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ABSTRACT: Amorphous Li-ion conductors are important
solid-state electrolytes. However, Li transport in these systems
is much less understood than for crystalline materials. We
investigate amorphous LiPON electrolytes via ab initio
molecular dynamics, providing atomistic-level insight into
the mechanisms underlying the Li* mobility. We find that the
latter is strongly influenced by the chemistry and connectivity
of phosphate polyanions near Li*. Amorphization generates
edge-sharing polyhedral connections between Li(O,N), and
P(O,N),, and creates under- and overcoordinated Li sites,
which destabilizes the Li* and enhances their mobility. N
substitution for O favors conductivity in two ways: (1) excess
Li accompanying 1(N):1(O) substitutions introduces extra
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carriers; (2) energetically favored N-bridging substitutions condense phosphate units and densify the structure, which,
counterintuitively, corresponds to higher Li* mobility. Finally, bridging N is not only less electronegative than O but also
engaged in strong covalent bonds with P. This weakens interactions with neighboring Li* smoothing the way for their migration.
When condensation of PO, polyhedra leads to the formation of isolated O anions, the Li* mobility is reduced, highlighting the
importance of oxygen partial pressure control during synthesis. This detailed understanding of the structural mechanisms
affecting Li" mobility is the key for optimizing the conductivity of LiPON and other amorphous Li-ion conductors.

1. INTRODUCTION

Lithium phosphorus oxynitride (LiPON) is a solid Li-ion
conductor of general formula Li,PO,N.. Amorphous LiPON
has been widely used as electrolyte in thin-film rechargeable
batteries since the pioneering work of Bates and co-workers at
the Oak Ridge National Laboratory.'" The reason for the
success of LiPON thin-film electrolytes, usually sputter
deposited to a thickness of 1 ym, is that they conjugate fairly
good room-temperature ionic conductivity (2—3 uS/cm,
activation energy E, =~ 0.55 eV), high electronic resistivity
(>10"Q cm), a wide electrochemical window, and so far
unmatched long-term durability in terms of cycling perform-
ance and storage.'~> Experiments have shown that LiPON can
withstand thousands of charge—discharge cycles in contact
with metallic Li and transition metal cathodes at cell potentials
up to above 5 V against Li, without displaying signs of
degradation in cycling performance or dendrite formation.
Although no conclusive explanation has yet been given for
the outstanding electrochemical performance of LiPON, it is
commonly believed that this relates to the presence of N in the
structure. Indeed, it was the observation that nitriding alkali
phosphate glasses improves their mechanical and chemical
resistance®" that originally motivated investigations on
LiPON as a possible electrolyte.” Likewise, N incorporation
into phosphate structures, whether they are bulk glasses or
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amorphous thin films, is often indicated as a factor enhancing
the ionic conductivity ¢.”~ ">

The ionic conductivity of LiPON thin films increases
significantly (while the activation energy for Li diffusion
decreases) with the atom percentage (at. %) of N incorporated
in the structure: impedance measurements by Bates et al.'’
showed more than a factor 45 increase in ¢ at 25°C when
increasing the N content from 0 at. % (6 =7 X 107* S/cm) to
6 at. % (6 =3.3 X 107° S/cm). The cause of this improvement
in ionic conductivity via nitridation is not fully understood, but
different suggestions have been put forward. The invoked
arguments are essentially of two types, either structural or
electrostatic, both of which have been substantiated by
parallels with the well-studied case of bulk nitrided
metaphosphate glasses,6_9’13_15 although caution is warranted
due to considerable differences in reacting materials and
processing route.'

The structural argument relies on the idea that nitridation
promotes cross-linking via formation of doubly (N,) and triply
coordinated (N,) N bridges among P atoms. It is assumed that
the increase in cross-linking density of the amorphous network
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with N content implements the “mixed anion effect”’”™" of

promoting Li-ion mobility by providing interconnected, but as
yet unspecified, conduction pathways with low activation
energy. This explanation was first suggested by Bates et al,,"'’
who resolved N, X-ray photoelectron spectroscopy (XPS)
data collected on LiPON thin films in contributions from
doubly and triply coordinated N atoms, along the lines of
previous work on bulk nitrided glasses.'* However, it is worth
noting that a different interpretation was given to very similar
N, XPS features reported shortly thereafter for polycrystalline
Liy ggPO5373Np 14> where diffraction and chromatography data
hinted instead to most of the N forming isolated PO;N units
(with apical N, N,) and only a small fraction of Ny bridges due
to some Li <> P disorder in the structure.

The electrostatic argument refers to the higher covalency of
P—N bonds with respect to P—O, which would result in a
reduction of the overall electrostatic interaction with Li*,
translating in a lower activation energy and hence higher ionic
conductivity.”?"**> Contradicting this point, Unuma and
Sakka®' argued that due to the formation of strong P—N and
P=N connections, the increase in structural density and
network-strain energy”> with N content should increase the
activation energy for ionic diffusion. In fact, experimental
evidence collected on phosphate glasses indicates that
incorporation of high N contents affects the Li coordination
as seen by nuclear magnetic resonance (NMR)," suggesting
the intensification of Li—O interactions as a factor counter-
acting the increase in ionic conductivity promoted by other
mechanisms.

