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ABSTRACT
• :

_ Thin films of an amorphous lithium-conducting electrolyte were deposited by rf,_
.. magnetron sputtering of ceramic targets containing Li4SiO4 and Li3PO4. The lithium content of
_ the films was found to depend more strongly on the nature and composition of the targets than_
_ on many other sputtering parameters. For targets containing L¼SiO4, most of the lithium was._
.. found to segregate away from the sputtered ,area of the target. Codeposition using two sputter._

.... sources achieves a high lithium content in a controlled.and_reproducible_film gro_wth...........

__INTRODUCTION

Lithiumsilicate-lithiumphosphateglassesarepromisingmaterialsforuseasthin-film
_electrolytes in lithium cells. Amorphous films have been prepared using rf magnetron__
_ sputtering of ceramic targets containing Li3PO4 and Li4SiO4 in this and other laboratories [1-3]._
_.Studies of the conductivity of these films have sh.own that a high lithium concentration is needed_
_ _ominimize the film resistivity [4].

In this paper we demonstrate that the lithium content of the films is strongly dependent on _
m.the...c_omposition__and_homogeneit_oLthe._ta_ge_sed/or.__ua,efing_ Fnr rargeI&.m3nla.ining.....
_ Li4SiO4, there is _ tendency for much of the lithium to segregate radially on the surface of the _
_ target, rather than sputter from the target. Thls segregation results in lithium deficient films _
_,'when compared to the target composition. Td our knowledge, such pronounced segregation _
_. has not been reported in the literature for this or any other ceramic material. Codeposition .with _
-'tmultiple sputter sources is a reliable way to comi.;ensate for the lithium deficiency. _

[ -- g
_ TARGET PREPARATION, SPIIIU'ERING Ahq9 FILM ANALYSIS z

_2 Most films were prepared using a planar magnetron source designed to accommodate - |
_ cyhndricaltargetsapprox,mately1rechm dmmeterby I/Sthrechthlck.'largeswereprepared,--

_-fzom_either_the._pure..nempoands,_/.i4S.iCl4,.Li_O4__ __es of-t_he-s_-_ 'c
-compounds. Most mixtures were prepared by gri,ding the components together, other mixtures - :9..:s
- were ground and calcined at 800°C several times in order m prereact the silicate and phosphate - _,_
-'compounds. The powders were then either cold pressed into pellets and sintered in air at 900--- "<
- 1100°C or hot-pressed at 5000 psi and 1000oC. Li20 targets were sintered at 700°C in dry

-'nitrogen. Typical target densifie_ relative to the'theoretical density were 75% when sintered and 1---_.--96% when hot pa-essed, As expecte.d, the conductivity of targets composed of mixed lithi,um_----
-'orthosilicate and lithium onhophosphme is much higher than that of the pure compounds [5,6].
-'lhc conductivity of the target is taken as a good indication of the degree of solid solution--
- formed by the silicate and phosphate phases a_d increased in order from sintered mixtures to[---
-. hot-pressed mixtures to sintered or halt-pressed targets made from the prereacted mixtures, lC_J

-_ Ali targets were sputtere, d..at" 13.56oMr.LL at a c_.nslan_t forward power between 12 andF--
- _0. watts,-.Typically_ tlr¢ spu_ter4_g-_a-_s_r_'.i_._'_'_-%rgon _ _ _.'.2-aWx_are._f.-argoai-.. "=
-, and oxygen at a total.pressure of 20 mT,..Ultra ,hagh.p unty gases were used wath a total flow of

.-, 10-20. seem. For a single source deposmon, die, film substrates were mounted parallel to. and_ ].._- dxreetly above the sputter target at 5-6 cm from the surface of the target A quartz osc,llator[---
- rotated into the substrate positron was used to momtor the deposmon rate t_fore and after each !--- o

111171 gro_lll. Most 111171 gTOWlIl$ Ictjullcu tllll¢,:> U* _Z,'OU *=Uu*= tu =v,,,_-_ = ,, .... _.......... _,j.._ - .

.. I I.



. _>'itJm. Films were grown on e]ectr]ca]]y _so]:_ledsubstrates of g]ass, graphite, sapphire, and .....
alumina. The _emperature of the substrale holder increased during the film deposition reaching

_ temperatures as high as 60tC. The species p:odt_ced by _he spuuering have been identified by
emission spectroscopy of the plasma and by quadr:_po]e mass spectron'_etry as described in

Ref. 7.
• ._

The composition of the films were analyzed using a number of different techniques.
_These include energy dispersive x-ray analysis, photon induced gamma emission, atomic _
_ emission spectroscopy, and Rutherford backscauering spectroscopy. The details of each of ....
_ these measuremems and a complete discussion of the uncerudnties will be Wen elsewhere. The _
_ agreement between the different analyses is reasonably good and the cation composition of the _

_.filrns_ is estimated to be accurate to _+10%. The fihns are assumed to be fully oxidized ....

