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Thin films of lithium phosphorus oxynitride (Lipon) have been grown using a plasma-assisted, directed
vapor deposition (PA-DVD) technique. In this approach, a high voltage electron beam is used to vaporize
a LisPO4 source and a supersonic, nitrogen-doped, helium gas jet then transport the vapor towards a
substrate. A hollow cathode technique was then used to create an argon plasma just above the substrate.
This sufficiently ionized the nitrogen in the gas jet to allow its incorporation into the Li3PO4 film reactively
forming lithium phosphorus oxynitride. Increasing the nitrogen flux in the gas jet also increased the
deposition rate from 113 to 178 nm min~' for the deposition conditions used here, significantly reduced
the pore volume fraction in the films and increased the N/P ratio from 0 to 0.75 as the gas jet nitrogen flux
was increased from zero to 4.3 x 10'8 molecules cm~2 s, Using substrate rotation, pore and columnar-
free dense Lipon films could be grown by this method. The Li-ion conductivity increased from 3.7 x 10~ to
5.2 x 10-7 Scm! as the nitrogen concentration was increased from zero to 2.1 x 10'® molecules cm=2 s~!
and was correlated with an increase in the film’s Li/P ratio. An optimum nitrogen flux has been identified.
As the nitrogen flux was increased above this value, the Lipon films suffered lithium loss and partial
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crystallization, resulting in a decrease in their Li-ion conductivity.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Thin-film batteries are widely used as power sources in micro-
electro-mechanical systems (MEMS) devices, smart cards, and in
some implantable medical devices because of their small size [1,2].
Rechargeable thin-film Li/Li-ion batteries appear good candidates
for these applications because they have a high-energy storage
density compared to other many secondary battery chemistries
[3]. Rechargeable thin-film Li/Li-ion batteries consist of a Li anode,
a lithiated electrolyte and a lithium transition metal oxide cath-
ode multi-layer structure sandwiched between a pair of metallic
current collectors [4,5]. Radio frequency (RF)-magnetron sputter-
ing approaches are usually used to synthesize the cathode and
electrolyte layers and a thermal evaporation method employed to
deposit the low melting temperature (~180°C) lithium anode [5].

During a charge/discharge cycle, the thin-film electrolyte must
permit the high mobility transport of lithium ions between the
anode and cathode while blocking the conduction of electrons [6].
This requires the deposition of films of an appropriate (lithium rich)
chemistry and structure that has a high lithium ion mobility and is
free of through thickness defects (such columnar pores or cracks)
that provide electron discharge pathways when a voltage is applied
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between the electrodes [7]. It is also essential that the decomposi-
tion potential of the thin-film electrolytes is higher than the target
voltage of the battery system and that the ionic conductivity be as
high as possible in order to minimize internal voltage drop losses
[6].

Lithium phosphorus oxynitride (Lipon) electrolytes with a
dense, but high mobility amorphous structure have attracted signif-
icant interest for thin-film battery applications [8]. Thin films of the
electrolyte synthesized by RF-magnetron sputtering approaches
[8-10] do not decompose when a 5.5V potential is applied across
them [8,9]. They also have an acceptable Li-ion conductivity (10-6
to 10-7Scm! range) in the amorphous state [11] and very
low electron conductivity (less than ~10-14Scm~!). Recharge-
able thin-film lithium batteries that employ Lipon film electrolytes
have also been shown to exhibit a high “cycleablity” (over 10,000
charge/discharge cycles) [12].

