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Abstract

Powders of LiMMn3;0g (M =Fe, Co) were prepared by glycine nitrate combustion from the corresponding metal nitrates. The reaction
products were pressed into pellets with the addition of 20 wt.% excessg.iM@ch were used as targets for e-beam evaporation. A high-
voltage all-solid-state thin-film lithium ion battery was demonstrated by the sequential deposition of spinel strugiMdiOg (M = Co,

Fe) as positive electrode by e-beam evaporation, LIPON as electrolyte, and metallic Al as negative electrode by sputteend irN

gas mixtures with specific power and gas flow rates. A lithium ion conductivityd ¢ S cn* was observed for the optimized thin-film

LiPON electrolyte prepared under the condition of a chamber pressure »fI0& mbar and a power of 60—100 W. The chemical diffusion
coefficient (0) was found to be in the range 16 to 10-2cr? s~* for any composition: of Li,_,MMn3Og (M= Fe, Co) in the range from

0.1 to 1.6 by employing the galvanostatic intermittent titration technique (GITT). AC impedance studies revealed a charge transfer resistanci
of 260-29(R2, a double layer capacity 0f45—70uF for an electrode area of 6.7 ém

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In general, solid lithium electrolytes have a transference
number of the lithium ions of 1. This is in contrast to com-
At present, there is a strong interest to develop mate- mon liquid and polymeric electrolytes, where both cations
rials for all-solid-state high-voltage lithium or lithium-ion and anions are mobile. Often, transference numbers of the
secondary batteries due to their potential superior proper-lithium ions are much smaller than those of the anidr$].
ties compared to conventional liquid/gel based battdfips This high mobility of other ions than lithium may lead more
All-solid-state lithium batteries are leak proof, exhibit high readily to the formation of solid electrolyte interfacial (SEI)
safety performance, are mechanically robust and may be usedayers, which may cause deterioration and limit the life-time
over a wide range of temperature. Solid-state inorganic elec-of the batteries. The negligible mobility of ions other than the
trolytes have high decomposition voltages up to about 6V electroactive ones in the solid state may provide a superior
against lithium metal and may be, accordingly, employed chemical stability. Depending on the lithium activity, how-
together with high-voltage lithium cathode materials. For ever, electronic species may become important at high and

example, lithium oxynitrides Isi,POs—_yN, (LIiPON) [2] low lithium activities.

and garnet-like structure gBalLaTapO;2 [3] exhibit high Solid lithium-ion electrolytes have in general a lowet-Li
ionic conductivity and high electrochemical stability at room ion conductance than liquid/gel electrolytes. However, the
temperature. application of thin-film technology offers a solution to this

problem. For example, physical vapour deposition (PVD)
* Corresponding author. Tel.: +49 431 880 6201; fax: +49 431 880 6203. Methods that include sputtering, electron beam evaporation
E-mail address: ww@tf.uni-kiel.de (W. Weppner). (EBE) and ablation may be used to prepare thin-film nano- to
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micro-sized metal and metal oxide layers. The thin-films oretical energy density of Li,CoO, for the 3.9V plateau
show lower resistance compared to those of much thickerandx=0.5 is 534 Whkg!. We show in the present work
samples. Therefore, the low electrical conductivity of solid that all-solid-state thin-film high-voltage batteries are feasi-

electrolytes will not be a problem for their application in gal-

vanic cells. Furthermore, besides thin-film electrolytes, thin-

ble by employing metallic Al as anode and spinel structured
LioMMn30g (M=Fe, Co) as cathode and LiPON as elec-

film electrodes are advantageous because of lower diffusiontrolyte. The chemical diffusion coefficient of the cathode
lengths (faster equilibration) compared to thick films. This materials was determined by the galvanostatic intermittent
allows the development of all-solid-state batteries, especially titration technique (GITT]9-11] and from AC impedance
lithium system, which show high power densities besides data[12].

high energy densities. It should be also mentioned that all-
solid-state batteries will have low gravimetric energy density

due to the low weight of the active materials compared to 2, Experimental aspects

conventional rocking-chair batteries.