Thus, the effect of N incorporation on the lithium phosphate
structure and conductivity mechanism remains controversial.
Understanding in detail how N incorporation modifies the
local structure and enhances conductivity would give guidance
on how to improve the conductivity of other oxide electrolytes.
In this paper we report an ab initio investigation of the role of
composition and structural changes in affecting the ionic
conductivity of amorphous LiPON electrolytes. Previously, Du
and Holzwarth**~>¢ performed density functional calculations
on crystalline materials related to LiPON. Reference 24
investigated the effect on the Li* migration of isolated defects,
such as O vacancies and N substitutions, introduced into
crystalline Li;PO, and found that the bridging Ny config-
uration is preferred by nearly 3 eV relative to N,. These
authors also noticed that while N, and Ny tend to trap
vacancies and interstitial Li* ions, migration barriers in their
neighborhood are as small as 0.4—0.6 eV, so that one could
extrapolate to relatively low migration energies (0.7 S E,, S 1.0
eV) for appreciable concentrations of such defects.

We use ab initio molecular dynamics (AIMD) to generate
LiPON amorphous structure models and study Li" diffusion in
them. The atomistic approach of this work allows us to break
down the complexity of the electrical behavior of LiPON
electrolytes into its determining factors and provide concrete
elements to explain the mechanisms underlying their ionic
conductivity. With the goal of discerning the relationship
between structure and electrical behavior of LiIPON electro-
lytes, we systematically investigate the effect on ion conduction
of different factors, namely the amorphous framework, the Li
content, and the presence of N in both bridging and
nonbridging configurations. By comparing first the behavior
of amorphous lithium phosphate, a-Li;PO,, against its crystal
form, y-Li;PO,, we demonstrate the importance of the
amorphous character in enhancing the mobility of the charge
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carriers as a result of the modification of the Li" environment.
We also verify that excess Li introduced by doping a-Li;PO,
has in itself a beneficial effect on the ionic conductivity. Finally,
we analyze the specific role of N in modifying the nature of
cation—anion interactions within the structure.

Our computed amorphous LiPON structures display N in
N, and Ny configurations, the latter being confirmed as
energetically favored, whereas no triple N, bridges are found.
This is consistent with the experimental structure character-
ization of polycrystalline LiPON by Wang et al.”’ and with
first-principles calculations suggesting contributions from N,
species in the N XPS absorptions of amorphous LiPON.””**
While no privileged pathways are recognized in support of the
speculations about the “mixed anion effect”, we find that Ny
bridges favor the diffusion of Li* because the saturation of the
bond valence of N via strong covalent interactions with P limits
the Li—N interactions. Nonetheless, such effect can be
countered by strong Li—O interactions when the condensation
into Ny bridges causes the release of isolated O anions in the
structure.

2. METHOD

2.1. Generation of Amorphous Structure Models and
Diffusivity Simulations. The amorphous structure models
discussed in the present work and the corresponding ionic
conductivities have been obtained via AIMD simulations.
AIMD simulations are ;)erformed with the projector
augmented-wave approach® and the Perdew—Burke—Ernzer-
hof (PBE)™ generalized-gradient approximation to the density
functional theory (DFT) as implemented in the Vienna ab
initio simulation package (Vasp).”' To keep the computational
cost reasonable, we adopted a minimal I'-only k-point grid.
The AIMD time step was set to 2 fs, and the temperature of
the system was controlled by periodic velocity rescaling
(Berendsen thermostat) every SO or 100 steps. Despite some
well-known limits in the description of temperature fluctua-
tions, this thermostat has been shown to provide reliable
dynamic properties,”” which are those of interest here.

To generate amorphous structures, we used unit cells
containing 118—134 atoms. Initial structure guesses were set
either by applying the optimized atom packing procedure
developed in the software Packmol®® or by using DFT-relaxed
near-ground-state defected crystal structures generated as
explained in section 2.2. In the first case, we inserted atoms
in a cubic box with density p about 75—80% the experimental
reference for amorphous Li,PO, (ie, p = 2.2 g/cm?), and
performed a simulated annealing from 3000 to 0 K, reducing
the temperature by steps of 500 K at a rate of 250 K/ps. In the
second case, we adopted a melt-and-quench protocol in which
the initial crystalline structure (relaxed to its minimum-energy
volumetric density p) is first melted at 3000 K and then cooled
via the previously described simulated annealing. At each step
of both melt-and-quench and annealing simulations the system
is allowed to equilibrate for at least 10 ps. All these AIMD
simulations were performed at constant volume, and the latter
was resized isotropically (i.e.,, by variations of +0.1 A along
each Cartesian direction) at intervals during the equilibration
so as to counterbalance the calculated total pressure. The
energy cutoff for these calculations was set to 300 or 400 eV.
For the optimization of atomic positions and cell parameters at
0 K, we used an energy cutoff of 520 eV and a I'-centered
Monkhorst—Pack k-point grid with density 1000/(number of
atoms in the unit cell). Pair distribution functions, G(7) (A™2),
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of the DFT optimized amorphous structure models were
computed usin% the library srreal developed in the software
package DiffPy’* for the study of the atomic structure of
materials. Structure drawings were produced using the software
Vesta.”