Unfortunately, the deposition of Lipon films by the RF-
magnetron sputtering approach is slow (<2 nm min~1). This arises
because it is usually necessary to use a low plasma power (in
the 12-40W range) and a low pressure (20mTorr) Ar-N, or
pure N, working gas environment. Several alternative deposition
approaches are being investigated for Lipon film deposition includ-
ing pulsed laser deposition (PLD) [13], ion beam assisted deposition
(IBAD) [14] and electron-beam (EB) evaporation [15]. However,
they all suffer to a greater or less extent from very rough film surface
morphologies, high film stresses, or similarly low deposition rates.
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Recently, a plasma-assisted directed vapor deposition (PA-DVD)
technique has been explored for the synthesis of Lipon films [16].
In this approach, a high power electron beam is used for high rate
evaporation of lithium phosphate from a source positioned in the
throat of an annular, gas jet forming nozzle. A supersonic nitrogen-
doped helium gas jet is formed at the nozzle exit by maintaining a
large pressure difference up and downstream of the nozzle opening.
This jet entrains the vapor and transports it to a substrate with high
deposition efficiency [17]. A hollow cathode plasma technique can
be used to increase the reactivity of nitrogen in the gas jet and reac-
tively deposit lithium phosphorus oxynitride films. This approach
has been shown to enable the deposition of Lipon films at up to 45
times the deposition rate of the RF-magnetron sputtering approach.
The initial study showed that the molecular assembly processes at
the film growth surface were effected by the hollow cathode plasma
forming current and this enabled manipulation of the Li-ion con-
ductivity and pore content of the films [16]. The study identified
a strong effect of the plasma current upon the conductivity, mor-
phology and composition of the films, and identified the existence
of an optimum set of plasma conditions for electrolyte deposition.

Here, we explore the effects of varying the concentration of
the nitrogen in a nitrogen-doped helium gas jet used to reactively
synthesize Lipon films by the PA-DVD approach. We find that the
nitrogen concentration significantly affected the deposition rates
of the films as well as their surface morphology, pore distribu-
tion, nitrogen concentration, and Li-ion conductivity. An optimum
activated nitrogen flux is found that maximized the lithium ion
mobility and Li/P ratio of Lipon films. Columnar-free dense Lipon
films are then achieved even when using substrate rotation.

2. Experimental methods
2.1. Plasma-assisted directed vapor deposition

The plasma-assisted directed vapor deposition (PA-DVD)
approach utilizes an electron-beam evaporation process to create a
LizPO4 evaporant, Fig. 1. Details of the process can be found in Refs.
[17,18]. The Li3PO4 vapor is entrained in a supersonic nitrogen-
doped helium gas jet formed by gas expansion through an annular
nozzle whose inner and outer diameters are 2 and 3 cm respec-
tively. The initially annular supersonic gas jet rapidly transports
vapor atoms created at its core to a substrate that was positioned
here approximately 22.0cm from the source. This significantly
increased source material utilization efficiency and the deposition
rate. Nitrogen was added to the helium gas jet to facilitate reactive
deposition of lithium phosphorus oxynitride films. For this to be
achieved, the nitrogen was forced to pass through a plasma where
it suffered partial electronic excitation, dissociation and ionization
[19].

In the PA-DVD approach, a hollow cathode plasma technique has
been utilized to activate the nitrogen and enhance its gas phase
reaction rate with the lithium phosphate vapor. It also enables
manipulation of the molecular assembly processes on the growth
surface (thereby controlling porosity and the columnar growth
mode) [20,21]. Here, a hollow cathode current of 60 A was used to
create an argon plasma near the substrate and we investigated the
effect of changing the He:N, ratio of the gas jet on film composition,
structure and properties.

2.2. Deposition conditions

For the experiments conducted here, a 1.3 cm diameter cold
pressed LizPO4 source rod (Plasmaterials, Inc., CA, USA) was used
for evaporation. A stable Li3PO4 vapor plume was created using
an electron-beam power of 160 W. The evaporation rate was esti-

mated by weighing the Li3PO4 source material before and after a
timed evaporation run. For the incident electron-beam power den-
sity used here, the LizPO4 evaporation rate was 2.05 x 10~4gs~1
for all the experiments. The circular area over which the LizPO4
vapor deposition occurred (at a source to substrate distance of
22.0cm) was approximately 104.0 cm?. If the source evaporation
rate is divided by the formula mass of Li3PO4 (~115.8gmol™1)
and the circular area, then the average incident LizPO4 molecu-
lar flux was approximately 1.02 x 10'6 moleculescm~2 s~ for the
source-substrate position used here. The Lipon films were grown
using a nitrogen volume fraction in the helium gas jet that var-
ied from 0.0 to 0.2. The total He +N, supersonic gas jet flux was
held constant at ~2.14 x 10'® molecules cm~2s~!. The molecular
nitrogen flux component in the jet therefore varied from 0 to
4.3 x 10'8 moleculescm=2 571,