Current all-solid-state thin-film Li-battery developments
make use of LiG, elemental lithium or inorganic compounds
such as silicon—tin oxynitrides, 84, ZnzN> or metal films
including Cu and In as anodes, LiCe@nd LiMnO4 as

2.1. Preparation of LiPON solid electrolyte thin-films

LiPON thin-film electrolytes were prepared by reactive
rf-sputtering (Alcatel, model-450, Annecy, France) using a

cathodes and LiPON as electrolyte. The preparation of Li commercially available lsPOy targetin N gas with the opti-
thin-films requires special evaporation equipment and the mized conditions of a chamber pressure of 2 502 mbar
prepared films may not be exposed to air. In order to over- and applying a power of 60—-100 Wable 1lists the various
come this technical problem, we replaced the Li anode by Al employed sputtering conditions.

metal, which forms alloys with Li by electrochemical reaction
[7]. We have also replaced the conventional LiGa@athode

with other alternative high-voltage cathode materials, e.g., 3D

spinel structured LIMMn30g (M =Fe, C0)[8], to increase
the operating voltage.
The LixMMn3O0g (M=Fe, Co) electrode shows two

reversible plateaus during the charging and discharging cycle

at 4V/Li and 5.3 V/Li[8]. The former plateau is due to the
valence change from M#i to Mn** (4 V) (reaction(1)) and
the latter one is due to the ¥1to M** oxidation process
(5.3V) (reaction(2)) according to the electrochemical dein-
tercalation/intercalation reactions:

LioM" Mn""Mn)Y Og
charge

disc(:)hargel_iz_x'vIIII MnIZI!LanLVMnlzv Og + xLiT + xe”
(1)

Lio—,M"Mn{"_MnlYMnY Og

h
= Lin (M MY MY Mn'Y MnlY Og
discharge )My My I 2

+x+ LT+ (x+y)e )

The theoretical energy density of the 4V region is
290Whkg?! (x=1) and of the 5V region 370 Whkg
(y=1). For both together, i.e.x+y=2, the value of
LioCoMmsOg is 660 Whkg? [8]. In comparison, the the-

Table 1

2.2. Preparation of aluminium metal thin-films

Aluminium metal thin-films were deposited onto an alu-
mina substrate by rf-sputtering using Al metal target. Pure
Ar gas was purged with a flow rate of 20 sccm, maintaining
a constant pressure of110~2 mbar in the sputtering cham-
ber. Applying a power of 150 W resulted in a sputtering rate
of about 35 nm min?.

2.3. Preparation of thin-film cathodes

Thin-film Li,MMn30g (M=Fe, Co) was prepared by
e-beam evaporation using an PLS-500 electron beam evap-
oration equipment from Pfeiffer Vacuum, Asslar, Ger-
many. The powders for the targets were prepared by
glycine nitrate combustion. High purity lithium nitrate
[LINO3], cobalt nitrate [Co(N@)3-6H20], iron nitrate
[Fe(NG3)3-9H20], manganese nitrate [Mn(N$»-4H,0]
and glycine [hNCH,COOH] (~1 mol of glycine per 2 mol
of nitrates) were mixed in the required molar ratio and dis-
solved in a minimum amount of de-ionized water. The solu-
tions were heated to 30C using a heating plate. After
complete evaporation of water, sudden ignition has occurred
and resulted in black coloured powders. The powders were
collected and annealed at 70D for 2h in air using alu-
mina crucibles. The powders were pressed into pellets by

Geometrical parameters and electrical properties of the LIPON thin-film electrolyte

Target/substrate (cm) Sputtering power (W) Contact ared)(cm Thickness .m) R () ort (Scnml) Cgeom(NF) &

