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LiPON (lithium-phosphorous-oxynitride), a solid state electrolyte for all-solid state Li ion batteries, was
characterised in detail by XPS core level analysis. Different compositional structures were found for
depositions at different sample temperatures. As known, the replacement of bridging oxygen by nitrogen
plays an important role and the nitrogen XPS signal can be divided into two emission lines at different

binding energies. These details have already been analysed in dependence on the deposition power and
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nitrogen pressure during deposition.

In this contribution we have investigated the LiPON deposition at different temperatures by XPS and
impedance measurements. Different conductivity values could be linked to structural differences that
were investigated by XPS core level analysis. Additionally, the activation energies were compared for the
electrolytes obtained for depositions at different substrate temperatures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

So far, liquid electrolyte batteries have dominated the recharge-
able battery research field. Li-ion batteries using solid electrolytes
exhibit the potential of miniaturisation for applications on chips,
smart cards, etc. They also find applications in portable electronic
devices.

One more important point is the safety aspect: solid electrolytes
present advantages due to their thermal stability in contrast to lig-
uid electrolytes [1,2]; avoidance of spillage [3] and often a large
electrochemical window can be found [4], which avoids the itera-
tive decomposition of the electrolyte [5]. This opens the possibility
of using solid electrolytes also in large scale batteries as power
sources for electrical vehicles or electrical tools. Solid electrolytes
may also be used as thin layers in order to improve the conductivity.

The first solid electrolyte was introduced by Bates et al. [6] using
LiPON (lithium-phosphorous-oxynitride). Since then, almost all of
the all-solid state batteries used LiPON as the solid state electrolyte,
apart from a few exceptions, e.g. the electrolyte presented by Yada
et al. or Thangadurai et al. [7,8]; some other solid state electrolytes
were chosen for testing, which did not have a large enough electro-
chemical window and therefore were not suitable for combination
with either Li or the cathode material [4,9,10].
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The LiPON electrolyte was used in different compositions by dif-
ferent groups or in combination with different materials [11-14].
So far, the best ionic conductivity of LiPON was found to be
3.3x10°6Scm™!, reported, for example, by Hamon et al. [15].
However, very different conductivity values have been reported
ranging between 106 and 10-2Scm~! [16-18]. Therefore many
research groups have started to investigate the influence of the fab-
rication parameters on the conductivity. In this context, the LiPON
formation was investigated as a function of the sputter deposition
parameters, i.e. the deposition power of the Rf sputtering [ 18-20] or
the influence of the nitrogen pressure during sputtering in relation
to the conductivity of the resulting LiPON film [11,17]. One focus
was directed onto the nitrogen XPS signal and the bridging oxy-
gen signal: the bridging oxygen signal decreased with increasing
nitrogen content [19,21].

The nitrogen XPS signal is usually split into a contribution at
higher and lower binding energy which is interpreted as doubly and
triply coordinated nitrogen [6,20,21]. The expected partial molec-
ular structure is shown in Fig. 1(a) and (b), taken from Hu et al.
[22].

Duand Holzwarth [23] proposed thatin a crystalline LiPON sam-
ple, the nitrogen may be bonded to two phosphate groups, but can
be positioned close to a lithium site; this might also be detected as
a triply coordinated nitrogen site.

Nonetheless, the signal at higher binding energies will be
denoted here as N, at lower energies as Ny, for triply and doubly
coordinated N, respectively. It has been claimed that the higher the
N¢/Ng ratio, the higher will be the ionic conductivity of LiPON thin
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Fig. 1. Phosphate glass structure in the target before deposition and possible partial structures of the LiPON glass with nitrogen incorporation during deposition in nitrogen

atmosphere, taken from Hu et al. [22].

films [22]. The ratio of these signals was found to be dependent on
the power density during deposition, but the results are controver-
sial. On one side Roh et al. [19] and Hamon et al. [15] observed an
increase of the conductivity by decreasing the power density, on the
other side Hu et al. [22] and Choi et al. [18] reported the opposite
behaviour. Additionally, Iriyama et al. [24] investigated an influ-
ence of an annealing temperature of 473 K in air on the interface
between LiCoO, and LiPON and found a decreased charge transfer
resistance at the interface.

In this contribution we have investigated the influence of in
situ heating during the LiPON deposition onto the conductiv-
ity, which could be linked to the structure observed in XPS. The
LiPON deposition at room temperature was optimised achieving
the highest conductivity for variable nitrogen pressure atmo-
spheres during deposition and sputter power. For this reason, the
conductivity achieved at room temperature lies close to the high-
est conductivities reported in the literature (as discussed above).
This conductivity value increased when using LiPON deposition at
higher temperatures, while leaving the other deposition parame-
ters constant.