Prior to each growth experiment, the deposition chamber was
evacuated to a base pressure of 1.35 x 102 Torr. During the depo-
sition process, this rose to 9.0-9.75 x 10~2 Torr. When the nitrogen
fraction in the supersonic helium gas jet was increased, the density
of the nitrogen-doped helium gas increased in the compartment
under the nozzle, which resulted in an increase in the upstream
pressure (Py). This increased the P4/P, ratio from 3.8 to 4.4.
The Lipon films were all grown at a substrate temperature of
~180 +20°C. One of the substrates was rotated at 5 rpm to if chang-
ing the inclination of the substrate during vapor deposition could
eliminate void formation during growth of the films.

When a hollow cathode source is heated, its emitted thermionic
electrons can be accelerated forming a low-voltage electron beam
(LVEB). A previous study indicated that the use of a hollow cathode
electron beam with an energy in the range of 5-15eV is sufficient
to ionize both the molecules of an evaporant and the nitrogen and
so enhance their reactivity [16,20]. For the experiments conducted
here, the hollow cathode utilized an argon working gas (with a flow
rate of 0.1 slm) to form the initial plasma, Fig. 1. The plasma forming
gas jet and coaxial LVEB were perpendicular to the nitrogen-doped
gas jet forming a plasma just below the substrate. A substrate bias of
—20V was applied so that only positive ions were attracted towards
the substrate. The substrate ion current density, Js, was roughly
estimated from the substrate ion current. It should be noted that
numerous ionized species contributed to the ion current. As shown
in Fig. 2, the substrate ion current density increased linearly from
3.9%x107% to 5.4 x 10~* Acm~2 as the nitrogen flux in the gas jet
was increased. This corresponded to an ion flux (ionscm=2s1)
indicated in the right axis of Fig. 2.

2.3. Film characterization

The Lipon films were characterized using Scanning Electron
Microscopy (SEM), X-ray diffraction (XRD), X-ray Photoelectron
Spectroscopy (XPS), Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), and Electrochemical Impedance Spec-
troscopy (EIS). Details can be found in the previous study [16].
Scanning Electron Microscopy (SEM) was used to determine the
deposition rates of Lipon films and then the deposition rates of all
the films (by dividing the Lipon film thickness by the film deposition
time).

3. Results and discussion
3.1. Film deposition rate

The deposition rate was gradually increased from 113 to
178 nmmin~! as nitrogen was added to the gas jet, Table 1. Dur-
ing the plasma-assisted deposition process, the direction of vapor
transport was geometrically perpendicular to that of the argon
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Fig. 1. The plasma-assisted, directed vapor deposition (PA-DVD) used to synthesize Lipon films. During a film deposition process, an electron beam was used to evaporate
Li3PO4 source and the vapor was entrained in a rarefied supersonic He gas jet that was doped with varying concentration of N,. The gas jet was then made to pass through a
hollow cathode activated plasma created by a low-voltage electron discharge. The cathode to anode potential difference was around 40V or less. The pressure upstream of

the nozzle (P,) and that downstream (Pq4) controlled the gas jet speed.
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Fig. 2. Substrate plasma current density (Js) and ion flux as a function of the
nitrogen flux transported by the gas jet. An argon plasma current of 60A was
used here and the combined He+N, gas flux was held constant at the total
2.1 x 10" moleculescm=2s~1.

plasma jet created by the hollow cathode source. This deposi-
tional geometry was not optimal resulting in deflection of light
atoms away from the substrate and a decreased deposition rate
of Lipon films [16]. However, as the nitrogen flux in the vapor

Table 1

transport jet was increased, lateral deflection of the light vapor
molecules by the argon plasma jet was reduced and the depo-
sition rate then increased. The highest deposition rate was over
50 times that reported for the RF-magnetron sputtering approach
(~2nmmin-1).