7 60 Q04 0.65 1000 1.%10°6 14 27
5 100 1 0.88 85 1.610°6 25 23
7 100 784 0.90 10 1.4 106 127 20
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used as current collectors. The various layers were prepared

Galvanostat according to the sequence: (i) sputtering of the Pt/Rh current
collector layer, (ii) e-beam evaporation of one of the cath-
ode materials (LMMn30g (M =Co, Fe)) ¢~500 nm), (iii)

2 annealing at 700C in air, (iv) rf-sputtering of the LiPON
layer (~1pm) and (v) rf-sputtering of the aluminium layer
(100 nm). All electrochemical measurements were made
inside a glove box under purified argon gas atmosphere. AC

3 Impedance measurements were performed by using an HP

4192 A Impedance and Gain Phase Analyzer (5 Hz—13 MHz)
to determine the conductivity and the dielectric constant of
the electrolyte as a function of temperature. The galvanic cells
were discharged/charged galvanostatically under a constant

Fig. 1. Experimental set-up for the characterization of the individual thin- Cl.”rem of A, and coulometric titrations were performed

film electrode and electrolyte films using auxiliary liquid electrolytes (1) with a current of 1GuA at an electrode area of 6.7 érat

Li, (2) electrode film (500-1000 nm), (3) microporous flat sheet membrane FOOM temperature.
electrolyte (LiPk in EC:DEC) and (4) Pt 10% Rh (100 nm).

isostatic pressure using an excess of 20 wt.% LiN@ese
targets employed for the e-beam evaporation. Without addi-
tion of excess LIN@, we see an MgOz impurity phaseinthe 5, ;.. conductivity of thin-film LiPON solid
films. After evaporation, the thin-films were annealed in air at
700°C for 2 h with heating and cooling rates of@ min—1.
The sample powders and _thin—fi_lms were characterized struc- Fig. 2shows the typical complex impedance diagram for
trally by Powder X-ray Diffraction (XRD) (SEIFERT 3000 5 yhin_fiim LiPON electrolyte of 800 nm in thickness in the
powder X-ray dlffractor_neter_, CL.J &% Ahrensburgz Ger- temperature range between 26 andG0A single semicir-
many). For XRD analysis, thick films were deposited onto g a¢ the high frequency side and a tail at the low frequency

3. Results and discussion

electrolyte

Si-wafers. side were observed, which is a typical behaviour for lithium
) o ion blocking electrodefl3]. Semicircles and characteristic
2.4. Electrochemical characterization capacitive impedances were observed, which increase with

. . . ) decreasing frequencies. The resista®)efd the geometric
Fig. 1shows a sche.ma_tl_c representatlo_n of_the experlmen-capacity Cgeon for different geometrical set-ups and the cal-
tal set-up used for the individual characterization of electrode . |ated dielectric constantare compiled iTable together
th|n-f|Im_s. For the liquid elect'rochem_lcal characterization, i the sputtering conditions.
the Al films were covered with a microporous flat sheet  rpg Arrhenius plots of the lithium ion conductivity for
membrane with a soaked-in liquid electrolyte of 1mdil | ipON thin-films prepared at different sputtering conditions
LiPFgin EC:DEC (2:1) solution from Merck. These two parts (Table 3 and geometrical parameters are giveRig. 3 The

were pressed together within a stainless steel container with; i conductivity of about 168 S cnt L is obtained at room
the addition of a piece of lithium (Aldrich, 99.9%) on top

as a reference electrode. The electrochemical performance

of the electrode materials was studied by constant current [ ' . ' ' ' '
discharge and coulometric titration employing a liquid elec- 250 [ va * e 26°C ]
trolyte (1 mol-! LiPFg in EC:DEC (2:1)) versus lithium. ’ o 34°%
The first two cycles were run under a continuous constant 200F o e . 46°C ]
current density of 1A cm~2. The third cycle was a coulo- s [
metric titration by applying a sequence of current density of o c1sop o e v 60°C .
10 A cm~2 for specific time intervals, and reading the open N va ©
circuit voltage in-between after equilibration. il TP ]
va O o
2.5. All-solid-state lithium ion cell preparation Rl R E’V:. ]
The galvanic cells 50 100 150 200 250
Z' (Q)