To determine the Li* mobility, we performed AIMD
simulations at constant volume and temperature T between
700 and 1300 K for at least 100 ps. The high temperatures are
required to speed up Li* diffusion and thus reduce the
simulation time. Ionic conductivities ¢ are calculated as

2
Nize

= ' D
Vi, T

o

(1)

with e the elementary charge and kg the Boltzmann constant. D
is obtained from the net Li-ion motion:
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where r,(t) is the instantaneous position of the ith Li ion and
the angular brackets indicate ensemble averaging over initial
configurations. When Li ions are the only mobile charge
carriers, eq 1 is equivalent to the Green—Kubo correlation
function for electrical conductivity, which takes into account

cross-particle correlations.** ™’ Indeed, D in eq 2 includes
both the independent Li-ion contribution

N,
1 Li
Aself(t) = Z l;;(t) - Z(O)lz
Ny 5 3)
and the interaction between different Li ions, namely
1 Ny Ny
Across(t) = Z Z [;:(t) - Z(O)][;;(t) - ;;(0)]
Ny i3 e
i=1 j#i=1
(4)

Equation 3 defines the mean-square displacement (MSD) of
Li* over time t, which is related to the self-diffusion or tracer
diffusion coefficient D* as follows:

D* = lhm <Aself(t)>

6t—co t (5)

In practice, at each T, the values of D* and D are obtained
from a linear fitting of the displacement terms A (t) and
[Ap(t) + Aqoss(t)] vs t, using the maximum smoothing
technique implemented in the Python Materials Genomics
(pymatgen) toolkit*~** and averaging over trajectory intervals
of 30 ps. No melting transitions take place in this time scale, as
verified from the root-mean-square displacement (RMSD) of
the P atoms (center of the phosphate tetrahedra) being of the
order of 1-2 A at the highest temperatures. Li-ion displace-
ments are calculated with respect to the center-of-mass of the
framework, which includes all non-Li ions. Room-temperature
conductivities and activation energies are extracted from
Arrhenius plots of D.

To characterize the spatial and temporal distribution of the
Li ions, we calculated the van Hove self-correlation function:*

G(F) ) = - 37 (3(F = I7(6) = 7O

Li =1 (6)
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where & is the Dirac delta function. G,(7t) defines the
probability distribution that at time ¢ an ion is found at a
distance r from its initial position.

2.2. Calculation of Defect Formation Energies for N-
Doped Lithium Phosphate. Besides AIMD simulations,
static energy calculations have also been performed to
characterize the energetics of different types (and concen-
trations) of N defects in crystalline Li;PO,. Defect formation
energies for the insertion of N into Li;PO, are estimated using
N-doped near-ground-state crystal structures identified
through the combination of a genetic-algorithm (GA) and
machine-learning potential (MLP) energy calculations. Details
about the coupled GA-MLP method can be found elsewhere.**
In short, this approach serves as a computationally optimized
method for sampling potential energy surfaces and can be
outlined as follows: (i) a number of N-doped crystal structure
configurations is generated with the GA, starting from a
supercell of Li;PO, with 16 formula units (128 atoms); (ii) the
energies of these defected structures are calculated using a
specially trained MLP for fast screening; (iii) the 30 structures
with lowest energy among those sampled with the MLP are
selected and their energy accurately recalculated at the DFT-
PBE level; and (iv) the structure with the lowest DFT energy is
then reinjected at the beginning of the GA process to generate
new configurations, and the process restarts until the
convergence criteria are met.

All MLP simulations were performed using the atomic energy
network package.*> We employed an atomistic MLP based on
artificial neural networks (ANN) with two hidden layers and
each 15 nodes with hyperbolic tangent activation functions. A
Chebyshev expansion of the radial and angular distribution
functions with 18 basis functions each (giving a total descriptor
size of 36) was used to map the local atomic environment,*® so
that the total number of ANN weights is 811. The MLP was
trained on the DFT energy of around 20000 LiPON related
structures and cross-validated on an independent test set
comprising 2200 additional structures, giving a root-mean-
squared error of 7.15 meV/atom and a mean absolute error of
5.31 meV/atom relative to the DFT reference energies (see
Figure S1 in the Supporting Information). The corresponding
training set errors are 5.27 and 4.60 meV/atom.

All low-energy structure models identified with the GA-MLP
approach for different types and concentrations of N defects
have been fully relaxed at the DFT level and then used to
calculate the defect formation energies discussed in what
follows. Some of these DFT-relaxed near-ground-state defected
structures have also been used as initial guesses for the AIMD
melt-and-quench process described in section 2.1 for the
generation of amorphous LiPON structures with the same
composition.

2.3. Exploration of the Compositional Space of LiPON
Compounds. Li,PO,N, compounds can be mapped onto a
multidimensional compositional space as represented in the
phase diagram in Figure 1. Typical compositions of amorphous
LiPON electrolytes display coeflicients x & 3, z < 0.5, and 3 <
(y + ) < 4, which place them close to the stoichiometry of the
orthophosphate precursor, Li;PO,, normally used as sputtering
target. Occasionally, crystalline LiPON samples have also been
synthesized by solid-state reaction, e.g., Li, gsPO3 73Ny 14 from a
mixture of Li;N and LiPO,* and Li,PNO, from a mixture of
Li,O, P,0s, and P,N,.*’

Assuming that all N enters the Li,PO N, structure as N*,
charge balance requires that x = 2y + 3z — 5. This condition
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Figure 1. Phase diagram showing relevant LiPON-related composi-
tions in the Li,PON, space. While normal bulk oxynitrided
phosphate glasses are obtained from LiPO; melts, amorphous
LiPON thin films are usually fabricated by radio-frequency magnetron
sputtering of Li;PO, targets. Starting from the Li;PO, stoichiometry,
N substitutions might occur along and between three binaries
indicated by the dashed lines, i.e, Li;PO,—Li,PN,, Li;PO,—LiPN,,
and Li;PO,—PNO. See the text for details.

signifies that the composition of LiPON electrolytes is
determined not only by the amount of N doping but also by
the anions to P ratio, which depends on whether N for O
substitutions in Li;PO, lead to the condensation of phosphate
tetrahedra.

