
Bull.  Mater.  Sci.,  Vol.  31,  No.  4,  August  2008,  pp.  681–686.  ©  Indian  Academy  of  Sciences. 

  681

Influence of radio frequency power on structure and ionic conductivity 

of LiPON thin films 

ZONGQIAN  HU*,  DEZHAN  LI  and  KAI  XIE 

College of Aerospace and Materials Engineering, National University of Defense Technology,  

Changsha Hunan 410073, P R China 

MS received 3 August 2007; revised 26 February 2008 

Abstract. Lithium phosphorus oxynitride (LiPON) thin films as solid electrolytes were prepared by radio 

frequency magnetron sputtering of a Li3PO4 target in ambient nitrogen atmosphere. The influence of radio 

frequency (rf) power on the structure and the ionic conductivity of LiPON thin films has been investigated. 

The morphology, composition, structure and ionic conductivity of thin films were characterized by scanning 

electron microscopy, energy dispersive spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy and 

a.c. impedance measurement. It was found that ionic conductivity of LiPON thin films increases with N con-

tent in thin films. XPS measurements reveal that ionic conductivity also keeps relativity with the structure of 

thin films. Higher the Nt/Nd ratio, higher will be the ionic conductivity of LiPON thin films. And both of them 

can be improved by increasing rf power from 1⋅5 W/cm
2 
to 5⋅5 W/cm

2
. 
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1. Introduction 

Since the first report of lithium phosphorus oxynitride 
(LiPON) thin films by Bates et al (1992), the growing 
interest in thin films has mainly focused on the investigation 
of the performance. Owing to a high ionic conductivity, 
LiPON thin films are widely applied in many electro-
chemical devices such as solid electrolytes, stable protec-
tive solid electrolyte interphase films and over layer for 
all-solid-state rechargeable lithium batteries (Bates et al 
1994, 1995, 2000; Raffaelle et al 2000; Chung et al 2002, 
2004; Joo et al 2003; West et al 2004; Zhao et al 2005). 
 In the previous work, it has been shown that the incor-
poration of nitrogen into phosphate glasses could increase 
the hardness, devitrification temperature, and resistance 
to water and salt solutions (Marchand 1983; Reidmeyer et 
al 1986; Larson and Day 1986). LiPON thin films exhibit 
a very low electronic conductivity, a relatively high ionic 
conductivity of 3⋅3 × 10–6 S/cm at room temperature, no 
phase change in wide temperature range, and a large sta-
bility electrochemical window voltage vs Li metal at room 
temperature (Bates et al 1993; Roh et al 2000). There-
fore, with a better durability than sulfides and a better 
ionic conductivity than oxides, LiPON thin films could 
be used as a fine alternative to traditional sulfides and 
oxides glassy electrolytes in the all-solid-state recharge-
able lithium batteries (Kennedy and Zhang 1988; Ménétrier 
et al 1992; Vinatier et al 1999). 

 A number of studies on the characteristics of LiPON 
thin films have been reported. However, the influence of 
deposition conditions (such as radio frequency (rf) 
power) on the structure and ionic conductivity of LiPON 
thin films draws less attention. In this study, we discover 
that a solid relationship exists between rf power and the 
structure of LiPON thin films, and the structure influences 
the ionic conductivity of LiPON thin films. 

2. Experimental 

2.1 Thin film preparation 

LiPON thin films were deposited by radio frequency 
magnetron sputtering from a Li3PO4 target in ambient 
nitrogen atmosphere. Li3PO4 targets were prepared by 
uniaxial pressing of Li3PO4 powder (99⋅95%) into a 
60 mm diameter pellet and were sintered at 800°C for 
6 h. Two different substrates, Au-coated polyimide film 
and silicon wafer, were used for various characterization 
experiments. The base pressure was below 1 × 10–3 Pa. All 
targets were sputtered (at 13⋅56 MHz) at a constant for-
ward power of 1⋅5 W/cm2 to 5⋅5 W/cm2. The substrate 
was placed at a distance of 6 cm away from the Li3PO4 
target. Typically, the sputtering atmosphere was N2 
(99⋅999%) at a pressure of 1⋅5 Pa. The film deposition 
was carried out with a continuous flow of the nitrogen 
atmosphere. Each deposition lasted for about 10 h and the 
substrate temperature was not controlled during deposi-
tion. 
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2.2 Characterization 

