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This paper presents glassy films of lithium phosphorus oxynitride electrolyte with an amorphous structure
and improved ionic conductivity suitable for solid-state batteries. The films of lithium phosphorus oxynitride
electrolyte were obtained by deposition using the RF sputtering technique in a reactive N, atmosphere. The
measurements showed films with ionic conductivities in range of 1077-107% S-cm ™!, for temperatures
between 22 °C and 43 °C. The depositions were done at several pressures (0.03 Pa, 0.7 Pa and 1 Pa) and
for RF applied powers of 150 W and 200 W, in order to evaluate the best deposition set-point. The highest
ionic conductivity of 107¢ S-cm ™! was measured under a practical room temperature of 35 °C on the best
films. These results are comparable with the related state-of-the-art.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In modern batteries, the selection and characterization of materials
as well as film deposition techniques play an important role because
the battery performance, durability and reproducibility must be maxi-
mized [1]. In this context, electrolytes made of solid-state materials
are required to have high ionic conductivity, a negligible electrical
conductivity and be stable in contact with the anode and cathode
electrodes [2]. These requirements are met with lithium phosphorous
oxynitride (LiPON) as the electrolyte material [3,4]. The lithium phos-
phorous oxynitride is a lithiated glass with a widespread use as electro-
lyte material, mainly due to the exceptional electrochemical stability
and very good conductivity of lithium ions (the ionic conductivity).
Since an electronic resistivity higher than 104 -cm is a common fea-
ture of lithium phosphorous oxynitride films, batteries with increased
lifetimes due to the minimization of short circuit self-discharge can be
fabricated [5]. The nature of LiPON conductivity is discussed by Kim
and Wadley [6], where it was suggested that the conductivity of
LiPON does not depend on the N content, but on the deposition condi-
tions. Bates et al. in [7,8] suggest that the highest conductivity for a
LiPON film deposited by RF magnetron was based on Liy gPO33Ng 46.
S. Zhao et al. [9] also reported LiPON films fabricated by pulsed laser
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deposition and some research groups attempted to attach LiPON to
another materials [ 10-12]. LiPON ionic conductivity and its relationship
to N content are still not fully understood [13]. This paper presents RF
sputtered amorphous structured lithium phosphorous oxynitride films,
as well as dependence on deposition parameters. These lithium phos-
phorous oxynitride films are for use as electrolyte in film silicon compat-
ible batteries with structures similar to the one presented in Fig. 1
(representing a film battery fabricated by successive layer deposition
on top of a silicon substrate).

2. Lithium phosphorus oxynitride films deposition

The lithium phosphorous oxynitride films presented in this paper
were obtained by RF sputtering of lithium phosphate (Li3PO,) targets
in 20 sccm reactive nitrogen (N,) plasmas. The RF frequency of the
power source was 13.56 MHz with powers of 150 W and 200 W,
with a deposition rate from 0.4 A s~ to 2.5 A s~ . The thickness of
the films was settled to be 1 um. The pressure inside the vacuum
chamber takes one of the following values: 0.03 Pa, 0.7 Pa and 1 Pa.
Table 1 lists the pressure and RF power conditions used during the
depositions.

3. Lithium phosphorus oxynitride film characterization

The best batteries are those with the highest ionic conductivity
and electrical resistance, because the self-discharge current and the
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Fig. 1. An artwork of film battery with a solid-state electrolyte made of lithium-
phosphorus oxynitride (LiPON). It must be noted that the thickness of each layer is
not on scale for better visualization.

Li* conductivity must be minimized and maximized, respectively.
It's a well-known and accepted fact that the best electrolyte proper-
ties are found on amorphous (the absence of any crystalline struc-
ture) materials [14]. In this context, the amorphous materials will
result in films with high ionic conduction as compared with crystal-
line structures. The ionic conductivity was measured on the best
samples of lithium phosphorous oxynitride films, following a proce-
dure similarly used by Lee et al. [10] and by Park et al. [15]. The im-
pedance of the selected sample was measured at several frequencies
that ranged from 0.5 Hz to 65 kHz with the help of a sinusoidal signal
with an amplitude of 12.5 mV. Fig. 2a) shows a photograph of a lith-
ium phosphorous oxynitride sample with contacts of aluminum (Al)
and platinum (Pt) for measuring the ionic conductivity. In order to
get measurements with high quality and low errors, two platinum
(Pt) contacts were deposited by E-Beam on the top and bottom of
the LiPON films. The preparing steps of the samples for ionic conduc-
tivity measurement are illustrated in Fig. 2b). The first step (i) con-
sists the deposition of a Pt layer on a substrate made of Al for
improving the Al/LiPON adhesion and avoiding direct contact of Al
to LiPON that could modify properties of the LiPON films. This Al
layer also serves as a physical support for the LiIPON sample. Then,
(ii) the LiPON film is deposited on top of the Pt layer, under the con-
ditions described in this paper. In the third step (iii), a second Pt layer
is deposited above the LiPON film for providing the second contact.
The second contact is obtained (iv) by gluing the second Pt layer to
a second substrate made of aluminum. Glue made of silver (Ag) provides
both the mechanical adhesion of Al and Pt, and a second LiPON/AIl
contact with the smallest electric resistance. It must be noted that the
diameter of the second Pt layer is smaller than the diameter of the
LiPON to avoid short-circuits between the two Pt layers. Finally, the
measurements are taken in the fifth step (v) with the use of lateral
needles, responsible for establishing the electric contacts between the

