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Abstract

Nitrogen-incorporated lithium silicophosphate (LiSiPON) thin-film electrolytes, which contain two glass-forming elements, are fabri-
cated by sputtering from @ — x)Li3POy-XLi2SiOs target in a nitrogen reactive plasma. The results of impedance measurements show
that the activation energy for conduction decreases as the Si content increases, which leads to an increase in the ionic conductivity of the
films. It is suggested that these improvements in the electrical properties of the films are due to the combined effect of the mixed former
and nitrogen incorporation. It appears that the decomposition potential of the electrolyte film in contact with Pt is about 5.5 V.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Incorporating nitrogen into the oxide network is another
approach. For example, in Lipon electrolyte films, which
Li-ion conducting, inorganic, solid electrolyte films have are deposited by sputteringd®QO, in N2, the incorporation
attracted much attention in their application to thin-film, of nitrogen appears to change the distribution of the phos-
rechargeable, lithium microbatteries. The microbattery is phate anion chains and form nitrogen cross-linked struc-
fabricated by depositing thin-layers of the cell components, tures. This results in an increase in conductivity due to an
i.e. cathode, electrolyte, anode, and current-collectors. Asincrease in the mobility of the [fiions and an improvement
an electrolyte, amorphous glassy thin-films of sulfifigs electrochemical stabilit{4,5].
oxides[2,3], or oxynitrides[4,5] have been extensively in- To increase the ionic conductivity and to enlarge the elec-
vestigated because of their ease of fabrication and ability to trochemical stability window as an electrolyte for solid-state,
be prepared in wide range of compositions. An ideal solid thin-film, lithium batteries, this study attempts to combine
electrolyte requires high ionic conductivity, low electronic the above approaches, viz. the mixed former effect and nitro-
conductivity, good thermal stability, and resistance to di- gen incorporation. In our previous rep¢t0], it was shown
electronic breakdown at the voltages at which the batteriesthat an all-solid-state &V .3/Li1.9Sip.2801.1N1.0/LIC0O2
operate. Intensive studies have been performed to meetcell operates mainly between 3.5 and 3.0V, and that
these requirements through various methods. nitrogen-incorporated lithium silicophosphate is a promis-
It has been reported that the use of two glass formersing electrolyte for thin-film batterie§l0]. In this investi-
leads to conductivity enhancement due to the mixed for- gation, a series of nitrogen-incorporated@i-P.0s—SiO;,
mer effect. For example, glasses of the3iOs—LizBO3 amorphous, thin-film electrolytes are prepared, and their
system show improved conductivities compared with those electrical properties examined for battery application. The
of the end members, as expected from the Vegard in- flm composition are investigated for Si20.5, since for
terpretation[6,7]. Similarly, when Si is incorporated in  a higher Si:P ratio the kD-P,0s5—-SiO, system appears to
Lio,O-R0Os films, large conductivity increases are also ob- show the phase separation in as-deposited fiB18.
served[8,9]. By contrast, amorphous electrolyte films in
the Li,O-SiQ—P,0Os5 system have not sufficient ionic con-
ductivities and stabilities for Li microbattery systeij$. 2. Experimental

The nitrogen-incorporated lithium silicophosphate (for
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targets were prepared by cold pressing and then sintering 1000

mixtures at 1050C in air. The starting mixture comprised

lithium phosphate and lithium silicate represented by the 800

general formulgl — x)LigPOy-xLi2SiOz, in whichx = 0.1,

0.2, 0.3 and 0.4. The sample for each compositions is repre-

sented by A, B, C and D, respectively. Initially, the chamber

was evacuated to a vacuum ok210-®torr and then films

were deposited in a carrier gas ambieng) st a sputtering

pressure of 5 103 torr. The substrates were water-cooled

to prevent elevation of the substrate temperature and rotated 200

for homogeneous deposition during the sputtering process.
The compositions of the electrolyte films were deter-

mined from Rump simulation of the spectra from Ruther-

ford backscattering spectrometry (RBS). The time-of-flight Channel

method of the elastic recoil detection (TOF-ERD) technique Fig. 2. The RBS spectrum of as-deposited dSig 3sP1001.5N1.26 film.

using a high-energy Cl ion incident beam was used to quan-

tify the Li content. The crystallographic structure was ana- , i i i i

lyzed by X-ray diffraction using Cu K radiation. phase is varied without any evidence of the formation of a
For ac impedance measurements, Pt|electrolyte|Pt sandt'd Phase. o _

wich structures were fabricated on alumina substrates with 1 ne RBS spectrum of the as-deposited film on a Si sub-

a typical electrolyte thickness ofm. The platinum elec- ~ State froma0.61gP0,-0.4L2SiO; targetis showniifig. 2.

trode layers of~2000A thick were deposited by dc mag- The open circles are the m_easured data and Fhe so_lld line is

netron sputtering of a Pt target in Ar. Impedance measure-the calculatgd bac;kscattermg by the Rump simulation pro-

ments to determine ion conductivities were made at frequen-9ram- The simulation curve suggests that only one layer with

cies from 1Hz to 1MHz and at temperatures from 25 to @ uniform concentration profile of Li, P, O and N along a

110°C. Electrochemical stability was determined by means depth direction from the surface exists in the as-deposited

of linear sweep voltammetry at a scan rate of 1 mV.s film. The same trend for Li is determined by TOF-ERD
analysis. This indicates that the steady-state deposition con-

dition is maintained during deposition in all the samples
investigated. The compositions of the films determined by
RBS and TOF-ERD are listed ifable 1 X-ray diffraction
measurements show that all the as deposited films are in the
amorphous state.