Spectroscopic studies suggest that N can be present in
both apical (N,) and bridging configurations—either doubly
coordinated (Ny) or triply coordinated (N,) by P atoms, which
are schematically represented in Figure 2. Hence, we

4 ¥y

Figure 2. Schematic representation of possible N configurations in
phosphate structures: apical N (N,), double bridging N (Ng), and
triple bridging N (N,). Color code: N (blue), P (gray), and O (red).

1,10,20

distinguish three types of N for O substitution that may take
place in Li;PO,, the corresponding pathways being indicated
by the dashed lines in the phase diagram in Figure 1: (1) N, is

formed by a simple 1N:10 substitution, ie., (N>~ + Li*) <
0%, which leaves the (O + N):P ratio constant at 4 and is
accompanied by the insertion of excess Li* along the binary
Li;PO,—Li;PN,. (2) Ny bridges are formed by N*~ < (20>™ +
Li*) substitutions, which generate deficiencies in both Li and
anion contents with respect to the Li;PO, reference. Full 1-
and 3-dimensional double-bridging condensations lead to
compositions Li,PNO, and LiPN,, respectively. (3) N, bridges
are formed along the binary Li;PO,—PNO by N*~ < (30%™ +
3Li*) substitutions, which again entail a decrease in the (O +
N):P ratio (y + z < 4) as well as in Li content. In addition to N
for O substitutions into Li;PO,, Li and anion contents may be
modified also by incorporation of extra Li,O (or Li;N) in the
structure, which would shift the composition to the lower right
side of the phase diagram.

Hence, it is seen that there are at least three independent
compositional variables associated with the incorporation of N
into Li;PO,, and these are the Li content, the N content, and
the ratio (O + N):P. To assess their impact on the electric
behavior of LiPON electrolytes, in this work we have generated
and studied various amorphous models with stoichiometries
that reflect variations across all three axes while remaining
close to experimental compositions. Specifically, we will
consider compositions with 3.7—4.5 at. % N and different
anion to P ratios to explore the potential of condensation
between phosphate units along with the presence of Li excess
or deficiencies.

3. RESULTS

Table 1 summarizes ionic conductivities and activation
energies calculated for the various amorphous LiPON structure
models produced for this work. Experimental data®***’
collected on amorphous LiPON electrolytes are reported for
comparison.

We note that the agreement between calculated and
experimental data is generally fairly good. Differences might
be explained with the limits of the computational model (e.g,
short length and time scales), the slow convergence of the
diffusion coefficients with the simulation time, and the
uncertainty associated with fitting displacement terms vs
time data and extrapolating the room-temperature diffusivity
from much higher temperatures. However, in the following we
will rather focus on the relative comparison between the
calculated structures, by investigating separately the effect of

Table 1. Diffusivity Coefficients D (cm?/s), Conductivities ¢ (S/cm), and Activation Energies E, (meV) Extrapolated at Room
Temperature for Amorphous Structure Models from AIMD Simulations and Corresponding Atomic Percentage of N (at.% N),
Number of Apical N (# N,), Number of Double Bridging N (# Ny), and Density p (g/cm?); Experimental Data on Amorphous

Electrolytes Are Reported at the Bottom for Comparison

at. % N #N, # Ny p D c E,
computed
Li; 6oPO;335No 31 4 1 4 2.04 5% 10710 93 x 107° 447
Li, ,PO; 50Np 31 4 2 3 233 7 x 10710 1.5 x 107* 405
Liy5;PO;4Np 3, 4 3 2 2.30 3% 1072 6.6 X 1077 560
Li; 33PO; 6,Np 3 5 6 0 231 2% 10712 5.6 X 1077 570
experimental
Liz.7P03.91 0 7.0 x 1078 670
Li, 4PO,**%° 0 6% 10713 2-4x1077 550—580
Li3.1P03.8N0.164 2 2.0 X 107° 570
Li; sPO; Nosy" 3 24 X 107 560
Li; gPO; 3Ny 46" 6 33 % 107 540

DOI: 10.1021/acs.chemmater.8b02812
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amorphization, excess Li and N doping on the Li-ion
conductivity.

3.1. Effect of Amorphization. There are two well-
characterized crystalline forms of Li;PO, which are labeled
and y. Both have orthorhombic cells with isolated phosphate
units whose relative orientation distinguishes the two
polymorphs. Here we will focus on the y form, which is the
one usually adopted as target in the magnetron sputtering
process for synthesizing LiPON thin films.

Ivanov-Shitz et al.’' measured the ionic conductivity of y-
Li,PO, to be 6 = 4.2 X 1078 S/cm (E, = 1.2 V), which is
about 10 orders of magnitude smaller than the room-
temperature conductivity measured for the amorphous phase,
a-Li,PO, (6 ~ 107~1077 S/cm, E, = 550—670 meV)."***’ In
line with these experimental data, recent molecular dynamics
calculations using a machine-learning-based DFT-trained
neural network potential to allow for long time scale
simulations provided an effective activation energy for a-
Li;PO, of 590 meV.”” In confirmation of the extremely poor
ionic conductivity of y-Li;PO,, Du and Holzwarth™ calculated
activation energies on the order of 1—1.3 eV, which include an
important contribution from the formation energy of
interstitial and vacancy defects. They also noticed that the
introduction of interstitial Li defects should provide the most
efficient ion transport mechanism, with migration barriers
obtained from nudged elastic band calculations as small as 0.3
eV. As for our calculations, an AIMD trajectory of 120 ps was
not enough to reach appreciable MSD of Li" ions in y-Li;PO,,
even at high temperatures (1100 K), which is consistent with
very low intrinsic Li-ion conductivity in y-Li;PO,.