Al|LiIPON|LizMMn30g (M = Co, Fe) Q)
. . . . . Fig. 2. AC impedance plots of LiPON at a few temperatures measured in
were deposited onto alumina substrates with a typical LIPON the frequency range 5Hz—13 MHz using lithium ion blocking electrodes.

thickness of Jum. Sputtered Pt 10wt.% Rh films were Electrode area = 1 cn, and thickness of the LIPON electrolyte 800 nm.
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Fig. 3. Arrhenius plot for several samples of sputtered LiPON-films sand-
wiched between Pt 10 wt.% Rh strips. The different data points correspond
to different samples with different areas (0.04-6.7gmnd thicknesses
(1-1.5um) sputtered with an applied power of 100 W)(sample sput-
tered with an applied power of 60 W. Literature data of LIiPON are shown
by the broken ling2].

temperature with an activation energy of about 0.5 eV. These
values are comparable to those reported in the literg®jre

3.2. Al negative electrode thin-films

The system lithium—aluminium has awide solid solution
region at room temperatufé]. The LiAl alloy shows a volt-
age in the regime 300 mV against metallic Li-a00°C.
The chemical diffusion coefficient of LiAl has a quite high
value of 2.4x 10-%cm? s~1 at 415°C [10,14] The extrapo-
lated value at room temperature is in the range of'f@o
10-%cn? s, which is in agreement with literature values.
The electrochemical behaviour of the Al thin-films is shown
in Fig. 4. The first two cycles were galvanostatic (constant
currents) runs without interruption, which were followed by
coulometric titration with a current density of @ cm=2. It
is clearly observed that the3 two-phase regime has a volt-
age between 300 and 400 mV versus elemental Li at room
temperature.

3.3. High-voltage cathodes and all-solid-state lithium
batteries

XRD patterns of the LICoMnzOg powder were taken
directly after preparation and after annealing at 700as
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Fig. 4. Third coulometric titration cycle of a sputtered Al thin-film.

’;{ (A)

.2

"g ' (B)

g L L A
. L Lel |
15 20 25 30 35 40 45 50 55 60 65

20 (degree)

Fig. 5. Powder XRD-pattern of the 4€oMnzOg powder (A) directly after
preparation and (B) after annealing in air at 7Q0for 2 h. The X-ray pattern
is in agreement with the data of JCPDS Card No. 48:261 (C).

shown inFig. 5 The as-prepared powder is X-ray amor-
phous. After annealing in air at 70C for 1 h it becomes
crystalline and shows the diffraction lines corresponding to
spinel lattice Table 3. The X-ray pattern is in agreement
with the data of the JCPDS file (No. 48:261) for this com-
pound. Similar data were obtained for the corresponding Fe
member, LiFeMmOg. Fig. 6 shows the X-ray pattern of
the evaporated bCoMmnzOg thin-films. By adding an excess

of 20 wt.% LiNG; to the powder mixture before evaporation
and by feeding 20 cAmin—1 O, gas into the chamber during
evaporation, and providing at the same time a constant pres-
sure of about 10° mbar, the patterns of the films agree best
with those of the JCPDS Card No. 48:261 fosCbMnzOs.
Without providing the oxygen to the evaporation chamber