Complex impedance spectra of the electrolyte films
have been examined as a function of composition. The
Nyquist plots are presented ifig. 3 Each plot is com-
posed of a semicircle and characteristic capacitive spike.
The spike comes from the blocking electrode system of the
Pt|electrolyte|Pt sandwich structure. This spike is somewhat
inclined. It seems to be due to the interfacial roughness,
given that the Pt and electrolyte layers are deposited on
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3. Results and discussion

The X-ray diffraction patterns of sputtering targets pre-
pared by heating the cold-pressed mixtures are given in
Fig. L LisPOy is known to transform to a&-LizPOy struc-
ture above 520C [11]. The patterns reveal that the sputter-
ing targets were composed of theLizPOy and the LySiO3
phases. As the kBEiOgz content in the starting mixture in-
creases, only the relative intensity from each constituent

Li,Sio ) ) !
VY }Li.sio, rough, sintered, alumina substrates. The bulk resistances are
,’ measured from the intercept of the low-frequency end of
—_ K the semi-circle with the real axis of the complex impedance
3 a |y i ” M‘ ‘p R * AEIERY plot. Th(_e condl_Jctivity is determined usirg= (d/A)/R,
S 2 IR U ] whered is the film thicknessA the area of the metal con-
2 } | ‘( ; ‘ ‘ tact, andR the film resistance determined from the complex
@ (b (| \ "
g ) U,,_MUJ’@U il "l‘\.xgj‘\....‘/\m)uv\«../uf\w\/\fum\M\J\,\N\,J\’\/\.JMVMW\.JM
£ | | Table 1
¢ L JJ‘““; J }wu AN JU“& WLMM) ] Compositions of electrolyte films
P T S S T T SN Sample (£x) LigPOy-XxLi2SIOz Composition
10 20 30 40 50 60 70 80 90 " o1 TR a—
. . x=0. 12.39l0.2F1.001.4N11
Diffraction angle (26) B X =0.2 Li1 6Sio28P1001.1N1.0
) ) ) ) ) C x=0.3 Liz 9Si0.35P1.0015N1.26
Fig. 1. X-ray diffraction patterns for sputtering targets and high- D =04 Liz 6Si0.45P1 001 6N1.3

temperature phase of {ROy: (a) sample D; (b) sample B; (g)-Li3zPOy.
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Fig. 3. Complex impedance spectra of Pt|LiSiPON|Pt cells aC2for
sample A (), sample B ), sample D {).

Table 2

energy for conduction

Room temperature ionic conductivity of electrolyte and its activation

impedance plots. As the Si:P ratio increases, the bulk resis-SamF,Ie

Conductivity

Activation energy

tance value decreases, which leads to an increase in con- (x10®Scnr?! at RT} (KImol 1)

ductivity, as shown irFig. 4 The conductivity approaches 5.65 48.2

1.24 x 10~° Scm, when the Si:P ratio reaches 3.5. B 8.86 47.37
To determine the activation energy for ionic conduction, C 10.00 47

the conductivity has been obtained from impedance plots P 12.40 46.2

measured at various temperatures, Bge 5 The conduc- t:;a’;‘n S”icophosphate&;z ng_g{;}

tivity, o, obeys the Arrhenius equation, i.e.
a8RT: room temperature.

oT = Ao exp(E/KT)

whereT is the absolute temperatu®; the pre-exponential
factor; E the activation energy for conductiok; the gas

silicophosphate. This suggests that the incorporation of ni-
trogen into the LiO-SiQ—P,0O5 system leads to the large

constant. Given the linear relationship, it is concluded that increase in conductivity and the decrease in the activation
a consistent mechanism is responsible for ion transport overenergy. The addition of a Sio-glass former may also en-
the temperature range investigated. The conductivity at roompance the conductivity in the nitrogen-incorporated lithium

temperature and the activation energy for conduction of the phosphate glasses, as
LiSiPON films determined fronfrigs. 4 and Sare summa-
rized inTable 2 Data for lithium silicophosphate and Lipon
films are also given for comparis¢4]. The electrical prop-
erties of the LiSiPON films are superior to those of lithium

in the case pOHPRO5—SIiO, sys-

tem[8,9], though the reason is not clear at this stage because
detailed structural analysis has yet to be undertaken.
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Fig. 4. lonic conductivity of LiSiPON film electrolyte at 2T as function

of Si:P ratio. 1mvs?).

Fig. 6. Linear sweep voltammogram of Pt|LiSIiPON|Pt cell (scan rate:
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The linear sweep voltammogram for the Pt|LiSIiPON|Pt Acknowledgements
cellup to 6.2V is shown iffrig. 6. The current increases dra-
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From the above results, the combination approach of the
mixed former effect and nitrogen incorporation is believed to
be effective in increasing the ionic conductivity of the glass References
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