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Abstract Ionic conducting thin film amorphous electro-
lytes are promising candidates for microelectronics appli-
cations. This study presents an investigation into the
structure and composition of lithium phosphorus oxynitride
(LiPON) thin film electrolyte prepared using radio fre-
quency (RF) sputtering on Li3PO, target. The ionic con-
ductivity of LiPON thin films has been dramatically
improved by decreasing N, pressure. X-ray photoelectron
spectra (XPS) were used to determine the structure and
composition of LiPON thin films. It was found that
increasing the N, pressure during the deposition process
resulted in a greatly decreased formation of triply coordi-
nated —-N<(N,) as compared to doubly coordinated
—N=(Ny) in LiPON thin films. These results indicate that
the N, structural unit plays an important role in the
improvement of ionic conductivity as compared to the Ny
structural unit. It also shows that PO,N, tetrahedra with
two N structural units exist in LiPON thin films at low N,
pressures. Consequently, the improved ionic conductivity
of the LiPON thin film deposited at low pressure results
from the existence of PO,N, tetrahedra with two N;
structural units in LiPON thin film. PO,N, tetrahedra with
two N; structural units provides higher cross-linking
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density of the glass network and lower electrostatic energy
than with two Ny structural units.

Introduction

Thin film amorphous lithium-ion conductive electrolytes
have been applied in various devices such as microbatter-
ies, sensors, and electrochromic windows [1, 2]. Of these
electrolytes, lithium phosphorous oxynitride (LiPON) thin
film electrolyte, with high lithium-ion conductivity and
good stability in contact with lithium metal is an attractive
candidate for microelectronics including microbatteries
[3, 4] and microsupercapacitors [5, 6]. Moreover, these thin
films can be used as protective layers in lithium batteries
and electrochromic devices [7, 8].

Since realizing that these thin films were promising solid
electrolytes [9—11], researchers have reported on various
composition and conductivity of LiPON thin films depos-
ited using radio frequency (RF) magnetron sputtering
[12, 13]. However, only a few studies are known on the
influence of the structure on the ionic conductivity [14, 15].
The observed increase in ionic conductivity is supposed to
be related to the formation of P-N bonds which replace
P-O bonds making it a more reticulated anionic network
[14]. Different structural investigations evidence the exis-
tence of two nitrogen species in LiPON thin films. These
are triply coordinated —N<(N,) and doubly coordinated
-N=(Ny) [14, 16, 17]. However, the distribution of these
two nitrogen species has not been thoroughly investigated.
Iriyama et al. [18] have reported that thermal annealing
changed the peak intensities of the N; and Ny. This finding
sensibly implies that the properties of LiPON thin films
depend upon the preparation conditions and that maxi-
mum ionic conductivity of the resulting thin films can be
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optimized by careful adjustments of these conditions. This
realization makes understanding thin film structural prop-
erty correlations, and how preparation conditions can
influence thin film composition, important.

In this article, three series of LiPON thin films have
been prepared using RF magnification sputtering under
various N, pressures. The main objective is correlating the
ionic conductivity with thin films structure by investigating
the effect of structural changes on the ionic conductivity of
LiPON thin films. The effect of N, pressure on the struc-
tural change of LiPON thin films was also investigated.

Experimental
Sample preparation

LiPON thin films were deposited using RF magnetron
sputtering from a LizPO, target in an ambient nitrogen
atmosphere. To obtain the sputtering target, LisPO, powder
(Aldrich, 99.9%) was pressed under a 100 kg cm ™ load
and sintered it at 850 °C for 6 h. The sintered pellet was
finally worked into a target of 60 mm in diameter. Silicon
(100) substrates with both surfaces optically polished were
cleaned in acetone, methanol, and ethanol for 5 min and
rinsed thoroughly with deionized water. In order to eval-
uate electrolyte properties such as ion conductivity and
activation energy, the blocking electrode structure for
lithium ions was stacked in the form of Au/LiPON/Au on
the substrate. Au thin films (300 nm) were deposited on the
wafer. LiPON thin films were deposited on Au thin films in
nitrogen atmosphere (99.999%) using RF reactive sputter-
ing. During sputtering, the substrate temperature was
controlled between 10 and 15 °C, and working pressures
were 10, 40, and 60 mTorr, for the three series. Finally,
upper Au thin films were deposited on the LiPON thin
films using direct current (DC) magnetron sputtering.
Deposition time was controlled in order to obtain films
with thicknesses in the range ~ 1 pm. The detailed depo-
sition conditions of LiPON thin films are presented in
Table 1.