For our amorphous structure model we have adopted the
perfect Li;PO, stoichiometry, although compositions reported
for lithium phosphate thin films are often off-stoichiomet-
ric'°** due to the loss of Li,O or the introduction of excess
Li,O during the synthesis process. We avoided such composi-
tional defects to better deconvolute the amorphization effect
on the Li" conductivity of Li;PO, from other factors of
potential influence, like the condensation of PO, tetrahedra
into P,0O, dimers, which would be promoted by O deficiencies,
or the presence of excess Li and isolated O in the structure.

The calculated MSD vs time shows the Li* diffusivity in a-
Li;PO, to be clearly higher than in p-Li;PO,. Figure S2
compares Li* MSD vs ¢ plots in a-Li;PO, and y-Li;PO, at 1000
K as an example. However, a-Li;PO, is still too poor a
conductor to allow to confidently estimate its room-temper-
ature conductivity using AIMD trajectories of a few tens of
picoseconds. The RMSD of Li* ions in a-Li;PO,, averaged over
intervals of 30 ps, gets through the distance between first Li—Li
neighbors (centered at about 3 A) only by raising T to 1000 K,
at which the RMSD = 4 A and the diffusion of Li* is still quite
sluggish. Moreover, at higher temperatures the Li" self-
diffusivity displays a nonlinear behavior as is sometimes
observed in polymeric or amorphous materials near the glass
transition.”> Given the complexity of the case, we rely on the
difference between a-Li;PO, and y-Li;PO, in the calculated Li*
MSD vs t as indicator of higher ionic mobility in a-Li;PO,—
being also supported by the above-mentioned, previously
reported experimental and theoretical data—and investigate
below the structural variations that can justify such a
difference.

3.1.1. Structural Density. The pair distribution function
(PDF) computed for the DFT-relaxed model of a-Li;PO, is
shown in Figure S3 along with the corresponding structure
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function of the scattering vector (_i, S((_i)_) Our amorphous
lithium phosphate, a-Li;PO,, has a density p, = 2.0 g/cm’,
which falls within the uncertainty associated with the
experimental value measured by Kuwata et al,* ie, 2.2 +
0.2 g/cm’. p, is ~20% lower than the density of y-Li;PO, (2.4
g/cm?), and it has been suggested that such a more “open
structure” of the amorphous phase might partially account for
the increment in Li-ion conductivity.5

3.1.2. Geometry and Connectivity of PO, Tetrahedra.
Similarly to y-Li;PO,, the structure of a-Li;PO, is characterized
by isolated PO, units with almost regular tetrahedral geometry.
Figure S4 compares P—P and P—O partial PDFs of the DFT
optimized structures of a-Li;PO, and y-Li;PO,. From the P—P
PDF plots it is seen that P atoms in a-Li;PO, are separated by
a minimum distance over about 4 A, just as in the crystal
phase. The P—O PDF plots show a perfect match between
amorphous and crystal phases on the first P—O neighbors
distance centered around 1.7 A. Moreover, a-Li;PO, shows a

OPO angle distribution of 109.4 =+ 2.5°, which is very close to
the value of 109.5 + 0.5° in y-Li;PO,. These data indicate that
a-Li;PO, is made of PO, units forming regular tetrahedra.
3.1.3. Orientational Correlation between PO, Tetrahedra.
One major difference between a-Li;PO, and y-Li;PO, lies in
the orientational correlation between the PO, tetrahedra as
obtained following the classification proposed by Rey.”” A pair
of regular PO, tetrahedra can be classified according to the
number of O atoms that fall in between two parallel planes
passing through the P centers and perpendicular to the line
joining them. One PO, group might expose a corner (10), an
edge (20), or a face (30) toward the other PO, tetrahedron,
and this generates six possible pair combinations: corner-to-
corner (1:1), corner-to-edge (1:2), corner-to-face (1:3), edge-
to-edge (2:2), edge-to-face (2:3), and face-to-face (3:3).
Figure 3 plots distance-dependent fractions of each of the six
classes in a-Li;PO, and y-Li;PO,, sampled with a spacing of 1
A. The amorphous phase reveals some short-range orienta-
tional order signaled by distinct fluctuations at distances r < 7
A, while at larger distances the random orientation (disorder)
limit is approached. Similarly to the crystal phase, a-Li;PO,
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Figure 3. Orientational correlation between PO, tetrahedra in a-
Li;PO, and crystalline y-Li;PO,. Different curves represent different
configurations of PO, pairs: corner-to-corner (1:1), face-to-face (3:3),
corner-to-face (1:3), edge-to-edge (2:2), edge-to-face (2:3), and
corner-to-edge (1:2).
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displays a clear prevalence of face-to-face orientations at very
short r, followed by edge-to-face orientations. The weight of
face-to-face and edge-to-face configurations drops rather
quickly between 4 and S A distance, while 2:2 and 1:2
configurations increase to account for about 40% of the PO,
pairs each. At 6 A the most probable configuration is corner-to-
edge, and this completes the shell of first P—P neighbors
represented by a broad peak between about 4 and 6 A in the
corresponding partial PDF of Figure S4. For distances r > 7 A
the amplitude of the oscillations fades, and the 2:2
configuration becomes prevalent with about 40% of the PO,
pairs as analytically predicted for random orientations.”’
3.14. Li Coordination Environment. The orientational
disorder of the tetrahedra in the amorphous phase a-Li;PO,
creates significant differences in the average environment of Li*
as compared to the crystal case. Figures 4a and 4b compare