3.2. Film morphology

When Li3PO4 films were deposited without plasma assis-
tance, their surface contained intercolumnar porosity, and the
cross-section of the films contained many pores, and some tra-
versed the entire film’s thickness [16]. When the plasma was
activated with a plasma current (Iyc) of 60A, nitrogen was incor-
porated in the LizPO4 and lithium phosphorus oxynitride (Lipon)
films were formed. Fig. 3(a) and (b) shows that the growth sur-
face had spiral morphologies when the nitrogen flux was in
the 1.1-2.1 x 10'® moleculescm~2 s~! range. However, these spi-
ral morphologies disappeared as the nitrogen flux was increased to
4.3 x 1018 moleculescm=2 s~! and more energetic atomic assem-
bly conditions were achieved on the film surface, Fig. 3(c). While
none of the Lipon films deposited with a flux greater than
1.1 x 10'8 molecules cm~2 s~! contained surface breaking cracks.

As shown in Fig. 3(a)-(c), the cross-sections of the Lipon
films changed from a porous columnar to a dense columnar
structure as the nitrogen flux increased. For a nitrogen flux of

Deposition conditions and deposition rates of Lipon films prepared by the total He + N, gas flow rate of 5.0 slm. Chamber vacuum pressure was 1.35 x 102 Torr. Note that Py
is the downstream pressure, P, is the upstream pressure, and source-plasma distance was 12 cm. For the Lipon film growth, the plasma current of 60 A was used.

Nitrogen flow rate (slm)  Nitrogen flux (moleculescm=2s~1)

Pressure ratio (Py/Py)

Deposition time (min)  Film thickness (wm)  Deposition rate (nm min~')

0.25 1.1x10'8 3.8
0.5 2.1x10" 4.2
1.0 43x10'® 4.4

30 34 113
3.8 128
5.3 178
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Fig. 3. Surface and cross-sectional morphologies of the Lipon films synthesized using various nitrogen fluxes in the gas jet: here, (a) 1.1 x 10'® moleculescm=2s-1, (b)
2.1 x 10'® moleculescm=2 s, (c) 4.3 x 10'® moleculescm=2 s~ (d) 2.1 x 10'® molecules cm~2 s~! and substrate rotation of 5 rpm. Insets in Fig. 3(a)-(d) show cross-sections

of Lipon films deposited using a plasma assistance of 60 A.

1.1 x 10'8 moleculescm=2 s~1, large pores were located at inter-
columnar boundaries. Examination of Fig. 3(a) shows that for low
nitrogen fluxes, the films growth columns were initiated from
widely separated nuclei. The diameter of the growth columns
increased with film thickness and had impinged upon one another
after about 1um of growth. Increasing the nitrogen flux and
therefore the ion current greatly reduced the pore fraction in
these Lipon films. However, even films grown with a nitrogen of
4.3 x 10'8 moleculescm~2s~! retained a columnar structure that
can facilitates electrolyte breakdown during repeated charge and
discharge [7].

When the substrate was rotated in combination with a high
nitrogen flux the columnar mode of film growth could be elimi-
nated and smooth, dense, void and crack free films could be formed.
Fig. 3(d) shows an example of a film grown with a rotation rate
of 5rpm. As shown in the inset of Fig. 3(d), the substrate rotation
completely removed columnar structures caused by geometrical
vapor shadow effects. The reasons for this change in growth mode
may result from reduced geometrical vapor shadowing during film
deposition. The formation columnar-free dense Lipon structures
are a critical in the fabrication of rechargeable thin-film batteries
because these structures inhibit electrode batteries.

3.3. Film composition

Previous studies have shown that use of plasma assistance
enables incorporation of nitrogen into the Li3PO4 structure [16].
The electron energies generated by the hollow cathode were in
the range of 5-15eV, which is sufficient to dissociate nitrogen
bonds (~9.8eV) and ionize nitrogen (~14.53 eV) [22]. This acti-
vation clearly led to nitrogen incorporation in the Li3PO4 films
deposited here.

As the nitrogen flux was increased, the N/P ratio was
found to linearly increase to a value of 0.75 at a flux of
4.3 x 10'8 moleculescm~2s~1, Fig. 4. The Li/P ratio also initially
increased with increasing nitrogen flux but then reached a max-
imum at a flux of 2.1 x 10'® moleculescm—2s~!, Fig. 5. The initial

rise is thought to be a consequence of an increase in the upstream
gas jet forming pressure P, by the addition of nitrogen. This
increased the Py/P4 ratio and thus the jet speed as nitrogen was
added to the supersonic helium gas jet. Increases to the jet speed
then increases entrainment of the Li3PO4 vapor atoms in the jet
plume and the rate of deposition [17]. This effect was eventually
compensated by the increase in activated nitrogen flux in the gas
jet. This led to an increase in the N/P ratio and a reduction of the
Li/P ratio in the Lipon films [16,23,24].