2. Experimental

The deposition of LiPON was carried out on an integrated UHV
system allowing in situ transfer of samples from the deposition
chamber to the XPS analysis chamber. The Rf sputter deposi-
tion took place under pure nitrogen atmosphere at a pressure
of 8 x 1073 mbar, using a Li3PO4 target with 2in. diameter (pro-
vided by SCI Engineering). Deposition time was 6h at 40W with
a pre-sputter time of 30 min. The base pressure of the chamber
is 6 x 108 mbar. The temperature for LiPON deposition was with-
out additional heating for the room temperature deposition, for the
deposition at 200 °C and 300 °C, the sample substrate was heated to
the respective temperature during the deposition. Thickness mea-
surements were carried out on the cross section of the samples
using electron microscopy (Philips XL 30 FEG, 30kV).

The XPS system used was a Physical Electronics PHI-5700, with
monochromatic Al K, radiation with the energy of 1486.6 eV and
a spectral resolution of 400 meV [25]. Survey scans were taken

between 0 and 1400 eV, high resolution spectra were taken in the
O1s, N1s, P2p and Lils regions, no carbon was detected on the
sample surface.

For a.c. impedance measurements a silicon/silicon-
oxide/titanium-oxide substrate was used with sputtered platinum
electrodes (in pure argon) that allowed 4 point measurements
to confirm the homogeneity of the LiPON film; the equipment
employed was a Princeton Applied Research, Model VPM 2 and
a Zahner IM6. The measurements were carried out between
100 mHz and 100 kHz at room temperature. The resistance (R) was
determined from the R(Re) data, where R(Im) goes through a local
minimum [26], as indicated with an arrow in the Nyquist plots
in Fig. 3 The resistivity was then calculated using the thickness
measurements of the films. With the deposition masks used,
a measurement area of 2mm x 2 mm was obtained. The ionic
conductivities were determined by using o =d/(R x A), where d is
the film thickness, A is the area of the metal contact, and R is the
film resistance as provided by impedance measurements [26]. For
the measurement of the activation energies, the a.c. impedance
spectra were taken at different temperatures between room
temperature and 55°C in ca. 5°C steps. The activation energies
were determined graphically from Arrhenius plots, as reported by
Bates et al. [6] and Wang et al. [21].

3. Results and discussion

The sputter parameters (such as power and nitrogen pressure)
for the solid state electrolyte LiPON are optimised regarding the
lithium ion conductivity. The structural differences were analysed
for depositions at different sample temperatures. In this context,
a dependence of the total amount of nitrogen and the amount of
triply coordinated nitrogen on the sample temperature was found.
The three different temperatures investigated were (1) LIiPON depo-
sition without additional in situ heating (room temperature), (2)
at 200°C and (3) at 300°C. For each different temperature, a.c.
impedance measurements were carried out. The impedance spec-
tra are shown in Fig. 2 for LiPON in a Bode plot. In Fig. 3 the Nyquist
plot is shown for these three deposition temperatures for compar-
ison. An arrow shows the value of the half circle that was used
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Fig. 2. Impedance measurements in a Bode plot in the frequency range between 1
and 108 Hz of LiPON deposited at room temperature (RT), at 200°C and at 300°C.
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Fig. 3. Impedance measurements in a Nyquist plot in the frequency range between
1 and 106 Hz of LiPON deposited at room temperature (RT), at 200°C and at 300°C.

for further calculations. The calculated resistivities and respective
activation energies are shown in Table 1. The resistivity decreases
with increasing temperature during deposition, while the activa-
tion energy decreases slightly.

An XPS Ni1s investigation of the LiPON formation for dif-
ferent sample temperatures revealed an increasing nitrogen
signal from deposition at room temperature until deposition at
300°C. Part of it was an increase of the amount of the triply
coordinated nitrogen, especially when comparing the deposi-
tion at 200°C and 300°C, as shown in Fig. 4. It is visible that
the amount of triply coordinated nitrogen grew faster in the
step between the deposition at 200°C and 300°C in propor-
tion to the doubly coordinated nitrogen signal. The nitrogen
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Fig. 4. XPS core level analysis of the amount of triply and doubly coordinated nitro-
gen at the deposition temperatures: room temperature (RT), 200°C and 300°C.
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Fig. 5. XPS core level analysis of the qualitative ratios of bridging oxygen and an
oxygen signal at higher binding energy at the deposition temperatures: room tem-
perature (RT), 200°C and 300°C.

pressure during the sputter process was left constant. Struc-
tural analysis (X-ray diffraction) revealed that there was no
change in the LiPON structure when deposited at higher tempera-
tures.