_RESULTS AND DISCUSSION _.

_ In our planar magnetron sputtering source, the target material is mounted above two _.
_ p_errnanent magnets of opposile polarities. The centermagnet is cylindrical and the.outer is a ......
_ concentric ring. The magnets act to concentrate the plasma in a ring near the surface of zhe tar- ._
_ get, so that the target is not sputtered uniformly, but rather develops a circular erosion groove_
_ [8]. Sputtering of the center and rim of the targets is generally negligible. __

: Targets of mixed Li4SiO4 and Li3PO4 have been made in a range of compositions. Most_.
_'of the results presented here are for targets with approximately equal molar ratios of the two._
_ components, indicated as 1:1 Li4SiO4:Li3PO4. Similar results have been observed for a variety _
_of targets with compositions that ranged frorn 1:8 _o3:2.
-'3

--4, Figure 1 shows the appearance of three different 1' 1 targets after sputtering in Ar + 02 for_
an extended time (> 24 h). In each case, there is a mound of material at the center of the target_

__2_cl.a_protrudmg ring of material near_the_outside edge._ The appearance, color..,.and thickness 0£2._
_'this material at the rim and center of the target ,,,aries greatly, not only from target to target, but _
._'also around a single ta-get. The color can range from pure white to very black for both sintered,'._
_'and hot-pressed targets when sputtered in ha" + 02. The material at the center and rim of a targeti
_ are always black when sputtered in pure argon. White crusts tend to be thicker than black ones. '-..
_:X-ray diffraction analysis of a number of samples taken from the material segregated at theL

6

center and rim of the targets is always identified as Li20. Presumably, the color is related to the:.-- o'r
• I "_

'stoichiome_y of the oxide• _ u,

_' " "i. "'

.,-y . ¢

-_'_ .:: , _." a, •

.... '! _i

_;-" ,__

-
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- V
- Fig. I. Sections of Li4SiO4 + Li3PO4 targets after sputtering in Ar + 02. Composition ofF-

-each target is approximately 1:1. (a)_si..nt.eredtarget fromym/".xedpowders, (b) hot-pressed target'_
--frommixedpowders, and (c) sint_r_:l!i_g_t-from:/_ed./ind:cNcined powders_ - "_t_

The amount of Li20 segregated to the center and rim of the targets is often very large, b)
- much more than would result from any resptmering of the growing film. This is illustrated by - o..

,_...,

I
= .-?7_3"., ""r ...,...... ..........



reported for the sputtering of ceramic materials. The relative amount ofsegregated material at -.

_ the rim versus center of the target appears :o var), with the rf power and the spunering history of ._
_ the target. At lower powers, most of the Li20 segregates towards the center of the target rather ._

than to the rim.
........... ,., ...... ..,

--,,,s,h,!e I_a

_: xt_.x //_ ,...,£ Fig. 2. Scale drawing of a cross-section_-

_.. F-'__..Jt"a_£,_-q cSa_p of a typical 3:2 target after sputtering. The___ magnets and aluminum support plate of__.

--
........................ i

The lh'st three entries of Table 1 show typical film compositions that have been grown_
_ from Li4SiOI:Li3PO4 (1:1) targets. Note that the relative Si and P contents in the table sum to:

1.0 such that a film with a composition near that of the sputtering target would have a cation_
_ratio of 3.5 M • 0.5 Si • 0.5 P. It is not surprising that the lithium content is far below that of'__
_ the original target compositions, as much of the lithium remains on the surface of the target._

_. The relative silicon to phosphorous compositions, however, are very close to the compositionsl__
_ of the mixed targets. The differences observed for the sintered versus hot-pressed targets areL_
_ interesting, Films grown from targets prepm'ed by sintering the mixed powders are very lithiumL_
_ deficient and the magnitude of the ionic conductivity varies tremendously from film to film, over_
_ four orders of magnitude. Films grown from targets of hot-pressed powder mixtures generallyl_
_ have a much higher conductivity and higher lithium content• To determine ff this difference can __

__he_attdb_ule,dJo_eilhcr the highe.r_..ta.rgeLde_ity or ho_mogenelty achieve-4_by hot,,p,r__
_'sintered and hot-pressed targets were made from a well calcined Li4SiO4 + Li3PO4 solid_

