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Cathode films of amorphous Li,Mn204 have been grown by rf magnetron 
sputtering on unheated substrates. A low process gas pressure and a 
positive substrate bias were found to give the most conductive cathodes. 
The batteries were completed with the subsequent deposition of a lithium 
phosphorous oxynitride electrolyte and lithium anode. These cells were 
cycled at 25-100OC between 4.5 and 1.5 volts which corresponds to -0 to 
2 Li per Mn2O4. The amorphous cathodes have a high specific capacity 
and a low capacity loss per cycle. 

INTRODUCTION 

Lithium manganese oxide compounds have been widely studied for use as cathodes 
for rechargeable lithium batteries. The advantages of these compounds include relatively 
high lithium diffusivity, low cost, and few environmental concerns compared with other 
potential cathode materials. Several different crystal structures can be formed which are 
capable of reversible Li+ intercalation and topotactic reactions, including a normal spinel 
of Lil-x[Mn2]04 (1-3), a spinel-related tetragonal structure formed upon lithiation of the 
spinel Li2Mn2O4 (4), and both a high- and low-temperature form of an orthorhombic- 
Li 1 -~Mn02  (5-7). Electrochemical extraction of lithium from the orthorhombic phase 
induces a transformation to the spinel structure (6,s) .  In addition, the oxygen 
stoichiometry can also be altered to form various defect spinel structures (2,9). We are 
currently working to incorporate manganese oxide cathodes into rechargeable thin-film 
batteries developed at Oak Ridge National Laboratory. These thin-film cells are based on 
the sputter deposited inorganic electrolyte referred to as Lipon (10) and a metallic lithium 
anode. The step-by-step construction of these cells and the typical geometry used have 
been described earlier (1 1-13). 

The goal of the work described here was to prepare the best manganese oxide 
cathode possible at relatively low temperatures, i.e., below - 180°C, the melting 
temperature of lithium. Excellent thin-film crystalline Li[Mn2]04 cathodes have been 
fabricated and tested, but formation of the crystalline phase required a post-deposition 
anneal at temperatures 2700°C (12,1417). RF magnetron sputtering was chosen as the 
fabrication technique to investigate the low temperature processing of LixMn204 because 
of the large number of processing parameters that can be controlled and because of the 
excellent adhesion and film quality that can often be obtained by sputter deposition. With 
this technique we have been able to fabricate amorphous LiXMn2O4 cathodes with high 
specific capacity, good stability, and long cycle life. The lithium transport in the 
material, however, was about an order of magnitude below that of the crystalline spinel 
films. Crystallization of the sputter-deposited films to form a dense high-rate cathode 
again required a high temperature post-deposition anneal (15). 



EXPERIMENTAL PROCEDURES 

Cathode LixMn204 films, 0.3-2.5 pm thick, were deposited using a 2-inch circular 
magnetron source from Kurt Lesker, The sputter targets were fabricated as sintered 
LiMn204 ceramic disks, 2" x 1/8", with a density 270% of the theoretical value 
(4.3 g/cm3). The starting powders were prepared by reaction of Lip203 (Aldrich, 
99.997%) with either Mn2O3 (Cerac, 99.9%) or Mn02 (Aesar, 99.999%). Initially the 
powders were reacted by several overnight treatments at 800"C, but finer powders were 
later obtained by limiting the calcination temperature to 600°C. Although the 600°C 
powders were not fully reacted, the finer powders compacted to a more robust piece. The 
green disks were placed in a high purity alumina dish and sintered in air with a rapid heat 
from 25°C at -10"C/m, an 8-10 h dwell at 1200°C, and a slow cool at 3"C/m. The 
sintered targets were stored in a cabinet flushed with dry N2 when not in use. 

