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Abstract

The deposition of thin-film electrolytes is a critical step in the development of

lithium microbatteries with the potential for circuit integration. We have

performed a preliminary study of the rf-magnetron sputtering of

(l-x)Li4SiO4:xLi3PO4 targets used to deposit amorphous thin-film electrolytes formed

of the three-component system Li2O-SiO2-P2Os. Mass and optical emission

spectroscopies have been used to investigate the effects of target composition and

the deposition conditions upon the atomic and molecular species ejected from the

targets. The data provide important information for understanding the mechanism

of film formation and for monitoring the Li atomic flux onto the substrates during

film growth.



INTRODUCTION

The deposition of thin-film lithium electrolytes is a critical step in the

development of lithium microbatteries with the potential for circuit integration.

We are presently investigating amorphous thin-film electrolytes formed of the

three-component system l^O-SiCb-PzOs and deposited by rf-magnetron sputtering

of (l-x)Li4SiO4:Li3PO4 targets. The composition of these films, particularly their L12O

content, is crucial for achieving high-ionic conductivity. It is therefore important

that we understand how target composition and deposition conditions affect the

film composition.

As a first step towards understanding the mechanisms of target sputtering

and thin-film growth, we are attempting to measure in real time the relative

concentrations of neutral species in the plasma during film growth. We will discuss

preliminary results from mass and optical spectroscopy investigations of the effects

of target composition and the deposition conditions upon the atomic and molecular

species ejected from the 0-;c)Li4SiO4:;rLi3PO4 targets. These measurements are made

in a system whose essential details reproduce the systems in which we grow the

actual thin films for microbattery applications.

EXPERIMENTAL PROCEDURES

The essential details of the vacuum chamber used in our investigations are

illustrated in Fig. 1. Species ejected from the target during sputtering enter into the

differentially pumped housing of a quadrupole mass spectrometer (QMS) via a 300-

\im diameter hole in a stainless-steel plate. This plate is located at the same position

occupied by the substrates during film deposition, i.e. about 5 cm distance from the

target. A high-transmission (-95%) grid is located in front of the plate, and both the

plate and grid may be independently biased, grounded, or allowed to float at the

plasma potential. The grid and plate were allowed to float at the plasma potential

during this study.



Light emitted from the plasma is collected by a 5 mm-diameter spherical lens

and focused onto a 200-|i.m diameter optical fiber. The lens housing is placed as

close as possible to the grid and plate, but outside of the most intense part of the

plasma. This corresponds to the approximate lens location used during film

growth. Light is transmitted through the optical fiber to the entrance slit of a 270

mm focal length monochromator (Jarrell-Ash Model 82-498), dispersed onto a

silicon photodiode detector, and read out by an optical multichannel analyzer

(EG&G PARC Model 1450). The effective resolution of the spectrometer is about 1.2

nm.

The rf magnetron (U.S. Guns, Inc.), using one-inch diameter targets, is

operated at a frequency of 13.56 MHz. Targets with the composition

(l-x)Li3PO4:;cLi4SiO4 were prepared by sintering and hot-pressing high-purity

materials.! 1] These were sputtered in high-purity Ar-O2 working-gas mixtures.

Sputtering was done at a total pressure of 20 mTorr and total flow rates around

20 seem, reproducing the conditions used in our other thin-film deposition systems.

RESULTS AND DISCUSSION

We used the QMS to monitor the chemical species ejected from single-

compound L14S1O4, L13PO4, and mixed-composition [Li4SiC"4:Li3PO4 (1:1)] targets.

The atomic and molecular species identified during sputtering runs in Ar and 3:2

Ar:C"2 working gas mixtures are shown in Table 1. All of the mass spectrometer data

presented in this paper were collected with the spectrometer's enclosed ionization

source in operation and the QMS secondary electron multiplier (SEM) as a gain

element for the transmitted positive ions.