Table 2
Powder XRD data of lLiMMn30g (M =Fe, Co) prepared by glycine nitrate combustion method
h k 1 LioFeMngOg Lio,CoMnzOg

dobs. ('&) dcal. ('&) Iobs. dobs. ('&) dcal. ('&) Lops.
1 1 1 4.733 4.747 100 4.678 4.695 100
3 1 1 2.475 2.479 54 2.450 2.451 50
2 2 2 2.371 2.373 14 2.344 2.347 13
4 0 0 2.054 2.055 65 2.031 2.033 48
3 3 1 1.886 1.886 12 1.866 1.865 8
3 3 3 1.583 1.582 24 1.565 1.565 16
4 4 0 1.454 1.453 40 1.438 1.437 21
5 3 1 1.392 1.389 15 1.374 1.374 8

a=8.222(3) &)

a=8.132(2) &)
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Fig. 6. X-ray pattern of LiCoMngOg thin-films (A) thin-film evaporated 50 1?()(” 1)50 200
without additional LING and G gas, i.e., the MgO3 phase (*) was found, T T T T
(B) thin-film evaporated with additional 20 wt.% LiNGn the powder mix-
ture. For comparison the powder X-ray data gfCoMnz Oy after annealing P
at 700°C for 2 h in air are shown (C). JCPDS Card No. 48.261. 5, wee=- 1™ cycle []

4. ——2"¢ycle ]

2 3“cycle |]
and the additional LiN@, the Mn,O3 phase was found in S 25f —— " eyele ]
addition in the XRD patternig. 6). D fg ——5"eycle |

The solid-state galvanic cell ’ s
10 20 30 40 ; 50 60
Al|LiPONJLi2,CoMmnOg|Pt 10 wt% Rh (2) Q (LAh / (cm™um))

was characterized electrochemically by galvanostatic chargerig. 7. (A and B) Galvanostatic charge and discharge measurements of the
and discharge measurements using constant currents. Theomplete solid state cell set-up, i.e., RIPON| LizCoMngOg| Pt 10 wt.%
results are shown iﬁig. 7 for a current of A for an elec- Rh, using a constant current ofu® and an electrode area of 6.7&m
trode area of 6.7 cfa The first cycle consisted of a charging |1® thickness of LiCoMnsGg, LIPON and Al layers is 500 nm, lm and

. . 100 nm, respectively. During the first cycle, the cell was charged until a volt-
process until a voltage of 4.8 V was 'jeaChed' Whe_reas a max"age of 4.8V was reached whereas a maximum voltage of 5V was allowed
mum voltage of 5V was allowed during the following cycles.  during the following cycles.
There exist two plateaus which are expected from the valence

changes of Mn at 3.7 V versus Al, LiAl and of Co at around

4.8V versus Al, LIAl. voltage as a function of time during the constant current
pulse.

3.4. Chemical diffusion coefficients of lithium in the The chemical diffusion coefficient may be also determined

LixMMn;0s (M = Fe, Co) cathodes from the long time relaxation behaviour, when a linear vari-

ation of the cell voltage with time should be observed. If

The coulometric titration curve of the galvanic c) is the slope is sufficiently constant, the diffusion coefficient is

shown inFig. 8 The hysteresis is due to the lack of complete derived from the difference of the intersection of the straight
thermodynamic equilibria in-between the individual steps. in€ in the voltage versus time plot with the voltage axis at
The chemical diffusion coefficientlY) could be obtained

with the short-term titration curves using the relationship

[9-11,14] 50 «*® 1
2 2 2 2 ¥ /' ]
~ 4 (IVm dE dE; L =S 40f -7 ]
D=—| — —_— —_— , t — 3 ) o« _%e*
n(zFA) [(dé)/<dﬁ < D 3) < 35) ‘./°° ././8/' ]
. 2 30 /- §
where I, L, Vu, z, F, § and A represent the electrical ; 25_/./ ]
current, thickness, molar volume of the electrode, Fara- > 2'0- ]
day’s constants, stoichiometric change and cross-sectional 1'5f
el J b
area common to both the electrolyte and the sample elec- ) ‘ ‘ . .
trode, respectively. The value offls is directly obtained 04 0.8 12 1.6
from the slope of the coulometric titration curve, which is xin Li, CoMn,0,

obtained by plotting the steady-state equilibrium voltage of

the electrode agfalnst thhe colmposmor_] Or th? st0|ch|on;(re]t- LioCoMngOg| Pt 10wt.% Rh. Non-equilibrium data points were taken to
rc parameter a t.er eac Qa vanostatic titration step. € achieve faster information on the system. The applied current wésamd
value of d£/d/7 is determined from the measurement of the electrode area was 6.72m