3.4. Film structure

Amorphous films are generally preferred as thin-film elec-
trolytes because they have a more isotropic and higher ionic con-
ductivity than equivalent composition crystalline films [6,25]. They
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Fig.4. N/P ratio of Lipon films as a function of the gas jet. The N/P ratio was obtained
by XPS. The error bars represent £10% of the N/P ratio.
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Fig.5. Li/Pratio of Lipon films as a function of the nitrogen flux in the helium gas jet.
The Li/P ratio was determined by ICP-OES. The error bars are +£5% of the Li/P ratio.

are also preferred because they do not require a post-deposition
annealing (crystallization) step, which can be problematic for
multi-layer structures with different coefficients of thermal expan-
sion. The structures of the films deposited here were investigated by
X-ray diffraction and XRD patterns for each film as shown in Fig. 6.
The XRD data for most films contained no sharp diffraction peaks.
They are therefore indicative of an amorphous structure. However,
as the nitrogen flux was increased to 4.3 x 108 moleculescm=2 51,
weak crystalline peaks began to be observed in addition to the dif-
fuse scattering associated with the amorphous phase. The positions
of these weak peaks are consistent with the presence of the -
Li3PO4 crystal phase [26,27]. They suggest the existence of local
crystallized phases that may have formed by increased growth sur-
face mobility associated with a high incident energetic ion flux.
When nitrogen substitutes for oxygen in Li3POyg4, the charge on
the phosphorus ions changes [28]. Consequently, there should be
a shift in binding energy (BE), since this is approximately propor-
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Fig. 6. X-ray diffraction patterns of Lipon films synthesized using gas jets with the
different nitrogen fluxes. The curve marked (a) used a pure He jet and no plasma
assistance. The other curves show the effect of increasing the N, flux within the gas
jet from 1.1 to 4.3 x 10'® moleculescm~2 s~ at Ijc = 60 A. The XRD patterns indicate
that Lipon films grown using low N; flux were amorphous. However, the film grown
using the higher N, flux contained regions of crystalline material.
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Fig. 7. XPS Py, peak shift for a lithium phosphate films (a) and Lipon films synthe-
sized using gas jets containing a nitrogen flux of 1.1 x 10'8 (b), 2.1 x 10'8 (¢), and
4.3 x 10'® moleculescm~2 s~! (d). The vertical line shows the phosphorus binding
energy of LizPO4 film (134.1eV). Increasing the nitrogen flux in the helium gas jet
lowers the phosphorus binding energy of Lipon films.

tional to the charge of atoms [28,29]. The binding energy change,
A(BE;), can be written:

A(BE;)) = k- Ag; (1)

where Ag; is the change in the charge on the ith ion and k is a pro-
portionality constant [29]. XPS technique can be used to determine
the nitrogen coordination state in an as-deposited film and enables
an investigation of the inter-atomic binding. The carbon binding
energy, C1s =285 eV, were used as a reference peak position to cor-
rect the P, XPS peak positions shifted by the XPS charging effects
of samples.

Brow et al. indicated that the P, XPS peaks of NaPOxNy type
compounds were shifted down in energy from 134.8 to 133.9eV
upon incorporation of nitrogen [30]. Our previous studies with
Lipon also indicated that the XPS P, peaks were shifted from 134.1
down to 132.8 eV upon incorporation of nitrogen [16]. This reduc-
tion in P, binding energy arises because P-O bonds are gradually
replaced by P-N bonds. Fig. 7 shows that when nitrogen was added
to helium gas jet, the XPS P,, peaks of Lipon films were shifted from
134.1 to 133.3 eV. This result is consistent with nitrogen replacing
oxygen in the Li3POy4 film and with the increase of the N/P ratio in
the films, Fig. 4.