In Fig. 2 we show a representative mass spectrum measured while sputtering

Li4SiC>4 in Ar. The peaks at 7 and 30 (amu/e) are attributed to Li and Li2O,

respectively- The species listed in Table 1 were identified in similar spectra, all of

which were measured at high SEM gains. In the case of Si and SiO, there is an added



complication caused by the presence of CO and CO2, with identical mass-to-charge

ratios. There are several possible sources of carbon contamination, including U2CO3

in the sputtered targets. These carbon-based species preclude an estimation of the

relative abundance of Si and SiO in the plasma. But we can infer the presence of Si

and SiO from other results: by analogy, with the fragmentation of U3PO4 targets

during sputtering, and by the presence of other Si-containing compounds when

Li4SiO4 is sputtered in 3:2 Ar:O2- Note also the peaks due to hydrogen, carbon,

water, singly- and doubly- ionized Ar and O2, mechanical pump oils [41, 43 (amu/e)],

and spurious peaks at 36 and 38 (amu/e) due to enclosed ionization source

operation.

We plot the mass peak intensities of the principal species observed during the

sputtering of mixed-composition [Li4SiO4:Li3PO4 (1:1)] targets in Ar and 3:2 Ar:O2

working-gas mixtures versus applied rf power in Fig. 3. The 3:2 mixture provides

excess oxygen during thin-film formation which conceivably could prevent oxygen

deficiency in the deposited films. On the other hand, it is evident from Fig. 3 that

there is not a significant change in the relative amount of the major oxide species

arriving at the substrate when the target is sputtered in pure Ar, when compared to

the mixed gas. While oxygen deficiencies have been reported in the deposition of

oxides such as AI2O3 in low partial pressures of oxygen,[2] it has not yet been

demonstrated that the sputtering of (l-x)Li4SiO4:j:Li3PO4 targets requires oxygen to

maintain stoichiometry in the deposited thin films.[3]

The results presented above show that the xLi2O:ySiO2: (l-*-y)P2O5 films

deposited by the rf sputtering of (l-x)Li4SiO4:;icLi3PO4 targets are formed by the

chemical recombination of small atomic and molecular species, Li, LiO, P, PO, etc.,

on the substrate. No other sputter-derived atomic and molecular species with mass-

to-charge ratios below 200 (amu/e) are present in the QMS data. All of the evidence

obtained thus far [3] indicates that the structures of the films are similar to those that



would be obtained in bulk glasses with the same composition prepared by

quenching molten mixtures of l^O, SiO2, and P2O5.

We have found that a high lithium content in our sputtered films is critical

for achieving the high-ionic conductivity required for their use as electrolytes in

thin-film batteries.[3] It is therefore important to monitor and control this content

during film deposition. However, it is impractical to use a QMS to monitor the the

Li atom flux while growing thin films. Glow-discharge optical spectroscopy is a

more convenient method because the films are grown in vacuum chambers having

the optical fiber arrangements of Fig. 1.

Figure 4 is a representative glow-discharge optical emission spectrum. There

is a strong Lid) line at 670.8 nm and a weaker oxygen line at 770.0 nm; the remaining

lines are due to Ar(I). See Fig. 5. The Ar(I)-line emissions are roughly proportional

to the Ar concentration (pressure) in the plasma between 15 and 30 W applied rf

power. Here, they are a convenient optical emission intensity calibration standard.

It is surprising that the Ar(I) emissions of Fig. 5 would vary in the same

proportion between 15 and 30 W. The emitting-state energies of the Ar(I) lines are

different, viz., the lines at 675.2 nm, 706.7 nm, 750.4 nm, and 763.5 nm are 14.74 eV,

13.30 eV, 13.48 eV, and 13.17 eV above the ground state, respectively. The Li

(670.8 nm) emitting-state energy is 1.86 eV.[4] But, the excitation processes which

occur in a glow discharge are complex and poorly understood. Only experimental

studies can determine which emission lines are present in a glow discharge and

how their relative intensities depend upon the applied rf power.[5]

There is a positive correlation between the Li (670.8 nm):Ar (675.2 nm) optical

emission intensity ratios and the Li mass peak intensities measured by the QMS.

See Fig. b. This correlation is plotted in Fig. 7 in terms of the applied rf power. We

have found similar trends for all of the targets and working gas compositions

studied and applied rf power levels between 15 and 30 W, the range in which most



of our films are grown. This shows that achieving and maintaining a high Li:Ar

emission intensity ratio during the sputter deposition is one criterion for the growth

of high-lithium content films.