Sputtering was done in 12-inch and 14-inch diameter turbo pumped stainless steel 
vacuum chambers. Base pressures less than 1 x 10-6 torr were obtained before initiating 
the sputtering. The sample holders and quartz oscillator were translated into a position 
5 cm above the sputter source after a stable plasma was obtained. The quartz oscillator 
was used to measure the rate of film deposition both before and after the cathode film 
growth, but significant heating from the LiMn2O4 source resulted in large errors. The 
installation of water cooling lines to the quartz oscillator resulted in much more stable 
rate measurements for the later film cepositions. Alumina substrates, 1 x 1-inch Coors 
Lustrasurf ADS-996, with a -3000A-thick Ni, Pt, or V film current collector, were 
mounted between a thin stainless mask and an aluminum holder. Typically two samples 
were mounted side-by-side and the cathode areas were either 11 x 11 mm2 or 15 x 
15mm2. A wire thermocouple was attached to the mask surface to monitor the 
temperature which typically rose to -100°C during the first few hours of film growth due 
to heating from the sputter source. 

Several cathode films were grown on substrates heated to temperatures as high as 
-400°C using a 2-inch US Inc. resistive substrate heater. The control thermocouple was 
mounted between the Coors substrate and the heater surface with a second thermocouple 
mounted at the mask and exposed to the sputter source. To maintain a constant 
temperature, the set point of the control thermocouple was gradually decreased to offset 
the heating from the sputter source. 

The sputtering process and the film deposition depend on the process gas 
composition and pressure and the bias voltages of the sputter source and substrate. A 
mixture of Ar and 0 2  was used as the process gas for most depositions. The total 
pressure was varied from 5-20 x lO-3 torr with an 0 2  partial pressure of 0.1-2 x 10-3 torr. 
At these gas pressures, the 5 cm target-to-substrate distance was sufficient to ensure 
thermalization of the sputtered species (18). The rf power supply was operated at a 
constant power of 25-40 watts. This provided a low but sufficient deposition rate of 
5-14 &m with minimal damage and heating of the target. The substrate holder was 
electrically insulated from the rest of the chamber; the floating bias of the holder was 
measured with respect to the grounded chamber. Several films were deposited with a 
L-5-10 V dc bias applied to the sample holder and the metal film coating the substrate. 

The microstructure, density, crystallinity and composition of the cathode films were 
characterized before subsequent film depositions to complete the thin-film battery. The 



microstructure and a semi-quantitative measure of the O/Mn ratio were both evaluated 
using a scanning electron microscope (SEM) with energy dispersive x-ray spectroscopy 
(EDX). No impurities, except embedded Ar, were observed by EDX for any of the 
cathode films. The degree of crystallinity was established by x-ray diffraction (XRD) 
with 26 scans of 15-70". Some films were deposited onto sapphire or Si( 100) in order to 
reduce the number of interfering diffraction peaks from the substrate. Approximate 
densities of the cathode films were determined by comparing the film thickness as 
measured with a Dektak 3030 profilometer versus the film mass determined from an 
average of the film deposition rate before and after deposition. Uncertainties in both 
measurements were relatively large, on the order of +lo%, due to the roughness of the 
Coors substrates and the heating of the quartz oscillator. An average density was 
determined for films with a dense microstructure. 

Upon completion of the Lipon and lithium film depositions, the batteries were 
sealed under argon in glass jars with electrical feedthroughs. In all cases the active cell 
area was 11 x 1 1 1111112. The batteries were cycled using a Maccor series 2000 battery test 
system equipped with calibrated high impedance (>lo** G!) 1 mA channels. The AC 
impedance of the cells were measured from 0.01 Hz to 13 MHz using a Solatron 1250 
Frequency Response Analyzer and an HP 3577A Network Analyzer. Most cells were 
tested at 23 k 2°C; an incubator and a convection oven were used for testing at 25 f 
0.1"C and 1m 1°C. The cell resistance determined from ac impedance spectroscopy, 
the constant current discharge curves over a range of currents, and dc current pulse 
measurements were consistent. Contriiutions from the current collectors, lithium and 
Lipon electrolyte to the total cell resistance was 400 G!. Open circuit charge-discharge 
curves (ocv curves) were obtained by interrupting the cycle at fixed charge intervals and 
allowing the cell to equilibrate until the rate of change of the cell voltage dropped below 
about 5 mV/90 m. 