3.5. Li-ion conductivity of Lipon films

Using stainless steel/Lipon/Au test cells, the Li-ion conductiv-
ities of the films were measured by electrochemical impedance
spectroscopy (EIS) [16,31]. The complex impedance Z(w) was mea-
sured over the 1-10° Hz frequency (w) range with 0.1 logarithmic
increments. As shown in Fig. 8, the real and imaginary components
of the impedance are plotted and fitted by a circuit model, Fig. 8(a).
When the Z(w) graphs form a depressed semicircular arc, they are
usually fitted by an empirical Cole-Cole equation with the form
[31]:

Ro — R
0 hf (2)
where R, =resistance at low-frequency (£2), Rys=resistance at

high-frequency (£2), T=(Ro — Ry¢) x C, in which C=capacitance (F),
and 0<n<1. By fitting the impedance results obtained here to
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Fig. 8. Electrochemical impedance spectra for (a) lithium phosphate film and (b-d) Lipon films synthesized using gas jets containing nitrogen dimmer up to
4.3 x 10'® moleculescm=2 s~'. The impedance was measured between 1 and 10° Hz. The dots correspond to experimental data while the solid lines are a best fit to the
electrochemical circuit model shown in the inset of (a) [16,31]. The deduced Li-ion conductivity for each film is also shown.

the Cole-Cole equation, we could deduce the film resistance,
Re1 =Ro — Rys. Because the interface between the Au layer and
Lipon film was neither a perfect ion-blocking electrode nor ide-
ally smooth, EIS spectra do not exhibit a pure capacitive response at
low-frequency (the EIS spectra do not meet the real impedance axis
ata90°)[6]. In view of this, an interfacial impedance, Z; = G;-(j-w) ™™,
was introduced into the Cole analysis to characterize the low-
frequency response. The Lipon resistance was then used to find the
conductivity, ojonic, Using the relation:

d
Oionic = RyxA’ (3)
where d is the thickness of the Lipon film, A is the area of the test
cell, and R is the resistance of Lipon films deduced by fitting the

data to the Cole-Cole equation. This data is summarized in Table 2.

Table 2

Fitting parameters used to calculate Li-ion conductivities of the Lipon films
prepared on a stainless steel substrate. Subscript letters represent as fol-
lows: hf=high-frequency, el =electrolyte (Lipon), g=geometrical, and i=interface
between electrolyte and metallic electrode. A circuit model is given in Fig. 8(a).

Nitrogen flux 0.0 1.1x10'8 2.1x1018  43x10'8
(moleculescm=2s-1)

Rus () 3000 2000 900 1300

el 0.7 0.92 0.76 0.81

Rel (2) 1.17 x 10° 1.58 x 10° 3.7 x 103 2.47 x 10*
Gy (F) 23x107° 1.8x10°1© 3.8x10°° 1.6x10°°
n; 0.7 0.68 0.87 0.8

G (F) 8.0x 1077 1.5x10°8 25x108%  23x10°8

The Lipon films were sandwiched by an area (A) of 0.049 cm?. A
detail description of this analysis can be found in other references
[16,31].

The Li-ion conductivities of the films are summarized in
Table 3. The films were all prepared with plasma assistance since
those grown without plasma assistance suffered from electrical
shorts due to their porous and highly cracked film structure [16].
The Li3PO4 film made in this way had a Li-ion conductivity of
3.7 x 1079 Scm~!. When nitrogen was incorporated in the films,
Li-ion conductivities increased into 10~7 to 10~8 Scm~"! range. The
highest Li-ion conductivities in Table 3 are comparable to those
reported for Lipon films synthesized by the e-beam evaporation
approach [32]. As mentioned in the earlier Section 3.4, the amor-
phous Li3PO4 and Lipon materials proven by the XRD patterns have
much higher conductivity values than crystalline materials that are
in the 10713 to 10~ 18 Scm~! range [11]. This result indicates that
the amorphous Li3PO4 and Lipon materials may have more free
volumes to transport Li ions than the crystalline materials [25].

Table 3
Li-ion conductivities of the Lipon films. The Li-ion conductivities (cionic ) of the films
were obtained by Eq. (3). The area (A) of electrodes was 0.049 cm?.