The thickness of LiPON thin films was determined using 
a Jeol JSM-6360LV scanning electron microscopy 
(SEM). The N/P ratio of thin films was determined by 
energy dispersive spectroscopy (EDS). The structure of 
LiPON thin films was analysed by X-ray diffraction 
(XRD) with a Rigata/max-C diffractometer (CuKα

 radia-
tion source, λ = 1⋅5406 Å). X-ray photoelectron spectro-
scopy (XPS) was used to determine the composition and 
structure of films deposited on a silicon wafer. The XPS 
survey scans were obtained on a Kratos Xsam 800 system 
with monochromatic MgK

α
 (1253⋅6 eV) irradiation. To 

correct possible charge-up of thin films by X-ray irradia-
tion, the binding energy was calibrated using C1s (284⋅6 eV) 
spectra. The asymmetric N1s peaks were resolved by the 
curve fitting technique, assuming the presence of two or 
three components in the respective regions. The composi-
tion of LiPON thin films was calculated from the re-
solved peak area. Ionic conductivity of LiPON thin films 
was obtained from an a.c. impedance measurement of 
Au/LiPON/Au sandwich structures fabricated on polyimide 
substrates where the Au electrodes were deposited by d.c. 
magnetron sputtering. The impedance for calculating the 
ionic conductivity was measured at room temperature. 
And the impedance for calculating the activation energy 
was measured with a 15°C increment from 20°C to 80°C 
with both increasing and decreasing temperatures. The 
impedance measurements were made in the frequency 
range from 1 Hz ~ 1 MHz. 

3. Results and discussion 

A typical XRD of a pure Li3PO4 target and a LiPON thin 
film deposited on silicon wafer are shown in figure 1. It  
 
 

 

Figure 1. Typical X-ray diffraction patterns of (a) Li3PO4 
target and (b) LiPON thin film. 

can be seen that the XRD of pure Li3PO4 target exhibits 
very intense diffraction peaks, which can be identified as 
diffractions of Li3PO4. However, there is no diffraction 
peaks in the XRD patterns of LiPON thin films deposited 
in N2 ambient. It suggests that our prepared LiPON thin 
films are amorphous. 
 Figure 2 is the SEM of the surface of a as-deposited 
LiPON thin film on the Pt current collector and the cross-
section of Pt/LiPON/Pt sandwich structure. Figure 2a 
indicates that the deposited LiPON thin film is amor-
phous. There are no defects such as cracks and pinholes. 
Figure 2b presents a cross-sectional view of the LiPON 
thin film. It shows that the thin film is well adherent to 
the Pt surface and the interface also does not show any 
indication of defects. The thickness of this film is about 
3⋅2 μm. And the rate of film deposition for LiPON thin 
film can easily be calculated using sputtering time and 
thickness of thin films. 
 
 
 

 

Figure 2. SEM images of a. surface of LiPON on Au film and 
b. cross-section of Au/LiPON/Au sandwich structure. (Deposi-
tion conditions: rf power is 5⋅5 W/cm2, and nitrogen gas pre-
ssure is 1⋅5 Pa). 
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 The effects of rf power on deposition rate and N/P ratio 
are shown in figure 3. As usually observed, it can be 
found that the deposition rate of LiPON thin films in-
creases with rf power. According to Hamon et al (2006), 
the N/P ratio decreases when rf power increases, but an 
opposite behaviour is observed in our research. Under the 
same rf power domain as in our study, the N/P ratio in-
creases with rf power, which increases from 0⋅31 to 0⋅75. 
This behaviour is the result of the following facts. In the 
case of a constant nitrogen pressure, the ionization of 
nitrogen is intensified with rf power. Because increasing 
rf power can cause the number and momentum of both 
the nitrogen ions and the sputtering particles to increase. 
Therefore, when rf power increases, the probability of the 
incorporation of N into Li3PO4 is enhanced, and the N/P 
ratio of thin films relatively increases. 
 
 

 

Figure 3. N/P ratio and deposition rate of LiPON thin films as 
a function of rf power. 