Table 1
Parameters during the solid-state electrolyte depositions made of LiPON and the best
ionic conductivity measured at a room temperature of 35 °C.

Film Target N, RF power  Pressure Dep.rate lonic conductivity
[sccm]  [W] [Pa] [As™1] [S:em™1]

1 LisPO4 20 150 0.03 04 10

2 200 1.1 63x1077

3 0.7 19 3.1x1077

4 1 2.5 25%x1078
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Fig. 2. a) A sample of the LiPON film with top and bottom contacts for ionic conductivity
measurement. b) Artwork showing the steps used in the preparation and characterization
of the LiPON films.

LiPON sample and the measurement instrumentation. The temperature
of the samples during the measurements was controlled using a Biichi
TO-50 and the air maintained inert using a glovebox with argon (Ar)
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Fig. 3. Nyquist (impedance) diagrams of the LiPON films, deposited at nitrogen (N)
pressure of 0.03 Pa, RF power of 150 W and 200 W and measured at temperatures of
26 °Cand 35 °C.
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Fig. 4. Ionic conductivity of LiPON deposited with RF power of 150 W (with N, pres-
sure of 0.03 Pa) and 200 W (with N, pressures of 0.03, 0.7 and 1 Pa) and measured
in the temperature range of 22-43 °C.

atmosphere. In this context, after doing the deposition of platinum
contacts, the next step was to render respectively, a plot with the both
real, Zy.q, and imaginary, —Zimqg, parts of the measured impedances in
x-axis and y-axis in order to obtain a two-dimensional Nyquist diagram.
The Nyquist plots in Fig. 3 are for the samples deposited at N, pressures
of 0.03 Pa and 0.7 Pa, with RF sputtering powers of 150 W and 200 W.
The measurements were taken at 26 °C and 35 °C. In these plots, the
diameter of each semi-circle indicates the resistance, R [Q], of the
respective lithium phosphorous oxynitride film (obtained in Autolab
software). The highest ionic conductivity was measured for the sample
deposited with a pressure of 0.03 Pa, with a temperature of 35 °C and
RF power of 150 W. For these conditions, the best ionic conductivity
was measured to be located between 107 S-cm~! and 1076 S-cm ™!
(see Fig. 4). The ionic conductivity is strongly dependent with tempera-
ture, that was also measured for room temperatures between 22 °C and
43 °C for the following combinations of deposition parameters in
order to evaluate the best sputtering set-point: N, pressures of
0.03 Pa (with powers of 150 W and 200 W), 0.7 Pa (200 W) and
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Intensity (arb.units)

2 Theta (degrees)

Fig. 5. X-ray diffraction patterns of the LiPON film (top line) and the LizPO, sputtering
target (bottom line).

Si substrate 3000 nm

Fig. 6. A surface (top) and cross sectional (bottom) SEM image of a LiPON sample
deposited under the best settings (150 W and 0.03 Pa). No crystalline structure was
found in the surface.

1 Pa (200 W). As expected, the increase of the room temperature re-
sults in higher ionic conductivities. The depositions were done with
two controlled parameters: the pressure inside the deposition cham-
ber and the power applied by the RF source of the sputtering system
to the LisPO, target (which would result in different deposition
rates). The measurements allow the observation of the following:
the ionic conductivity increases with decrease of deposition pressure
and with decrease of RF-power of the sputtering source. Moreover,
ionic conductivity increases as deposition rate decreases, due to the
decrease of pressure and RF-power. As expected, the measurements
also showed that an increased room temperature results in a better
ionic conductivity.