Characterization of the sample

The micro-structure of LiPON thin films was analyzed by
X-ray diffraction (XRD, Rigaku, D/max 2500). The nitro-
gen/phosphorus ratio of LiPON thin films was determined
by energy dispersive spectroscopy (EDS, Hitachi, S-4800).
The ionic conductivity of LiPON thin films was obtained
from an electrochemical impedance spectroscopy (EIS,
AUTOLAB, PGSTAT100) of the Au/LiPON/Au sandwich
structure fabricated on silicon wafer. The alternating cur-
rent (AC) response of the samples ranging from 1 Hz to

Table 1 Deposition conditions for LiPON thin film solid electrolyte

Variables Conditions
Target Sintered LisPO,4 (60 mm dia.)
Substrate Silicon wafer (100)

Base pressure 6.0 x 107° Torr

Working gas 99.999% N,
Process working pressure 10, 40, 60 mTorr
Sputtering power RF 120 W
Substrate temperature 10-15 °C
Thickness ~1 pm

Distance between target and substrate 60 mm

1 MHz at various temperatures was measured by an
AUTOLAB frequency response analyzer and an AUTO-
LAB electrochemical interface. The ionic conductivity
(o) of LiPON thin films was obtained using ¢ = d/
(R x A) [19], where d is the film thickness determined by
scanning electron microscopy (SEM, Jeol, JSM-6360LV),
A is the electrode area and R is the film resistance deter-
mined by the low frequency intersection of the semicircle
with the x-axis in the Nyquist diagrams. The impedance
calculating the ionic conductivity was measured at 25 °C,
and the activation energy (E,) was measured at a 15 °C
increment from 25 to 85 °C.

X-ray photoelectron spectra (XPS) measurements were
performed using an electron spectroscopy system (Kratos,
Xsam 800) equipped with an Mg Ko (1253.6 eV) mono-
chromatic source. In order to obtain accurate results, an
Ar™ ion sputtering was carried out on the LiPON thin films
samples prior to XPS measurements. Survey scans were
made from 1000 to 0 eV, and high resolution spectra were
taken in the Lis, Ny5, Oy, P2y, and C regions. These core
level spectra were referenced to the C;; line at 285.0 eV.
Asymmetric N and O peaks were resolved using a curve
fitting assuming two or three components in the respective
regions. Data analysis and the curve fitting were resolved
by the XPSPEAK41 procedure. In XPSPEAKA41, the
experimental data were analyzed by a method of non-linear
least-squares curve fitting. Each data set was first corrected
for the non-linear emission background using a Shirley
function and then fitted with mixed Gaussian-Lorentzian
functions [20, 21].

Results and discussion

The XRD patterns of the LizPO, target and LiPON thin
film deposited at various N, pressures are shown in Fig. 1.
The Li3;PO, target exhibits a typical well-crystallized phase
but only the diffraction peak of silicon wafer substrate is
recorded in each LiPON thin film. This indicates that
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Fig. 1 XRD patterns of Li;PO, target and LiPON thin films with
various N, pressures
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Fig. 2 Nyquist diagrams of the LiPON thin films deposited at
10 mTorr for various temperatures. Illustration is Arrhenius plots for
conductivity of the LiPON thin film deposited at 10 mTorr

LiPON thin films are amorphous and independent of N,
pressure.

Complex impedance analysis of the electrical data was
carried out to determine the electrical conductivity of
LiPON thin films deposited at various N, pressures.
Figure 2 shows the Nyquist diagrams of the LiPON thin
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films deposited at 10 mTorr at 25, 40, 55, 70, and 85 °C.
The illustration presents the logarithm of ionic conductivity
as a function of the reciprocal absolute temperature for
LiPON thin film deposited at 10 mTorr. The plot of In(o)
against 1000/T is found to be linear and well-fitted by the
Arrhenius equation, 6T = o, exp (—E./xT) [16].