RESULTS 

Overall, the quality of the cathode films deposited by magnetron sputtering was 
good. The films had a uniform submicron grain structure, and were free of cracks, 
pinholes, surface irregularities and debris. Most films were x-ray amorphous. For films 
where the ( 11 l), (3 1 l), (400), and (440) spinel peaks were identified, the peaks were 
broad and weak. The average density of a dozen films deposited at substrate 
temperatures 1200°C was 4.2 g/cm3, very near the theoretical density for crystalline 
LiMn2O4 of 4.3 g/cm3, and the density of almost all the films were within the 
experimental uncertainties of this value. 

The ratio of the OMn EDX peak areas for the cathode films grown in Ar + 0 2  were 
1.57 k 0.15. The O/Mn peak ratio was 1.70 for a smooth film grown on a heated sapphire 
substrate and identified as a single phase LiMn2O4 spinel by XRD. Films deposited 
without the addition of 0 2  to the Ar plasma had a significantly lower O/Mn peak ratio of 
1.08-1.22 and showed evidence of additional phases in the XRD spectra. Attempts to use 
compacted manganese oxide powders, ,341102, LiMn2O4 and Mn2O3, as standards were 
unsuccessful. The peak ratios for these powders ranged from 0.6 to 1.25 and were very 
sensitive to the surface roughness. However, a peak-to-background correction method 
gave reasonable agreement between the films and the compacted dioxide powders (19), 



and although this method could not be used to quantify tbe O/Mn composition, we see no 
reason to suspect large deviations of the oxygen stoichiometry in the Li,Mn204 films. 

The effect of the substrate temperature during film deposition is summarized in 
Table I. These films were grown in sequential depositions using the same source, gas 
mixture, power and deposition time. The crystallinity of the film was clearly improved 
by heating the substrate to -4OO0C, but this occurred at the expense of the film density 
and resistivity. This approach was not pursued because superior crystalline spinel films 
were obtained by the post-deposition annealing of the amorphous films deposited by 
either electron beam evaporation or magnetron sputtering (15). 

TABLE I 
Properties of LiMn2O4 cathode films deposited on heated substrates. 

Substrate Grain Density X-Ray Cell Initial 
T Size Intensity * Resistance ** ocv 

("C) (pm) (g/cm3> (1 11I;(400) (kQ) (VI 

165 
240 
390 

0.05 4.9 k 0.9 1300; 200 
0.1 2.9 L- 0.2 1100; 150 
0.2 2.5 zk 0.1 2500; 1300 

n/a 
10 
lo00 

3.42 
3.49 
3.65 

* For films grown on Si(100) wafer mounted beside the battery substrate. 
** From low frequency ac impedance measurement of cells at an ocv of -4.3V. 

The effect of the process gas pressure on the LiMnzO4 cathode films is summarized 
in Table II . The films were deposited sequentially under similar conditions; the 02/Ar 
ratio was held constant and the rf power was adjusted to give a comparable deposition 
rate and film thickness. During the course of the film growth, the substrate temperatures 
rose in each case to -200°C due to heating from the sputter source. Comparison of the 
films showed that they differed significantly in their microstructure, crystallinity, and 
resistivity. For example, the microstructure of the film grown at 20 mTorr appeared 
much more granular. The -2x difference in the cell resistance shown in the table and 
attributed to the difference in the gas pressure was confirmed for batteries from a second 
set of cathode films deposited at 5 and 20 mTorr for which the substrate temperature 
reached only -120°C. 