(b)
Li-P

L] ] sem— a—Li3PO4
Sep— Y-Li3PO4

r (4)

Figure 4. Li coordination environments in (a) y-Li;PO, and (b) a-
Li;PO,. The crystal form, y-Li;PO,, has two independent Li sites
(labeled as Lil and Li2), each being coordinated by four O atoms
from as many PO, units. In the amorphous case, a large fraction of
LiO, tetrahedra shares one edge with a PO, unit as shown in (b). The
lower panel (c) shows the Li—P partial PDF calculated for amorphous
and crystalline Li;PO, phases.

typical Li coordination environments in y-Li;PO, and a-
Li;PO,, respectively. The crystalline structure shows two
distinct Li sites, both of tetrahedral LiO, type. Similarly, in the
DFT-optimized structure of a-Li;PO,, Li is mainly found in
pseudotetrahedral coordination by O atoms, the average
coordination number calculated from a Voronoi analysis’®
being about 4. For the sake of simplicity, from now on we will
refer to the Li coordination polyhedra in a-Li;PO, as to LiO,
tetrahedra, even though we note that there are individual sites
in the amorphous structure that appear to be either under- or
overcoordinated.

A significant difference between y-Li;PO, and a-Li;PO, lies
in the P distribution around Li. In fact, while in y-Li;PO, the
four O atoms surrounding Li come from as many PO, units,
the DFT optimized structure of a-Li;PO, displays more than
70% of its LiO, tetrahedra sharing one edge with PO, units. By
comparison between the partial Li—P PDF of y-Li;PO, and a-
Li;PO, reported in Figure 4c, it is seen that the edge-sharing
between LiO, and PO, tetrahedra in a-Li;PO, places Li" and
P**" in closer proximity to each other. Based on Pauling’s rule
on the instability of edS%e—sharing (and face-sharing) polyhedra

in ionic compounds,”™ such a proximity would induce a
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destabilization of the Li sites that might contribute to the
conductivity improvement in a-Li;PO, over y-Li;PO,.

To obtain an estimate of the energy difference between
edge-sharing and crystal-like Li sites, we calculated the
difference between the energies required for the extraction of
Li atoms from various sample positions in a-Li;PO,. For each
Li atom removal, we performed a single-point energy
calculation (without geometry optimization to avoid sub-
stantial cell restructuring) and found that the extraction of Li
from edge-sharing sites is generally favored by an energy
difference that may vary from ~50 meV to >1 eV. This
indicates that edge-sharing Li sites are destabilized compared
to crystal-like Li sites and therefore potentially more mobile. In
addition, undercoordinated and overcoordinated Li sites may
also be destabilized over crystal-like sites by as much as 1 eV.

The differences in Li* coordination environment between a-
Li;PO, and y-Li;PO, are maintained also during the AIMD
simulations. Figure S displays statistical pictures of the

| a-Li3 PO4

40 1 V-Li3PO4

30

Li count
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#PO4 edge-sharing
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201

Li count

151

104

o LI . .

2 3 4 5 6
#0 coordinating

Figure S. Statistical averages calculated for a-Li;PO, and a-Li;,sPO,
over sample trajectories of 10 ps at 1000 K. The upper panel shows
the average amount of LiO,—PO, edge-sharing within a maximum
Li—P distance of 2.7 A. The lower panel displays the average number
of O coordinating Li within a distance of 2.5 A.

corresponding Li coordination environments along sample
trajectories of 10 ps at 1000 K. The top panel shows the
average amount of edge-sharing between LiO, and PO,
tetrahedra, whereas the bottom panel reports the average
number of O atoms coordinating Li within a 2.5 A distance,
which roughly encloses the first Li—O neighbors as seen from
the partial Li—O PDFs in Figure SS. It is seen that substantially
more edge-sharing (about 20% of the Li content) and
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undercoordinated Li ions (above 40%) are present in a-Li;PO,
than in y-Li;PO,. Similar amounts of edge-sharing and of
undercoordinated Li ions in a-Li;PO, are verified for multiple
sample trajectories starting at different points along the
simulation time and spanning over different time lengths
(see Figure S6). This result indicates that Li ions of the
amorphous phase are found within an average coordination
environment that is more destabilizing than the one in the
crystal phase.

3.2. Effect of Excess Li. To evaluate the effect of excess Li
on the ionic conductivity of amorphous lithium phosphate
without structural modifications from the charge compensating
dopant (e.g, N*7), we have introduced about 8% excess Li" in
the model structure for a-Li;PO,, generating amorphous
nonstoichiometric a-Li;,PO,. Excess Li ions were inserted
into a-Li;PO, at low energy empty sites identified through
Voronoi analysis and classical interatomic potential site energy
evaluation and compensated by a uniformly charged back-
ground for subsequent DFT geometry optimization. The
uniform background charge is a technique commonly adopted
for charged defect calculations in DFT.”®" The same
procedure was also used to run subsequent AIMD diffusivity
simulations.