Nitrogen flux (moleculescm=2s-1) Thickness (pm) Cionic (Scm~1)

0.0 0.2 3.7x107°
1.1x10'8 1.1 1.5%x10°8
2.1x10" 1.0 52 %1077
43x10'8 2.0 1.7 x 1077
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The data in Table 3 indicate that the Li-ion conductivity
increased monotonically from 3.7 x 1072 to 5.2x 10~7Scm™! as
the nitrogen concentration in the gas jet increased. This can
be understood by recalling the relationships between structural
changes and nitrogen incorporation. Because the atomic radii of
nitrogen atoms (1.32A) are larger than those of oxygen atoms
(1.24A), incorporation of nitrogen atoms in Li;PO4 causes a struc-
tural distortion. Wang et al. investigated the structure of bulk
polycrystalline Lipon by X-ray and neutron diffraction [11]. They
found that nitrogen incorporation in Li3PO4 increased the aver-
age Li-0 bond distance. Because a binding energy between lithium
and oxygen is inversely proportional to the Li-O bond distance,
this increase of average Li-O bond length reduces the Li-O binding
energy and enhances lithium ion mobility in the Li3PO4 structure.
Furthermore, since the lithium ion is located within a LiO4 tetra-
hedron, it should pass through one of the triangular face of the
tetrahedron for diffusion to occur. Because the increase in average
Li-O bond length increases the area of a triangular face in the LiO4
tetrahedron, lithium ions can more easily diffuse through them as
the nitrogen content increases. Thus, as nitrogen atoms are incor-
porated in the LizPO4 system, the Li-ion conductivities are expected
to increase.

However, the datain Table 3 indicate that when Lipon films were
synthesized using very high nitrogen fluxes, the Li-ion conductivity
began to decrease (to 1.7 x 107 Scm~1, Table 3). This appears to be
result of the loss of lithium in the films and the partial crystalliza-
tion of the Lipon films (see Figs. 5 and 6). This observation appears
to be consistent with the previous study where increases of the
N/P ratio decreased the Li/P ratio and reduced Li-ion conductivity
[16].

Previous studies indicated that rechargeable thin-film lithium
batteries had an acceptable charge-discharge cycle, provided the
Li-ion conductivity of Lipon films is higher than 1.2 x 10-8 Scm™!
[33]. When the Li-ion conductivity dropped to 7.2 x 10-2Scm™1,
serious voltage losses were observed. These results above indi-
cate that a Li-ion conductivity in the high 10-7Scm~! range
obtained using the PA-DVD deposition approach may be suitable
for rechargeable thin-film lithium battery applications.

4. Summary

The effects varying the activated nitrogen flux incident upon the
surface of Lipon films grown from lithium phosphate sources have
been explored using a PA-DVD deposition approach. As the nitro-
gen flux and nitrogen content of the films was increased, the atomic
structure of Lipon films changed from an amorphous structure to a
partially crystallized amorphous structure. This was accompanied
by a change in surface morphology from one covered by spiral rings
to a spiral-free smooth surface. The cross-sections also changed
from a porous columnar structure to a structure consisting of dense,
tightly packed columns. These changes appear to be a consequence
of an increase in the reaction rate of high-energy nitrogen ions
with the evaporated lithium phosphate on the substrate surface.
Substrate rotation enabled synthesis of columnar-free, dense Lipon

films. As the nitrogen flux incident on the growth was increased,
the N/P ratio of Lipon films increased up to 0.75. The XPS P, bind-
ing energy shifts indicated that the nitrogen ions replaced oxygen
atoms in the Li3PO4 structure. As the nitrogen flux was increased
to 2.1 x 10’8 molecules cm=2s~1, the Li-ion conductivities of the
films increased from 3.7 x 10-°Scm! to reach a maximum of
5.2 x 10~7 Scm~!. This increased Li-ion conductivity was attributed
to the increase of nitrogen concentration in the films with the
nitrogen flux. Further increases of the nitrogen flux decreased the
Li-ion conductivity because of lithium losses and partial crystalliza-
tions in the films. The Li-ion conductivities of the Lipon films were
comparable to those reported by e-beam evaporation approaches.
However, the use of a supersonic nitrogen-doped helium gas jet
concentrated the vapor resulting in a deposition rate that was over
50 times that reported for other deposition approaches.
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