The ionic conductivity at 25 °C and the activation
energy for various deposited pressures are shown in Fig. 3.
It shows a decrease in lithium ion conductivity and an
increase in activation energy of LiPON thin films as N,
pressures increase from 10 to 60 mTorr. These results
agree with a previous study by Park et al. [22]. Maximum
conductivity of 1.5 £ 0.1 x 107®S cm™" was obtained
for a LiPON thin film deposited at 10 mTorr with
E, = 0.37 £ 0.01 eV. This conductivity is one to two
orders of magnitude higher than those of the thin films
deposited at 40 and 60 mTorr. The composition and the
structural changes brought about by the nitrogen atom
incorporation into the glass network could be a reason for
the decrease of in the conductivity with increasing N,
pressure. The reason for the decrease of the lithium ion
conductivity in the LiPON thin films deposited under high
N, pressure and the effect of nitrogen incorporation into
the glass network still remains controversial [15, 23, 24].

LiPON amorphous thin films composition are shown in
Table 2. As N, pressure increases, the lithium and oxygen
contents increases while the nitrogen content decreases.
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Fig. 3 Ionic conductivity and activation energy of LiPON thin films
deposited at 10, 40, and 60 mTorr

Table 2 Composition (atoms) of LiPON thin films deposited at
various N, pressure measured by XPS

Nitrogen pressure Li P (6] N
(mTorr)

10 2.02 1.0 3.05 0.74
40 3.04 1.0 4.19 0.58
60 4.13 1.0 5.21 0.36
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Owing to the shorten mean-free-path and larger probability
of the scattering sputtered particles, it is assumed that the
kinetic energy of the sputtered particles colliding with the
substrate is high and thus the re-sputtering probability of
lithium, being a light element, increases. Therefore, the
high re-sputtering probability of lithium results in the less
lithium content at low N, pressure. The oxygen and
nitrogen contents are thought to be related to the substi-
tution of nitrogen for oxygen. More oxygen content and
less nitrogen content are observed at the high pressure (40,
60 mTorr) deposited films. This is due to the low kinetic
energy of the sputtered particles at high pressures, which
makes the substitution of nitrogen for oxygen more diffi-
cult. On the other hand, nitrogen ions (N, N**) density in
the plasma decrease when other process parameters, such
as sputtering power, are held constant. The probability of
collisions between sputtered particles and nitrogen ions is
believed to be lower during LiPON thin films formation.
The nitrogen level of LiPON thin film decreases as N,
pressures increase from 10 to 60 mTorr.

The XPS core level Oy  spectra of LiPON thin films
deposited at 10, 40, and 60 mTorr are shown in Fig. 4. The
Oy, spectra can be divided into three components which
correspond to two types of non-bridging oxygen (P=0O
(0g), Li*...0-P (O,p)) and one bridging oxygen (P-O-P

Intensity (a.u.)

536 534 532 530 528
Binding energy (eV)

Fig. 4 O;, XPS spectra of LiPON thin films deposited at different N,
pressures

(Op)) [16, 25]. The ratios of different environment of
oxygen at various N, pressures determined from their
respective areas from the XPS spectra are listed in Table 3.
The O,;, content remains the same and is independent of N,
pressure. This result agrees with Sauze et al. [26]. As N,
pressure increase, O, content increases sharply while Oq4
content decreases. This result indicates that less nitrogen is
replaced the O, structural unit in PO, tetrahedra while
more nitrogen replaced the Oy structural unit at high
pressure in the three series of pressures tested.

The effect of N, pressure on the XPS core level Ny
spectra of LiPON thin films is shown in Fig. 5. Asym-
metric Nyg spectra of LiPON thin films were observed
around 398 eV and can be resolved into two peaks. These
peaks are assigned to the nitrogen bonds of doubly

Table 3 Observed and calculated ratios of nitrogen and oxygen in
LiPON thin films deposited at various N, pressure

N, pressure Oy Oq Onp
(mTorr) Op+04+O0yp Op+04-+O0yp Op+04+Onp
10 0.04 0.60 0.36

40 0.07 0.59 0.36

60 0.12 0.51 0.37

Intensity (a.u.)
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B.E.(eV)

Fig. 5 Nj, XPS spectra of LiPON thin films with various N, pressure

@ Springer



7592

J Mater Sci (2011) 46:7588-7593

Table 4 Observed and calculated ratios of nitrogen in LiPON thin
films with various N, pressure