Table IZI shows the results of depositing films under identical conditions, except for 
the applied dc substrate bias. The process gas pressure was 5 x 10-3 torr with an Q/Ar 
ratio of 1/50. Typically, the self-bias for a floating substrate under these conditions 
would be +9-11 V. The application of a negative substrate bias apparently enhanced the 
Ar+ bombardment of the growing film resulting in the larger Ar EDX peak. The negative 
bias may also have resulted in a 2x higher cathode resistance, although this interpretation 
is questionable due to the different initial ocv for the cells, as will be discussed shortly. 
The substrate temperature for each deposition was <100"C. 



TABLE II 
Properties of LiMn204 cathode films deposited at different pressures. 

~ __ 

process conditions: Film: X-ray Cell 
pressure, power, rate density, grain size, roughness peaks resistance 
(mTom) (w) (dcm3) (pm) (A) (W* 

5 35 5 3.3f0.6 0.05 35k 18 none 5.8 
20 40 6 3.5+ 1.0 0.1 67rt26 (111) 11.2 

*From low frequency ac impedance of cells at an ocv of -4.3V. 

TABLE III 

Properties of LiMn204 cathode films deposited on dc biased substrates. 

Substrate EDX peaks Cell resistance* (WZ) As-prepared 
bias (V) (Arm) as-prep; later** cell ocv (V) 

-5 
+5 

0.086 
0.037 

14 20 
6 10 

3.16 
3.89 

* From constant current discharge curves near the midpoint of the 4.5-2 V discharge. 
** After -30 cycles with 2 deep (4.5-1.5 V) cycles and one ocv curve measurement. 

The cell resistances for cathodes deposited under a range of conditions are plotted 
as Figure la. Again this shows that lower cell resistances were obtained for cathodes 
deposited at lower pressures, lower temperatures, and at a positive substrate bias. 
However, it appears that yet an additional factor may be contributing to the variation in 
the cathode resistance. The only correlation identified was the initial ocv of the as- 
prepared cells prior to any chargedischarge processes. The ocv of the as-prepared cells 
varied between 3.0 and 4.7 V which suggests a wide variation in the lithium 
concentration in the as-deposited cathodes. As shown in Figure lb, cells with the higher 
as-prepared ocv's, had the lowest cell resistances. Furthermore, the cell ocv was found 
to correlate with the history of the sputter target. After a LiMn2O4 target was stored for 
periods of a month or more, the first film or two deposited from the target had ocvs of 
-3V while subsequent cathode films had higher ocvs. Films grown from a freshly 
pressedsintered target also had high ocvs. This combination of observations suggests 
that a reaction layer, such as Li2CO3, formed at the surface of the target during storage; 
further experiments are needed to test this possibility. 

The results shown as the solid circles in Figure 2 confirmed that the variation in the 
as-prepared ocv of the cells reflects a wide variation in the lithium concentration in the 
as-deposited cathode films. The specific charge of the cathode was measured as each 



cell was charged, for the first time, to 4.5V and then held at this voltage until the current 
dropped below 1 pA/cmz. Assuming that all the charge is due to lithium extraction from 
the cathode, the results show that little lithium was extracted from the cathodes for the 
higher voltage cells (>4 V) while larger amounts, -1 mole Li per mole Mn2O4, was 
extracted for cells with an initial ocv -3 V. (The specific charge corresponding to 
I mole lithium per mole Mn2O4 is 148 pAh/mg.) Furthermore, the data points follow 
closely the overlaid ocv discharge-charge curve (dashed line) measured for one of the 
cells. Although there is a wide variation in the lithium content of the as-deposited 
cathodes, this does not affect the specific capacity of the batteries or their cyclability. 
The points plotted as the x's in Fig.2 show the subsequent discharge capacity of the cells 
over 4.5-2.5 V; this is clearly insensitive to the initial ocv of the as-prepared cells. 