'solution, The powder is likely still two-phase [6], but there is clearly a lot of mutual solubility. _
-'Surprisingly, films sputtered from hot-pressed ipellets of the calcined powder had low lithium --

[ . • • . •

_contents and conduct_vmes comparable to films, from the low denmty sintered targets (see Table_
_,I). Clearly factors other than the target densit_ affect the sputtering yield of lithium from the- >

I --ioz- !d.......
- gas (6,,atts) 0Xdm) Li : Si: P -- C

_ l'l(mixed, sintered) a Ar+O2 20 8-9 0.35 • 0.53 • 0.47 _ _:_

_ l'l(mixed, hot-press) a At+02 20 11-12 1.46 • 0.52• 0.48 __

- l:l(calcined, hot-press) a Ar+O2 20 6-11 0.33 • 0•54" 0.46 --_._

- Li4SiO4 + Li31:_4b Ar.,<)2 ! 8/30 4-6 2•45 • 0.45 • 0.55
/

_ 1:1 + Li20 b Ar+O2 !8/25 6-7 2.12 : 0.45 • 0.55
/

- 1:1 +Li_) b Typer"T&_Ol'tIy__n_l_afaer:_"|_ line 3 04 : 0.51 "0.49 "0

aSingle target prepared of mixed or calcined Li4SiO4:Li3P04. _-
-_ bTwo targets used for codeposition. [

I I_
] --

I I



()f codeposimd films are listed as the last three entries in Table I. Most often the sources were
pure sintered lithium orthosilicate mad lithium orthophosphate targets. This techniq!_e has the-

...advantage of allowing a wide range of film compositions to be grown from the same set of-_

._targets. Films have been grown with Si/P ratios ranging from 6/94 to 95/5 simply by adjusting_
the rf tx2w___.erapElied to each source to ___ve_e desired relative deposition rates. ._

_ Figure 3 illustrates the geometry used for the dual source codepositions and the resulting_
_ film composition. For films 1 Io 1.5 cna wide, the Si/P concentration varies approximately_
_ +10% across the film. However, the conductivity measurements are always made at the center
_ of the films where flae Si and P composition varies only 2-3%. Homogeneity is improved by_

increasing_the substrate-target distanc_e,ebu.._Lthedeposition rate i_ sacrificed. An alternative
_ would be to rotate the substrate during trim growth. =--

-- _ubstr_te

/ \

/ \

-- I " \\ rS

- / -\ / / \, / \ Fig. 3. Scale drawing through center of_
-- %_',_ _ __ ' two sputter sources used for codeposition,____

._ "-J/_ 5.9 cm. Plot shows observed film com-__ .-. position along plane of the figure. Dashed _
- _ :00 line indicates center point between the_

_--_eo_ I Sollrces. __

- g oo- .!"" 60
- _ 40- ,
- om

- : ---" 0 0 ......... _ _ • ' ,

_ u -4 -2 0 2 4 --

-- Oistance along film (cm) --

Z

_ s shown in e tab e, the film prepare_l,'by the ¢odeposifion of LLISi04 and Li3P04_ I
: _ contains more lithium than does the film from tile hot-pressed 1:1 _'get of mixed powders. The[_. _k.._

..._.o/!du_:j:i.Yi_o impToved..b_La_faclot___In general_ film_ obzain_ from thi_ dual ! __ C
_'source technique contain more lithium than tho_ with a comparable Si:P concentration made by[._ _---

_'sputtering a single target. This observation must be due to the fact that pure Li4SiO4 and__.
_ILi31_4 sputter very differently. [ : _

Observation of the .¢;putteredtargets of thaipure Li4SiO4 and Li3PO4 compounds made it-
_ obvmus that the lithium segregaaon occurs almost excluswely on file silicate targets. No think
_'crusts of segregated LilO are fom_ on the Li3_4 targets during sputtering, and consequently!
_ .....the films produce_ have nearly the same composition as that of the orthophosp.hate, target. From
_ the orthosSlicate targets, however, the films eonmm at best only one fourth the lithium content of
_'the target. The reason for such different behayior between the seemingly similar Li3PO4 and
-'Li4SiO4 compounds is not understood. The m_terials have a similar crystal structure, melting

--temperature, and lithium condu_cti_ty [5,6]. However, there must be a significant difference in
i"lt ¢l_ irlCa 0___ _*_¢ .'1 'tfl_