 
 

 

Figure 4. A Nyquist a.c. impedance plot of a LiPON thin film 
at room temperature. (Deposition conditions: rf power is 
5⋅5 W/cm2, and nitrogen gas pressure is 1⋅5 Pa). 

 The ionic conductivity, σ, was calculated from σ = 
(1/R) × (d/A), where d is the LiPON thin film thickness,  
A the area of the metal contact, and R the LiPON thin 
film resistance determined from the measured impedance 
by selecting the Z value at the frequency at which –Z′ 
goes through a local minimum (figure 4) (Yu et al 1997; 
Kim et al 2002). The impedance measurements for ionic 
conductivity of LiPON thin films were performed at 
20°C. The Arrhenius plot of ionic conductivity multiplied 
by absolute temperature, against reciprocal temperature, 
is shown in figure 5. The data is fitted to a straight line, 
indicating that the solid line is the result of a least squares 
fit of the Arrhenius equation (Yu et al 1997) 

ln(σ) = ln(σο) – Ea/kT, 

where Ea is the activation energy, σ  the ionic conductivity, 
T the temperature and k the Boltzmann constant. 
 
 

 

Figure 5. Typical Arrhenius behaviour of ionic conductivity 
vs temperature. (Deposition conditions: rf power is 5⋅5 W/cm2, 
and nitrogen gas pressure is 1⋅5 Pa). 

 
 

 

Figure 6. Ionic conductivity and activation energy of LiPON 
thin films as a function of rf power. 
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 The influence of rf power on ionic conductivity and 
activation energy are shown in figure 6. It is found that 
ionic conductivity increases with rf power. And the ionic 
conductivity varies between 7⋅8 × 10–7 S/cm and 3⋅3 × 
10–6 S/cm. As expected, it can also be observed that the 
activation energy decreases from 0⋅67 eV to 0⋅42 eV 
when rf power increases. 
 In spite of several studies, the reason for the positive 
correlation between ionic conductivity and N/P ratio of 
LiPON thin films is not yet clearly understood. In order 
to clearly exhibit the relationship between them, the ionic 
conductivity of thin films as a function of the N/P ratio is 
plotted in figure 7. Although the fact that all the deposi-
tion parameters are held constant, these trends are ob-
served consistently. As shown in figure 7, the higher the 
N/P ratio, the higher will be the ionic conductivity. The 
maximum ionic conductivity is 3⋅3 × 10–6 S/cm for N/P = 
0⋅75. It is different from the result of 3⋅3 × 10–6 S/cm for 
N/P = 0⋅46 obtained by Bates et al (1993). Despite the 
discrepancies, the trend that the ionic conductivity in-
creases with N/P ratio systematically is similar in both 
studies. The cause for it is the inevitable errors of the 
depositional system and the testing apparatus. 
 According to the equation (Roh et al 2000), σ = (charge 
density) × (mobility), ionic conductivity is determined by 
the product of charge density and mobility. Therefore, 
there are two ways to increase the Li+ ionic conductivity 
of LiPON thin films. One is increasing the Li+ content in 
LiPON to increase charge carrier density. And the other 
is changing the bonding structure of the thin film to in-
crease Li+ mobility. However, the lithium content of thin 
film is nearly constant, which is irrespective of the rf 
power (Roh et al 2000). Thus, it appears that the second 
one is the main reason for the increase of ionic conductivity 
in relation to rf power. In order to analyse the structure 
information of the LiPON thin films, the XPS spectra for 
the thin films are obtained. 
 
 

 

Figure 7. Ionic conductivity of LiPON thin films as a func-
tion of N/P ratio. 