Examples of low current discharge curves from 4.W for cells with two different 
sputter deposited LixMn204 cathodes are shown in Fig. 3. For comparison, a third 
discharge curve was included for a crystalline spinel cathode prepared by electron beam 
evaporation followed by a 700°C anneal (13). All three cells had a comparable specific 
capacity when discharged at low currents to -2.5 V. For the crystalline spinel cathode, 
the plateaus and steps correspond to: (i) insertion of lithium onto the octahedral sites of 
the spinel lattice at -4 V; (ii) onset of a two-phase region at -3 V composed of the 
lithiated cubic spinel and a tetragonal phase; and (iii) an unstable -2 V plateau as a 
consequence of the sluggish equilibration in the two-phase region (14). Typically, the 
amorphous cathodes displayed a more gradual decrease in voltage at 4.5-3 V. The 
discharge curve for the cathode deposited at 200°C had a shoulder near 3.8V; this shape 
is also typical of cells after prolonged cycling or after cycling at elevated temperatures 
(-100°C). The smoother discharge curves were seen for cathodes deposited at 1100°C 
and cycled at 25°C. As for the spinel cathode, the elbow in the discharge curves at 
-2.8 V for the amorphous cathode was due to polarization resulting from a very slow 
equilibration in a two-phase region. 

A set of constant current discharge curves for one of the lower resistance cathodes 
is shown in Fig. 4. The higher current densities resulted in an increased polarization of 
the cell which was attributed largely to the cathode resistance. The AV of the polarization 
near the midpoint of the discharge range, indicated in the figure by the dashed line, has 
been found to give a reasonable estimate of the cell resistance. The cell resistance of 7kQ 
is -20 times higher than that measured for the crystalline cathodes of com arable 
dimensions (12). This limits the usem current density from the cell to <JOpA/cm !i . 

A reference point was required to establish an absolute lithium concentration of the 
cathode from the measured specific charge. The best choice for the amorphous cathodes 
is to assume that x-0 for LiXMn2O4 when the cell is fully charged and equilibrated at 
4.5V. This reference point gives an interpretation of the discharge behavior of the 
amorphous cathodes that is consistent with the more well established compositions of the 
crystalline spinel cathodes. Specifically, the discharge curves for the amorphous 
cathodes give: (i) a cell voltage of 3 V for x-1; (ii) onset of a two-phase region for x>l 
as occurs for the spinel due to a Jahn Teller distortion (4); and (iii) a decreasing cell 
voltage <2 V for onset of a single phase region with x-2. These benchmarks are readily 
identified for the complete discharge-charge cycles shown in Fig. 5 where, within 
experimental uncertainty, 2 lithium per Mn2O4 have been inserted and extracted from the 
cathode film. In fact, a small amount of lithium may remain in an amorphous cathode 
film charged to 4.5 V, but this can not exceed -0.1 Li/Mn2O4. Furthermore, 



overcharging a cell to 5.3 V leads to little additional charge, unlike the large capacity 
observed for the crystalline LiMn2O4 cathodes above 4.5 V( 14). 

An ocv curve was included in Fig. 5 along with the 5 pA cycle. Equilibration for 
each of the ocv points required from 5 to 70 hours. The large loop in the 5 PA cycle at 
x>l is attributed to a sluggish equiIibration in a two phase composition region, the second 
phase forming as a layer along the cathode interface. Observations of the voltage 
relaxation and also the ac impedance have shown that the lithium transport is not the rate 
limiting process impeding this equilibration. A slower process, perhaps a boundary 
motion, must control the equilibration rate. The results in Fig. 5 also show a significant 
gap in the ocv discharge-charge curves for x 4 . 8 .  A large number of cycling results 
have shown this gap to be a hysteresis loop. We have observed in this laboratory that 
such a hysteresis is characteristic of the sputter deposited amorphous cathodes, being 
observed for the amorphous V2O5 cathodes as well as the amorphous Li,Mn204 
cathodes. 