A clear correlation of the nitrogen signal with the amount of
bridging oxygen, Fig. 5, was found. We used the three compo-
nent model for the fit of the oxygen XPS core level data [21]. The
bridging oxygen decreases with the rising amount of nitrogen with
higher deposition temperature, as shown in Fig. 4. Additionally,
the amount of N¢ has increased significantly for the deposition at
300°C sample temperature — compared to 200 °C deposition, from
ca. 15% to ca. 25% (calculated from the graphs, Fig. 4). The total
amount of oxygen and nitrogen is shown in Table 2, as calculated
from the XPS core level spectra and normalised to P=1. The ratio
of bridging to non-bridging oxygen was calculated according to
the XPS core level spectra ratio between the peaks in the oxygen
signal.

The growth of triply coordinated nitrogen makes the amount of
bridging oxygen decrease faster, as discussed by Wang et al., who

Table 2

Table 1 Amount of each LiPON component taken from XPS spectra, normalised to P=1 and
Impedance measurements and activation energy. ratio of bridging to non-bridging oxygen.
Deposition temperature o (x10°6Scm™) act.E (eV) Deposition temperature Oxygen Nitrogen ratio Op,/Onp
(a) RT deposition 1.32 £ 0.04 0.53 + 0.04 (a) RT deposition 24+ 0.1 0.2 + 0.1 0.40
(b) Deposition at 200°C 2.24 + 0.04 0.48 + 0.04 (b) Deposition at 200°C 23 +£0.1 04 +0.1 0.37
(c) Deposition at 300°C 2.85 + 0.04 0.47 + 0.04 (c) Deposition at 300°C 2.1 +£0.1 0.6 £ 0.1 0.23
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Fig. 6. XPS core level analysis of the lithium signal at the deposition temperatures:
room temperature (RT), 200°C and 300°C.

suggested using a structural model proposed by Marchand et al. as
one of the two possible models [21]. The faster decrease is visible
in the comparison between the deposition at 200 °C and 300°C: At
a deposition at 300 °C, the amount of bridging oxygen was strongly
reduced. At the same time, it is visible that the total amount of
nitrogen has not increased strongly (Table 2), but the triply coor-
dinated nitrogen has increased faster than the doubly coordinated
nitrogen.

In contrast, the lithium signal increases slightly between the
200°C and 300°C substrate temperature deposition, as shown in
Fig. 6.

We also found that a severe in depth nitridation of the target sur-
face did not occur: when a reasonable pre-sputter time was used
and a Li3POy4 (lithium phosphate) structure was sputtered, no nitri-
dation was visible. This is in agreement with the results published
by Choi et al. [18]. A significant change in the amount of nitrogen
in the film composition because of a non-homogeneous target is
therefore not expected for these sputter parameters.

The mechanism of the incorporation of nitrogen during the sput-
ter process at different sample temperatures is assumed to be as
follows: the bridging oxygen as it is present in the Li3PO4 structure
isreplaced by nitrogen, this may happen more effectively at higher
temperature. The incorporation of nitrogen may already take place
in the nitrogen environment that surrounds the sample, as pro-
posed by Choi et al.[18]. They suggested that the nitrogen is directly
incorporated into the structure from the plasma during its growth.
According to Muiioz et al. [27], the cross linking density is therefore
increased, which creates conduction paths with lower activation
energy. Choi et al. [18] proposed that a lower deposition rate and
therefore longer reaction time between the plasma and the thin
film promotes the incorporation of nitrogen. We assume that the
mechanism is comparable in this case, where a higher tempera-
ture may accelerate the reaction. The resulting LiPON films show
higher nitrogen content when deposited at higher sample tempera-
ture and at the same time impedance measurements reveal a lower
resistance.

We therefore assume that deposition at higher temperature is
favourable for the LiPON Li*-ion conductivity. However, interface
formation with the electrodes and resulting properties will have to
be investigated separately.

4. Conclusions

The dependence of the conductivity of the LiPON material on
the temperature was demonstrated using three different tempera-
tures for LIPON deposition: at room temperature, 200 °C and 300 °C.
The LiPON films grown at different sample temperatures showed
a decreasing amount of bridging oxygen with rising deposition
temperature when investigated by core level XPS. The known cor-
relation of an increase of the nitrogen content with the decrease of
bridging oxygen could therefore be confirmed by these measure-
ments. The films show increasing lithium ion conductivity with the
increase of nitrogen content or increase of N.

These results, however, do not give any evidence about the
charge transfer process of the cathode- or anode-LiPON inter-
face, which has to be investigated separately. The difference of
interface composition formed at different temperatures affects the
structures at the LiPON/cathode or LiPON/anode heterogeneous
interfaces and will be reported elsewhere.
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