 The XPS of N1s orbital was measured, and the XPS 
core level spectra of N1s for LiPON thin films deposited 
by sputtering at different rf powers (1⋅5 W/cm2, 3⋅5 W/cm2, 
and 5⋅5 W/cm2) are shown in figure 8. In the N1s spec-
trum of LiPON thin films, an asymmetric peak is observed 
around 399 eV, which is resolved into two peaks. These 
 
 

 

Figure 8. N1s XPS spectrum of LiPON thin films deposited at 
(a) 1⋅5 W/cm2, (b) 3⋅5 W/cm2, and (c) 5⋅5 W/cm2. 
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peaks are assigned to the nitrogen bonds of doubly coor-
dinated nitrogen P–N = P (Nd) at 398⋅4 eV, and triply 
coordinated nitrogen P–N <P

P (Nt) at 399⋅8 eV (Marchand 
et al 1988). With rf power increasing from 1⋅5 W/cm2 to 
5⋅5 W/cm2, the area of P–N=P structure unit decreases, 
while the area of P–N<P

P structure unit increases. In the 
N1s XPS spectrum, the larger area of the component indi-
cates relative higher content of it in the structure. A quan-
titative measure of each bond was calculated from the 
area under the intensity curve corresponding to the as-
signed bond in the N1s XPS spectra. The Nt/Nd ratio de-
termined from their respective areas in the spectrum is 
presented as a function of rf power in table 1. It is found 
that the Nt/Nd ratio increases with rf power, and ionic 
conductivity of LiPON thin films increases with the Nt/Nd 
ratio. The maximum ionic conductivity is 3⋅3 × 10–6 S/cm 

for Nt/Nd = 0⋅63, while the minimum one is 7⋅8 × 10–7 
S/cm for Nt/Nd = 0⋅16. It means that a solid positive corre-
lation exists between the ionic conductivity and the con-
centration of P–N< PP structure unit. The data shows that 
the increase in conductivity for LiPON thin films is due 
to the decrease in activation energy. Moreover, the con-
centration of P–N< PP structure unit quickly increases with 
lower rf power. And it increases slowly with rf power 
> 3⋅5 W/cm2. 
 
 
Table 1. Influence of rf power on the Nt/Nd ratio, activation 
energy, and ionic conductivity of LiPON thin films. 

Rf power (W/cm2) 1⋅5 3⋅5 5⋅5 
 

Nt/Nd ratio 0⋅16 0⋅50 0⋅63 
Activation energy (eV) 0⋅67 0⋅53 0⋅42 
Ionic conductivity ( × 10–6 S/cm) 0⋅78 1⋅8 3⋅3 

 

 

 

Figure 9. Partial structure of nitrided Li3PO4 glass with the 
incorporation of (a) >N– and (b) –N= resulting from the reac-
tion of two adjacent phosphate chains with nitrogen. 

 The increase of ionic conductivity in LiPON thin films 
also can be attributed to the decreasing electrostatic energy 
as proposed by Unuma and Sakka (1987). Based on the 
structural model from Bunker et al (1987), every two P–
N<P

P structural units created in the structure for three P–O 
bonds are destroyed, while one P–O bond has to be re-
moved to form two P–N=P structural units (figure 9). 
Compared with two P–N=P structural units, two P–N<P

P 
structural units would remove two more P–O bonds, 
which is less covalent than P–N bond. Consequently, the 
contribution to the drop of electrostatic energy from P–
N<P

P structural unit is more than from P–N=P structural 
unit. In summary, it shows a strong evidence that P–N<P

P 
cross-linked structure unit is more responsible than P–
N=P structural unit for the increase in Li+ mobility. 

4. Conclusions 

For the LiPON thin films electrolyte deposited by rf magne-
tron sputtering from a Li3PO4 target in ambient nitrogen 
atmosphere, the ionic conductivity of thin films increases 
with the increase of rf power from 1⋅5 W/cm2 to 5⋅5 W/cm2. 
The N/P ratio follows the same tendency with rf power in 
LiPON thin films. 
 Besides the N content, ionic conductivity of LiPON 
thin films also keeps the relativity with the structure of 
the thin films. It is observed that the contribution to the 
improvement of the ionic conductivity from P–N<P

P struc-
ture unit was far more than from P–N=P structure unit. 
And the Nt/Nd ratio can be increased by increasing rf power 
up to 5⋅5 W/cm2. 
 The maximum ionic conductivity of LiPON thin films 
is 3⋅3 × 10–6 S/cm when the bonding ratio of Nt/Nd and 
N/P are at a maximum. This condition was achieved for 
films deposited by sputtering with a Li3PO4 target at 
5⋅5 W/cm2. 
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