Several interesting observations were made from additional deep discharge cycles 
to 1.5 V measured at 25" and 100°C and shown in Figs. 6a and 6b. Comparison of these 
curves fwther demonstrated the persistence of the hysteresis loop in the ocv cycles at the 
3 4  V range, even at 100°C. The equilibration rate in the two phase region with an ocv 
-3 V, on the other hand, was found to be enhanced by the higher temperature. The 
results further indicate that at 100°C the second phase does not form a barrier layer at the 
cathode interface; the cell polarization to -2 V, as observed for at each step in the 
discharge curve at 25"C, was not seen at 100°C. The more rapid equilibration of the two 
phase region plus the enhanced lithium diffusivity at 100°C increased capacity of this 
battery in the 4.5-2.5 V range by a factor of 2-3 for discharge currents of 20-40 pA/cm2 
over that obtained at 25°C. A final observation concerns the shoulder at -3.W observed 
in the low current discharge curve at 25°C. This shoulder was not seen when this cell 
was newly prepared, but developed slowly at 25"C, and then more rapidly upon cycling 
the cell at 100°C, reaching the final shape after several cycles. The resulting discharge 
curve was similar in shape to that shown in Fig. 3 for a cathode deposited as the substrate 
temperature rose to -200°C. Although, the development of this 'spinel-like' shoulder of 
the discharge curve might suggest partial crystallization of the spinel phase, all the 
cycling results demonstrate that the shoulder resulted instead from a variation in the 
resistivity of the cathode with the lithium concentration. As expected for polarization 
effects, the shoulder was more pronounced at higher current densities and lower 
temperatures. 

Batteries with the amorphous LiMn2O4 cathode, as all rechargeable batteries, are 
subject to a loss of capacity upon prolonged cycling. This may be due to an increase in 
resistance and/or a loss of active capacity of the anode or cathode. The data in Fig. 7 
show an example of the long term cycling results used to quantify the capacity loss rate. 
This was the most accurate set of cycling results obtained to date because the temperature 
was well controlled by a constant temperature incubator. The cycling behavior was 
observed to be strongly temperature dependent, and fluctuation in the capacity due to the 
23 rt: 2°C temperature changes obscured the underlying capacity loss. Earlier cycles of 
the cell depicted in Fig. 7 included ocv and constant current discharge curves which were 
measured at 23 k Z", 70", and 100°C. The fit of the data in Fig. 7 to an expression for the 
loss rate, C = Co ( 1 - A )n, where Co is the initial capacity, A the relative loss per cycle, 
and n the number of cycles, gave a loss rate of only 0.003%/cycle. The depth of 
discharge (dod) for this particular cycling program of 4.5-2.5 V at 20 pA was 



-0.5 Li / Mn2O4 / cycle. Other cells were cycled with similar parameters and although 
accurate fits were not obtained, the loss rate was small enough to be overwhelmed by the 
temperature fluctuations. Based on our experience with other cathodes, larger loss rates 
occur for thicker cathodes, higher temperatures, and conditions where the cell was cycled 
to a deeper depth of discharge. Not surprisingly, an example for a cell with a 2.5 pm- 
thick cathode cycled at 100°C to a dod of -0.9 Li / Mn2O4 gave a much larger 0.8% 
losdcycle. Significant capacity loss has also been attributed to: (i) overcharging the cell 
to >5.3 V, due to an increase in the cell resistance, and (ii) very deep dod cycles to 1.5V 
with near 2 Li / Mn2O4 inserted. 