Fig. 8. Coulometric titration curve of the cell set-up ALIPON|
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Fig. 9. Chemical diffusion coefficientd)) as calculated from the voltage Fig. 11. Chemical diffusion coefficienf) as calculated from the voltage
transients of the single steps. The chemical diffusion coefficient scatters in transients of the single steps. The chemical diffusion coefficient scatters in
arange between 163 and 1012 cn? s for the composition from 0.1 to a range between 183 and 1012cn? s~ for the composition: from 0 to

1.6 in Lio_,CoMngQOg. 1in Lio_,FeEMngOsg.

t=0 when the current was initiated and the initial VOltage chemical diffusion coefficient is in the range betweeﬁ%
observed immediately after switching on the constant electri- gnd 1012¢cn2 s~2 for the composition: from 0.1 to 1.6 in
cal current. The difference of these two voltages is expressed| j,_ . CoMngOg. Figs. 10 and 1khow the electrochemical
asEx. The relationship is given bg]: characterization of the corresponding Fe-containing elec-
ILV; 9E 12 trode Lb_,FeMngOg. The chemical diffusion coefficient of
D=_-——M () , 1> = (4) the LiAl negative electrode is about three orders of magnitude
SEazFA \ 93 b higher than that of the positive electrode materials. Accord-
and permits the determination &f over the compositional  ingly, we believe that the diffusion of Li into and out of the
change involved in the titration pulse. Results of the chemical cathode is the rate determinating procid$s. The diffusion
diffusion coefficient being calculated from the voltage tran- coefficient values are about three orders of magnitude lower

sients of the sequence of single steps are shoWwigird. The compared to those of Li(MeMn11/6)O4 (M =Mn, Co, (Co,

Al) [16].
y inLig, Al
0.2 04 06 08 1.0 o T T T
5 5"‘cycle Stovel ] ® as prepared
_j._?—yc ¢ 800} @ O U=4.8Vvs.ALLIAI ]
3
3 ] H
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Fig. 10. Galvanostatic charge and discharge measurements of the cell set-up ) )
Al |LiPON| Li2FeMnOg| Pt 10 wt.% Rh. The applied current wag. and Fig. 12. Impedance plot of ALLIPON| Li,CoMngOg| Pt 10wt.% Rh for
the electrode area was 6.7&m the as-prepared state and in the charged statel@ V vs. Al, LiAl.
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H L N S S S S 4. Conclusions
@ as prepared

O U=4.86V vs. AlLiAl . . . . .
-800- @ ki All-solid-state thin-film batteries are feasible by employ-

ing an Al anode and LiPON electrolyte fabricated by sub-
-600 120C. 6 . sequent deposition of these materials by sputtering. High-
o voltage cathode electrode powders ofMMn30g (M =Fe,
4 Co) were prepared by employing the glycine combustion
method. The thin-films of electrodes were obtained by elec-
200l | tron beam evaporation with the addition of 20 wt.% LiBNO
o to the powder sample and under an oxygen partial pressure
. . . . of 10~° mbar during the evaporation process. These thin-film
200 400 600 800 cells could be operated between 3 and 5V versus Al, LiAl.
Z'(Q The chemical diffusion coefficients for these materials, as
determined by the galvanostatic intermittent titration tech-
nique, resulted in values for both materials in the range of
A 2 1073t0 10 2cnP st

z"(Q)

-400
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