Energy storage
1 VC.R&D ™
in power grids, DryLyte = series products
P g DOE yLy P
electric vehicle

VC.:R&D Energy density ~ 1100
Electric vehicle
general motors ~ Wh/L

Front Edge Technology 4\ ] #E 4t 10 434 FH &
JRAE F, Y 45 AR, JF & EnFilm 2 50 B3t it AT 7
15 435 N 78 2 & e 45 it 80% , 4F B CH AL T
15% , A BB ARALE o 5 B i Bk SR A F
TR T E AR BRALL A 4 T, 9 e v v
R #5 J7 1E  E A . Excellatron 24 ) € & B0 77 A
FRER L A 7 10000 Fr BRI o SR O 40 ) iR 58
RIEGE DN R G . 12K [R5 W 35 T, Ex-
cellatron 2 T PECVD ¥ £ LiPON, &% & b 4 Jii
PEAE AT 3 ~5 5, B T HUS SR A5 5.8 x10°°
S/em, PECVD b ®] 2L 350°C Ik & il % LiCoO, .
LiMn, 0, .V, 0, 1 8 . A B T 8 i A A
1 Rl T Kapton 58 51 i e it 28 1Bt S0 Jie 4 Oy 2k 7, i
bR 4R T . i KA B 10mAh, 52 B 10C
TRHL, 1000 REH F A= FZ W /N T 10% , Planar

Energy iy 3¢ [ 7] 14 BB S5 30 = 09431 AR 24 | ), HoAR
FETREM B S TOREOR W R T — M 3 510 4R
PR RN A s, % H O AR E AL T HL F)
TR, 32 3] T 95 [ RE R SE 2F 6 52 11 R & (AR-
PA-E) B3 5. %24 mlii ok CVD il % oL [ 25
fifp 5, fulF Q) =X A= 77 R T RE

H AP BOR Z55 0F 58 B 5 =F B 28 ) o v A 7
FRTF R BB A A, 5 0k 25 B8 JE 1) Sy, ) 1T B s 4
BHE R S R K L2 — R AW KR UL
P M & LiPON | LiCoO, 1 LiMn,0, iF #% .
Li, Ti;O,, it} o %07 ¥ il i fif AR 20 1pm B & W
KL e Al RIR B 5, 78 5 TR T H W% I 158 5 1
R, LA IO 25 3 1 b OB . T EORS AN B0
JIC IS0 L R A5 B S 1 4 T 10 4%, 25 ) S BUARIOK 5
R, I KRR AR 1 L2 8A . LiPON & 11 & 485k
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Research Advances and Industrialization Prospects of
All-Solid-State Thin-Film Lithium Battery

CHEN Mu, YAN Yue,
ZHANG Xiao-feng,

LIU Wei-ming,
WANG Yong-lin,

ZHOU Chen, GUO Zhi-giang,
LI Lei, ZHANG Guan-li

( Beijing Institute of Aeronautical Materials, Beijing 100095, China)

Abstract: As a new generation of Li-ion battery, rechargeable all-solid-state thin-film lithium batteries ( TFLBs) employ solid electro-

lyte to replace traditional liquid electrolyte and are fabricated on plane substrates using layered thin films. Potential applications include

dual-use flexible wearable devices, portable electronic devices, vehicle and aircraft power batteries, etc.

In academic society and in-

dustry community, it is widely accepted that the ultra-safe batteries own long cycle life, high specific capacity and high energy density.

This article reviews basic operation principles and classifications of TFLBs, summarizes the development history of cathode/electrolyte/

anode materials, their preparation process and electrochemical performance. Three representative directions in recent research advances

are discussed; three-dimensional TFLBs, flexible batteries, high-voltage and large-capacity battery packs. Foreign commercial battery

products, key technology and battery fabrication equipment are shown in details. Possible directions of domestic R&D and industrializa-

tion are pointed out.

Key words: thin-film lithium batteries; magnetron sputtering; cathode thin films; safety; LiPON