A typical X-ray diffraction pattern (XRD Bruker, model D8 Discov-
er, copper source of 40 kV and 40 mA, beam wavelength of 1.54 A
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Fig. 7. lonic conductivity measurement of the LiPON film as deposited and after
30 days of exposure to the atmosphere.
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Fig. 8. a) Heatflow (mW) of the LiPON film as a function of temperature during DSC
analysis. b) Weight of the LiPON film as a function of temperature during TGA analysis.

and theta/2theta configuration, also called Bragg-Brentano configura-
tion) of Li3PO4 is shown in Fig. 5. The XRD of the sputtered LiPON film,
in a glass substrate is also shown in Fig. 5. Despite the very intense
diffraction peaks of LisPO, sputtering target, the LiPON films deposited

Table 2

at N, atmosphere are amorphous. Fig. 6 is a surface SEM (NanoSEM-
FEI Nova 200 (FEG/SEM)) of a lithium phosphorous oxynitride sample
deposited under the best settings (150 W and 0.03 Pa). The ionic con-
ductivity of sample 1 (200 W, 0.03 Pa) was also measured after being
exposed to the ambient atmosphere for a month. Fig. 7 shows the
ionic conductivity of the film as deposited and after exposure to atmo-
sphere (temperature of 25 °C and humidity of 60%) in 30 days. It was
concluded that the ionic conductivity decreased considerably, but the
behavior with temperature remained.

The thermal stability of the LiPON films was also measured by
Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis
(TGA) techniques. The DSC scans were performed in Ar atmosphere using
a Mettler Toledo, DSC821 at a constant heating rate of 10 °C-min . The
weight of each DSC pan with the sample was found to be constant before
and after the DSC measurements, indicating that there was no leakage
during the experiments. The results in Fig. 8, from DSC (A) and TGA (B)
analyses, show that the LiPON is stable when subjected to temperatures
up to 400 °C. Finally, Table 2 compares the ionic conductivity of the
lithium phosphorous oxynitride films with the measures taken from
the related state-of-the-art [4,10,11,15-20]. The lithium phosphorous
oxynitride films presented in this paper were shown to be between
the highest ionic conductivity when compared with the most recent
work done by peers.

4. Conclusions

This paper presented lithium phosphorous oxynitride (LiPON)
films, deposited by RF reactive sputtering, with improved characteris-
tics. The highest ionic conductivity (107 S-cm™!) was measured at
a room temperature of 35 °C on a LiPON sample obtained from a
deposition at 20 sccm of nitrogen (N,) with a pressure of 0.03 Pa
and with an RF applied power of 150 W. The ionic conductivity of
the deposited films of LIPON was between the highest presented by
the best state-of-the-art [4,10,11,15-20]. XRD and SEM analyses
show an amorphous structure for the best sample. TGA and DSC anal-
ysis proved stability of the LiPON film at temperatures up to 400 °C.
The target application of lithium phosphorous oxynitride films is in
solid-state batteries.
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Ionic conductivity comparison of LiPON films with the related state-of-the-art [4,10,11,15-20].

Reference RF sputtering conditions of LiPON deposition Material for ionic conductivity Ionic conductivity temperature Ionic conductivity
(RF power, pressure, N, flow) measurement measurement (°C) [S:em™1]

This work 150 W, 3x 1072 Pa, 20 sccm LiPON 35 10-¢

W.C. West Not available, except that Li3PO,4 target in N» LiPON 255 56%x1077
etal. [16]

E. Jeong Not available, except that Vyjasrr) €[— 100, —60]V LiPON Not available 1.16x10°°
etal. [17]

H.Y. Park 180 Wx2, 6.7x10~ ! Pa, N, flow N/A LiPON Not available 9.1x1077
etal. [15]

J. M. Lee 90 W, 0.7 As™1, 8x10 ! Pa, 42 sccm LiPON/lithium lanthanum Room temperature 2.5x1077
etal. [10] titanate/LiPON

H.U. Zongqian 5.5 W-cm ™2 (density), 1.5 Pa, N, flow N/A LiPON Room temperature 33x107°
etal. [18]

T. Pichonat 3.7 W-cm ™2 (density), 0.6 Pa, N, flow N/A LiPON Room temperature 6.0x10~7
etal. [19]

S. H. Jee 70 W, 6.7x107 " Pa, N, flow N/A LiPON/lithium phosphorous tungsten Room temperature 15%x10~7
etal. [11] oxynitride/LiPON

C. S. Nimisha 3 W-cm~2 (density), 10~4 Pa, 30 sccm LiPON Room temperature 1.1x10°°
et al. [20]

B. Fleutot 2.0 W-cm™2 (density), 1 Pa, 40 sccm LiPON Room temperature 7.2x107°

etal. [4]
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