DISCUSSION 

RF magnetron sputter deposition from LiMn204 onto low temperature substrates 
has produced a new x-ray amorphous material which was shown to be stable when 
cycled for periods in excess of a year at temperatures to 100°C. Deep discharge-charge 
cycles of this material resulted in a reversible insertion of -2 Li / Mn2O4. This gave a 
maximum specific capacity as large, or larger than other reported manganese oxide 
cathodes. The shape of the discharge curves at 2 3V were unlike that of any crystalline 
spinel materials and resembled more closely the discharge curves reported for the 
LT-LiMnO2 with a defective orthorhombic structure (6). This suggests that both the Li 
and Mn are primarily coordinated with 6 oxygen anions in the amorphous structure. 
Unlike reports for the crystalline orthorhombic materials (6,8), we have seen no evidence 
that the amorphous material tends to crystallize to a spinel structure upon cycling. The 
two-phase region of the discharge curves below -3 V, on the other hand, was found to be 
similar to that of the crystalline spinel films (14). For both materials, a large unstable 
loop in the discharge-charge cycles was observed at 25°C; this is attributed to a phase 
change initiated at the interface and impeded by a slow process, possibly a boundary 
migration process. The nature of the second phase of the amorphous cathode is 
unknown, but it is likely the result of a distortion of the MnO6 polyhedra, as occurs for 
the cubic spinel to tetragonal phase transformation. At 100°C, the phase transformation 
mechanism differed, perhaps proceeding as a more homogenous reaction within the 
cathode rather than a reaction initiated at the cathode interface. The difficulty 
encountered in measuring the capacity loss upon extended cycling of the batteries to 
2.5 V, into the two-phase region, was likely due to the sensitivity of this phase 
transformation to temperature. 

There was a clear hysteresis effect upon cycling the amorphous cathode in the 
composition range of 0 to 1 Li/Mn2O4. At this time, we believe that the material is single 
phase within this composition range, although for a hysteresis to occur there must be an 
alternate metastable state. A hysteresis for Li,Mn02 has been described in the literature 
(20), but this was for a two-phase region and the hysteresis loop was much narrower 
(-0.1V) than observed here. Qualitatively, our cycling results for the amorphous 
LixMn204 cathode follow several of the general theorems for hysteresis proposed in the 
literature based on a domain theory (21). This phenomenon warrants further investigation 
as it may shed some light on the structural changes and capacity loss that occur when 
lithium is cycled in and out of these cathode materials. 

A wide range of sputter processing conditions has been tested with the main goal of 
reducing the resistance of the cathode film. So far it has appeared that conditions 



favoring the formation of a smooth, fine-grained, amorphous film were preferable and 
resulted in the lowest resistances. This included low pressure depositions, a positive bias 
on the substrates, and lithium deficient film compositions. The effect of moderate 
substrate heating (-200°C) has not been fully investigated as some earlier results were 
compromised by reaction of the Li,Mn204 with the current collector. It was clear 
however, that depositions at substrate temperatures sufficient to promote crystallinity also 
resulted in a low density microstructure which led to poor cathode performance in our 
thin-film batteries. The sputter deposited films have proven to be very reproducible from 
run to run. The only significant uncontrolled variation was due to the lithium 
stoichiometry which varied over O<xcl due to the history of the sputter target. The 
cathodes proved remarkably insensitive to this large variation in the initial lithium 
concentration, however we anticipate that this uncertainty will be minimized in the future 
with the use of higher density sputter targets. Whether further improvements in the 
lithium transport rate of the cathode and the cathode/electrolyte interface can be made 
remains to be seen as the range of sputter processing conditions is expanded further. It is 
unlikely, however, that the lithium diffusivity in films fabricated at 5200°C will match 
that achieved by the fully crystallized films prepared at higher temperatures. An 
experiment planned for the near future is the reactive sputter deposition from a Mn target; 
hopefully an increased deposition rate and a comparable or improved cathode film may 
be achieved. 

Encouraging results have been obtained from both the cycling at 100°C, and the 
long-term cycling experiments, which have extended over a year at this time. The 
amorphous LixMn204 cathode proved to be very stable in both cases. Further work is 
needed to characterize the capacity loss rate and to identify the significant processing and 
cycling factors that effect this important specification for the battery. The low loss rate of 
0.003%/cycle obtained for one of the cathodes would be an acceptable loss rate for many 
potential applications of such a thin-film cell. The stability and enhanced capacity when 
cycled at 100°C make the amorphous LiMn-204 cathode attractive for applications where 
such operating temperatures might be tolerated. Again, further work is needed to 
quantify the capacity loss at the elevated temperatures. 