The calculated MSD vs time reveals a greater mobility of the
Li* ions in a-Li;,sPO, with respect to stoichiometric a-Li;PO,.
In fact, a-Li; ,sPO, shows an average Li* displacement within a
30 ps time window which exceeds the distance between nearest
Li neighbors (see the partial Li—Li PDF in Figure S7) already
at 900 K, RMSD =~ 4.2 A, whereas at 1000 K the average
distance covered by Li* in 30 ps surpasses 6 A. This difference
in Li* mobility between stoichiometric a-Li;PO, and a-
Li; ,sPO, may be attributed to the fact that a-Li;,sPO, has a
larger number of potential charge carriers, but closer analysis
suggests an additional, more subtle role of the excess Li in
affecting both structure and ionic mobility.

The relaxed Li-excess structure has a density p,., = 2.3 g/
cm®, which is higher than the density of stoichiometric a-
Li;PO,, so that one might exclude the above-mentioned “open
structure” factor for improving Li-ion diffusion. On the other
hand, the combination of the higher structural density and Li
content of a-Liy,PO, yields a distinction in the density of
nearest Li—Li neighbors with respect to a-Li;PO, (Figure S7).
Figure 6 shows that the average number of Li neighbors within

B a-LisPOs

16 a-Li3 25P04

12

Li Count

#Li neighbors

Figure 6. Average Li—Li neighbors density distributions calculated for
a-Li;PO, and a-Li;,sPO, over sample trajectories of 10 ps at 1000 K.
Li neighbors were selected within a sphere of radius 3.0 A around
each Li.
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3 A distance around each Li increases from 2 in a-Li;PO, to 3
in a-Liz,5PO,. The presence of a larger number of short-range
Li—Li interactions in the system with excess Li might
contribute to increase the average energy of the Li sites and
thus enhance the Li* mobility.

3.3. Effect of N Doping. An example of a calculated
amorphous LiPON structure is shown in Figure 7, with some

Figure 7. Example of amorphous LiPON structure of composition
Liy 94PO;5)Ny3, obtained from AIMD simulations. Li (green), P
(gray), O (red), N (blue); P(O,N), tetrahedra are drawn. Examples
of N atoms in N, and Ny configurations are highlighted.

apex-substituted N (N,) and some double bridging N (N,)
highlighted. No triple bridging N (N,) is ever observed in our
amorphous structures. Only in one case (LiyPO5,35Ny3;) did
the simulated annealing lead to a structure containing a P—O—
P bridge.

Arrhenius plots of the Li-ion diffusivity calculated for the
different amorphous LiPON structures are shown in Figure S8.
From the ¢ values reported in Table 1 it is seen that in
accordance with experimental observations the conductivity of
N-containing amorphous structures is generally higher than the
conductivity of a-Li;PO,, though there is considerable
variation depending on how N is substituted.

Below we investigate first the relative energies of the
different N configurations observed in the amorphous LiPON
structures and then the effect of these N structures on the
coordination environment and local interactions of Li ions, so
as to uncover their influence on the Li-ion mobility. We find
that the diffusion of Li" is favored by bridging Ny
configurations, which however compete with the increase in
charge carriers provided by N, substitutions. Moreover, the
energetically favored Ny condensation can cause the release of
isolated O anions in the structure, which will be shown to slow
down the movement of neighboring Li ions.

3.3.1. Formation Energies of N, and N, Configurations. In
section 2.3 we have identified three possible N for O
substitutions in Li;PO,. The significant reduction of both Li
and anion content implied by substitutions of type 3 makes
these substitutions unlikely in LiPON thin films, which have
typical compositions close to the orthophosphate stoichiom-
etry. This observation is in line with the absence of triple N
bridges in our model structures. Instead, substitutions of type 1
and 2 maintain the ratio Li:P ~ 3 and may be favored over
each other depending on the composition (i.e., Li excess or
deficiencies, anions to P ratio) and the associated “defect”
energy.
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For a more quantitative characterization of the energetics of
formation of N, and Ny, we have built a DFT phase diagram
(Figure 8) including N-doped near-ground-state phosphate

LioPO,N
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Figure 8. DFT phase diagram for LiPON near-ground-state crystal
structures with N, (green points) and Ny (orange points) defects as
identified with the GA-MLP method. All defected structures lie above
the hull; ie., they are thermodynamically unstable and eventually
decompose into Li;PO, Li,PNO,, and Li,O. Defect formation
energies corresponding to such decompositions are plotted in the
right panel, showing that Ny defects are energetically favored with
respect to N, defects.

structures identified using the GA-MLP method to sort
through a number of possible candidates. Charge-balanced
N, defects were introduced in crystalline Li;PO, by
substitution of [N + Li]*~ for O*~ along the Li;PO,—Li,PN,
binary (green points); Ny defects were generated by
substituting N*~ for [20 + Li]*~ along the Li;PO,—Li,PNO,
binary (orange points). In each case, both atomic positions and
lattice parameters were relaxed at the DFT level of theory.
Defect formation energies are defined with respect to the
competing equilibria:

E(N,) = E(Li,, PO,_,N,) — (1 — x)E(Li,PO,)
— xE(Li,PNO,) — xE(Li,0)

E((Ny) = E(Li, PO, ,,N,) — (1 — x)E(Li,PO,)
— xE(Li,PNO,)

where the DFT minimum-energy structures of crystalline
Li,PO, (Pnma), Li,PO,N (Cmc2,), and Li,O (Fm3m) have
been used. A plot of the calculated formation energies is shown
in the lower panel of Figure 8.