N, pressure N/P N/P N/P Ng/P N/Ng
(mTorr) EDS (£0.01) XPS

10 0.70 0.74 0.45 0.29 1.54
40 0.57 0.58 0.32 0.25 1.29
60 0.34 0.36 0.12 0.24 0.50

coordinated -N=(Ny,) at 397.9 eV and triply coordinated
-N<(Ny at 399.4 eV [17]. The quantitative measure of
each bond is calculated from the area of the curve corre-
sponding to the assigned bond in the photoelectron spectra
for LiPON thin films and is listed in Table 4. The N/P
ratios determined by XPS largely agree with those obtained
by energy dispersive spectroscopy (EDS). Increasing the
N, pressure sharply decreases in the N/P and N¢/Ny ratio.
This is not so for the N/P ratio. These results indicate that
N, structural unit formation is more difficult than Ny
structural unit formation at high N, pressure. By comparing
the variations in the molecular structures of LiPON thin
films deposited at various N, pressures with their ionic
conductivities shown in Table 2, it appears that the N,
structural unit plays an important role in the increased ionic
conductivity if compared to Ny structural unit.

It is reported that nitride phosphate glasses are com-
posed of POy, PO3N, and PO,N, tetrahedra [27]. If nitride
phosphate glasses are only composed of PO3;N tetrahedra,
these glasses should have an N¢/P ratio equal to 1/3 and an
Ny/P ratio equal to 1/2 [16]. As shown in Table 4, the
maximum ratios of N/P and N4/P for LiPON thin films
deposited at 40 and 60 mTorr remains lower than 1/3 and
1/2, respectively. Therefore, the presence of two N, and Ny
structural units in the same tetrahedron is excluded. The
reaction scheme of phosphate chain with nitrogen in the
LiPON thin film deposited at high pressure (40, 60 mTorr)
is shown in Scheme la—c. The N/P ratio of LiPON thin
film deposited at low pressure (10 mTorr) is 0.45. Nitro-
gen/oxygen substitution of PO,N, tetrahedra with two N
structure units shown in Scheme 1d exists in LiPON thin
films.

According to the model by Marchand et al. [17], N;
structural unit is linked to three phosphorus atoms, whereas
Ny structural unit is only bridged between two phosphorus
atoms. N, structural unit provides a higher cross-linking
density of the glass network of LiPON thin films. It appears
that introducing two N structure units results in breaking
three P-O-P bonds, while there is only one P-O-P bond
break in two Ny structure units. This contributes to a
decrease in electrostatic energy from the N structural unit

Scheme 1 Reaction scheme of (a) ‘
phosphate chain with nitrogen
for LiPON thin film deposited at 0 o 0 0
various pressures — 0 _l|T|_o _'I|)|_o_ _@%:,_o_lp:@ (I)
o- o~ o- o-
PO, PO3N
(b) o) o} 0
| | I I
—0 —T—o —pP—0— — T_O_T (1)
o- o- o- o-
PO, PO;N
© |
I I
—o0—F—0—p—0— @@P@ (i)
o- o- c|>- clg—
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— 0 _||T|—o — ®T@ (V)
o- o~
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by substituting P-O bond with P-N bond (which is more
covalent) and far more than that from Ny structural unit.
PO,N, tetrahedra, by having two N, structure units (type-
IV), provides higher cross-linking density of the glass
network and lower electrostatic energy than other nitride
phosphate tetrahedra (type I-III). Consequently, increasing
N; content in LiPON thin films with a high glass density
and a low Oy, content at low N, pressure should increase the
conductivity of LiPON thin film.

Conclusions

The influence of the molecular structure changes on the
ionic conductivity of LiPON thin films which were
deposited at various N, pressures has been studied. It was
observed that ionic conductivity of LiPON thin films
increases when N, pressure decreases with the maximum
ionic conductivity of 1.5 + 0.1 x 107® S cm™" obtained
at 10 mTorr. The changes in structure and composition (Nj,
Ny) of LiPON thin films were thoroughly investigated at
various N, pressures by a XPS structural study. The sharp
decrease in N, content at high N, pressure confirms that N,
structural unit plays an important role in the improving
ionic conductivity of LiPON thin films. It also found that
PO,N, tetrahedras with two N, structural units exist in
LiPON thin films at low N, pressure. This structure has
more N, structural units than other POsN and PO,N, tet-
rahedra (type I-III). We conclude that the LiPON thin films
deposited at low pressure have high ionic conductivity
which is due to the presence of PO,N, tetrahedra with two
N; structural units in LiPON thin film by providing higher
cross-linking density in the glass network and lower elec-
trostatic energy than other nitride phosphate tetrahedras.
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