SUMMARY AND CONCLUSIONS

We have performed a preliminary mass and optical spectroscopy

investigation of the sputtering of 0-;c)Li4SiO4:;iLi3PO4 targets under different

conditions, in an effort to understand how target composition and deposition

conditions affect the film composition. Our real-time measurements of the relative

fluxes of species reaching the substrate show that small atomic and molecular

species are ejected from the sputter targets. They recombine at the substrate in

similar structures to those that would be obtained in bulk glasses with the same

composition prepared by quenching molten mixtures of L12O, SiO2, and P2O5. The

results suggest that the presence of oxygen in the working gas does not significantly

affect the amounts of target-derived oxide species in the plasma. Empirical studies

show that there is a direct and positive correlation between selected Li

(670.8 nm):Ar(I) emission intensity ratios and the Li atomic flux at the substrate

measured by a quadrupole mass spectrometer. This trend is present for all of the

working gas and target compositions studied.
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Table 1. Target sputter-derived mass-to-charge peak ratio assignments of the
singiy-ionized species observed at selected target and working gas compositions.
Species whose presence is inferred (see text) are enclosed in square brackets. The
mass-to-charge ratio (amu/e) of the peak assignments are shown in parentheses
where applicable.

Working Gas Composition

Target Ar Only 3:2 Ar:O2

Li4SiO4 Ii(7),[Si](28),O(16), Li,[Si],O2ALiO,

LiOi23),Li2O(30), Li2O,[SiO],LiSiO(51),

[SiO](44) LiSiO2(67)

Li3PO4 Li,Li2O,P(31),PO(47) Li,Li2O,P,PO

Li4SiO4:Li3PO4 Li,(Si],O,O2/Li2O, LUSil

P,PO P,PO



Figure Captions

Fig. 1. Schematic drawing of the essential internal details of the plasma

diagnostic chamber. Major components are shown to scale and identified by letter.

Item A) is the 300 p.m-diameter entrance aperture which is grounded. Individually

isolated and immediately adjacent to it are a stainless steel plate and an open (-95%

transmission) grid. The grid and the plate may be individually biased. Plasma

optical emissions are collected by a spherical lens at B) and focused into an optical

fiber. An external rotary motion feedthrough coupled to an insulated rod [item Q]

permits a thin-film substrate (mounted on a platform at the end of the rod) to be

rotated into position for deposition and to be positioned behind a mask (not shown)

during other procedures. The sputter gun is item D); target diameter is one inch.

The target-to-substrate distance is about 5 cm.

Fig. 2. Representative quadrupole mass spectrometer mass-to-charge ratio

scan collected while sputtering Li4SiO4 in Ar. The singly-ionized Li and U2O peak

assignments have been labeled. (See text for a discussion of other peak

assignments.)

Fig. 3. Plot of the mass peak intensities of the principal species observed

during the sputtering of mixed-composition [Li4SiO4:Li3PC>4 (1:1)] targets in Ar and

3:2 Ar:O?. working-gas mixtures versus applied rf power. The statistical error in

these measurements is less than the size of the data-point symbols in the figure.

Fig. 4. A representative optical emission spectrum. The neutral atomic Li line

at 670.8 nm has been labeled; tic marks denote the Ar lines discussed in the text.

Fig. 5. Semi-logarithmic plot of background-subtracted Li and Ar emission

line intensities versus applied rf power. The target is Li4SiO4 and the working gas is

3:2 Ar:O2 at 20 mTorr pressure.
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Fig. 6. Plot of the Li (670.8 nm):Ar (675.2 nm) emission intensity ratios of Fig.

5 vs. the relative flux of singly-ionized Li measured by the QMS (in arbitrary units).

Data were collected at different applied rf powers, ranging from 16 W (lower left) to

33 W (upper right). The statistical error in these measurements is less than the size

of the data-point symbols in the figure.

Fig. 7. Plot of the relative fluxes of singly-ionized Li and Li2O measured by the

QMS versus the applied rf power, and the Li (670.8 nm):Ar (675.2 nm) optical

emission intensity ratios versus the applied rf power. The Li mass and optical

spectroscopy data are from Figs. 5 and 6.
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