CONCLUSIONS 

A new thin-film amorphous LixMn204 cathode has been prepared by rf magnetron 
sputtering techniques. Although the lithium diffusivity of this cathode is significantly 
lower that of the crystalline spinel thin-film cathodes, the amorphous material does have a 
high specific capacity (-150 pAh/mg at 4 . 5 - 2 3 )  and a long cycle life (>600 cycles at 
25-100°C). An important advantage of the amorphous LiXMn2O4 cathode over the 
spinel is that it can be prepared on substrates and/or devices that cannot tolerate high 
temperatures. 
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Figure 1. Cell resistance for different cathode film deposition parameters as a function of 
(a) the cathode thickness and (b) the initial open circuit voltage of the as-prepared cell. 
The cell resistance was determined from the constant current discharge curves near the 
midpoint of the 4.5-2.W range. The cell area was 1.21 cm2. 
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Figure 2. Specific charge of the cathode measured for LixMn204/Lipon/Li batteries with 
different as-prepared open circuit voltages. The specific charge extracted upon the cells' 
initial charge to 4.5V, which included a hold to <1 pA/cm2 at 4.5 V, is shown as circles 
( 0 ) .  The charge measured for the subsequent 2 pA discharge to 2.5V is shown as crosses 
(x). The dashed curve is the ocv curve from Figure 5. All measurements are for 23°C. A 
mole ratio of 1 Li / Mn2O4 = 148 pAh/mg, and 1 pAh = 3.6 mC. 
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Figure 3. Low current discharge curves for LiXMn2O4/Lipon/Li batteries, one with a 
crystalline spinel cathode, and two with sputter-deposited amorphous cathodes. As 
indicated, the substrate temperatures increased to -100°C and -200°C during the sputter 
depositions due to heating from the sputter source. The cells were equilibrated at 4.5 V 
prior to the discharge and were discharged at 2 and 5 pA/cm2 for the amorphous and 
spinel cathodes, respectively. The specific charge is for the cathode; 148 pAh/mg = 1 
Li/Mn204. 
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Figure 4. Constant current discharge curves of a cell with an amorphous Li,Mn204 
cathode measured at 23°C and plotted versus the specific charge of the cathode. 
Following equilibration at 4SV, the cell was discharged to 2.0 V at each of the current 
densities: 40,20, 10,5, and 2 p M d .  
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Figure 5. Discharge-charge cycles of a cell with an amorphous Li,Mn204 cathode 
measured at 23°C between 4.5 and 1.5 V and plotted versus the lithium content of the 
cathode. The continuous cycle was measured at 5 CrA/cm2; the ocv cycle was obtained by 
interrupting the cycle at 10 pAh intervals in order to allow the cell voltage to relax as the 
cathode equilibrates. 
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Figure 6. Deep discharge-charge cycles from 4.5 to 1.W measured for the same cell at 
25” and 100°C. The continuous cycles (solid line) were measured at 2 pVcm2; the 
squares indicate points of an ocv curve. At the time of these measurements, this 
pkicular cell hadheen under test for over a year, much of that time devoted to cycling at 
100°C. 
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Figure 7. Capacity of a cell cycled 4.5-2.5 V at 25"rS: 0.1OC with a 20 pNcrn2 discharge 
and charge current. The charge voltage of 4.5 V was held until the current dropped to 
<1 pA/cm2 before beginning the next cycle. Only every third cycle was plotted for 
clarity. Earlier cycles showed excessive scatter due to fluctuations in the room 
temperature. In addition, many earlier cycles with this cell were preformed at 100°C. 
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