- Li4SiO4. From mass spectrometry pefforme_ ih our laboratory, no significant difference in the-
-',.,;puttered species have been observed for Li4SiO4 versus Li3PO 4 targets. For both eompounds,_- [
....... _" .... _ I"_: - the sputtenng produces simple atomic or small, molecula_ species, such as Li20, Li, P, PO, Sz,

spu_r
o

-'.and $iO, for both the Ar + 02 and Ar only gases [7].
I

-I i , i
I I



.a,

...... _A-n-_imbei:-0fe_Xt__efi-m.entshaVe. bec.nu_defi, akenlf6_yli6 ic]_ail.._ciefize_a,.':_dperhaps ..._; '_
" f'ninimize the lithium se_egation that occurs on the Li4SiO4 targets. This v,'ork ',,,,ill be.

discussed in a separate publication. To date, changes in the sputtering conditions and changes
-in the lithium silicate targets have had little effect on the tendency for the lithium to accumulate_-

away from the plasma area.

- 'I'o further increase the lithium content of the films, it is necessary to compensate for the--
lithium loss at the silicate targets. Others have done this by adding excess lithium oxide powder__
or chunks to the mixed phosphate + silicate targets [2,3,10]; however, this is an unreliable way_

-to control the film composition.. We have used a Li20 sputter source to compensate for the
_-lithium loss of a 1:1 target. As shown in the table, films with much higher lithium contents,__

_ a.pp.Loac_hinK(I...ii4Si_O4+ Li3PQ4)__com.Rgsitions,can be grown in this way. The table includes
_ results for both the typical AT"+ 02 sputter gas mixture and also an At"only deposition. Like the
_ I..i4SiO4 target, there is considerable redistribution of material on the Li20 targets. In the Ar
_ only atmosphere, this redistribution occurs more slowly, greatly increasing the life of a target.
_ There is no evidence that the films are oxygen deficient when prepared in an argon only sputter:_
_ gas.

Even when the sputter gas is pure AT',the Li20 deposition rate is more difficult to control
_ than the lithium silicate or lithium phosphate sources. There are often large changes in the rate._
._over time for a constant forward power. A more reliable way to control the Li20 source is to___
__monitor the Li emission in the plasma [7]. Figure 4 compares a spectrum recorded when a 1"1 _

l

_,, (l: li Target
-: 28 watts

- i Rr +0 z
m

+J

_ ,e_ _ Fig. 4. Ol_dc_l eml ssion _ctra for (a) ,il_gle -_ source with a 1:1 target, and (b) dual source_.. -_
o j with a I:I and a Li20 target. Li emission lineC

, = r m = , , _ is indicate& Other peaksaredue toArand02, z
B

- 13 Codepos i t =on i-- ,¢
-- > "- '

__ - ([:I)*L,zO Ta gets _ ,!_
18+25 watts c

_ _ Rr _0 Z _ -- ,'_"

- 700 800

Ibispageafterdotte¢lline
- N_ve 1englth (nra) -'[ - m

target was sputterex:l alone (top) with one recoT_JeXtduring cosputteHng of the 1:1 target with a -- i_'l
-. Li20 target (bottom). There is a large enhancement in the Li(670.8 nra) peak due to the extra --' * I

--hthium from the Li20 source, while the tel.alive intensities of the other peaks, mostly Ar .-- _-,
J .. ; .... ;



b

• emission lines,.remain upchanged.-The, lit!-Ji_rniem!_si&Cjc}u]d_ibg_u-s_-a-sialfe-ed_bac.k._9adju..sti ..........
the power for the Li20 source in order to maintain a constant concentration during the film_.

. growth.
.. ,-

SUMMARY • ..

-_ Thin films have been deposited by ff magnetron sputtering from Li4SiO4, Li3PO4, and
_.Li20 ceramic targets. Single source depositions using targets of mixed Li4SiO4 + Li3PO4_
_ phases lead to lithium deficient films, as much of the lithium in the target segregates on the__
._surface away from the sputtered area. Pure Li4SiO4 targets also exhibit this lithium segregation,_

while p.u_reLi3PP_O4t_arg.ets_sp_utter_nea.r...lys!oi.chiometrically. Codeposition using a Li20 target
_ can be used to compensate for the loss of lithium at the Li4SiO4 containing targets.

_. For more flexibility and control of the film composition, sputtering could be done from
_ three independent sputter sources, such as Li3PO4, SiO2, and Li20. The optical emission of the:_._
_ plasma could be used to continuously monitor and control the lithium concentration in thei_

._ plasma. To improve the lateral homoge_n.ei.tyo.f_t.h¢_fiJga,.lke_s..u__tir_.t_e_c____t._!.__d_dng__
_ film deposition.
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