Comparison between E{N,) and E{Ny) shows that Ny type
configurations are generally favored over N, by a few hundred
meV, which is in agreement with the trend previously reported
by Du and Holzwarth®® although the scale of the energy
difference is much smaller in our case. The reason for such
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discrepancy is due to the fact that Du and Holzwarth*
adopted a model of constant stoichiometry for both defects,
which implies that the substitution of O with N, is
accompanied by the formation of a P—O—P bridge as an
additional defect in the same structure. Anyways, the relatively
small difference between the calculated E{N,) and E¢(N,)
makes both N, and Ny likely accessible via the magnetron
sputtering process used to synthesize LiPON thin films, which
involves temperatures of the order of thousands of K and
colliding particles with kinetic energies between hundreds of
eV and several keV.%>

3.3.2. Structural Density and Li Coordination Environ-
ment. As expected given their amorphous character, all the
calculated LiPON structures display edge-sharing between
Li(O,N), and P(O,N), tetrahedra to an extent that ranges
from about 20% to nearly 40% of the relative Li sites (averages
over 10 ps sample trajectories at 1000 K). In addition, an
average amount of around 30—50% of the Li sites is found to
be under- or overcoordinated. We note that the highest
percentages of Li(O,N),—P(O,N), edge-sharing and of under-
or overcoordinated Li sites are associated with the most
conductive structure here studied, i.e., Li,,PO5oNps;.
Correspondingly, structures with reduced conductivity like
Li; 3,PO; 40Ny, and Liy33PO; N3¢ are characterized by the
lowest deviations from a crystal-like Li-ion environment, which
signals also a lower degree of amorphization.

Density values obtained after full geometry optimization of
the amorphous LiPON structures range from 2.04 g/ cm?
(Lip6PO335No31) to 2.33 g/cm3 (Liz.04PO350Ng3;) (see
Table 1) to be compared with an average density of 2.3 g/
cm® measured for a typical LiPON thin film.”® Most of these
structural densities are higher than the density of stoichio-
metric a-Li;PO,, which again excludes the amorphous “open
structure” factor as being decisive for enhancing the ionic
conductivity in LIPON electrolytes.

Instead, it appears that the density of the structure rather
relates to the density of nearest Li—Li neighbors (see the
corresponding partial PDFs in Figure S10 for reference).
Figure 9 shows a histogram of the amount of Li ions that can
be found within 3 A distance from a given Li* for
Li, 4oPO335Ng3; and Liy 0,PO;50Ng3. The first compound
has a density close to a-Li;PO, (2.0 g/cm®) while the density

B Li; 0POs 3No 31

16 .
Li2 04PO3 50No 31

12

Li Count

#Li neighbors

Figure 9. Average Li—Li neighbors density distributions calculated for
LiPON structure models of compositions Li,¢PO;35Ng3; and
Li, 9,PO;35)Ng3, over sample trajectories of 10 ps at 1000 K. Li
neighbors were selected within a sphere of radius 3.0 A around each
Li.
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of the second compound is comparable to the Li-excess a-
Liy,sPO, (2.3 g/cm?). Analogously to what was shown in
Figure 6, the two normal distributions in Figure 9 are shifted
with respect to each other: the mean value is ~2 for
Li, oPO535Ng3; while it is ~3 for Li,g,PO;50Ng3;. The
other LiPON structures are close to the latter in both density
and average number of close Li—Li neighbors.

The tendency of N to form bridges between phosphate
groups promotes the condensation of the structure inducing a
compaction effect. This compensates for Li deficiencies in
Li, 4oPO;3sNo3; and particularly in Li, g,PO;3Ny3;. In
addition, a compaction effect on the phosphate structure is
seen also where N doping introduces excess Li, as confirmed
by the example of Li; 33PO;¢,Nj 35 in which no N bridges are
formed. The greater structural density of LiPON compounds
leads to a higher short-range density of Li—Li neighbors, which
might contribute to the increased mobility of the Li ions and
therefore also to the increase in conductivity with respect to a-
Li,PO,.

3.3.3. Local Interactions of Li lons with N and Phosphate
O. We have analyzed local Li—N and Li—O interactions in
terms of how strongly the anions act to confine the movement
of Li ions. We get a measure of the strength of the local
interactions between Li and a given atom X by measuring the
time Li* remains in the neighborhood of X (here defined as a
sphere of radius r = 2.5 A centered around X) once it has
entered there.

We refer to Li* entering the sphere of influence of X as an
“event” and focus on Li, ¢,PO;(Nj3;, which is the structure
with highest conductivity among those investigated. We have
calculated the fractions of events that happen during an AIMD
simulation of 30 ps at 1000 K around the five different N
atoms in its unit cell, i.e, 2 N, and 3 Ny

At a delay time ¢ = 30 ps, the van Hove correlation function
defined in eq 6 shows maxima at about 5 A and above (see
Figure S9), meaning that, with a high probability, a Li ion has
already traveled a distance r > S A in 30 ps. Because a distance
of § A is well beyond the nearest-neighbor distance between Li
(about 2.8 A, see the Li—Li partial PDF in Figure S10), we can
consider the events happening in this time window as being
independent of each other. Figure 10 (top panel) plots the
fraction of events happening around N atoms in
Li, 9,PO50Np3; as a function of simulation time. It is seen
that N shows lower anchoring power on Li* than N, and thus
smoothes the Li-ion mobility: about 80% of the events around
Ny lasts less than 0.2 ps, whereas it can take more than 0.5 ps
for the same amount of events to happen around N, the
results being quite consistent within each group of N. Note
that the average number of events is roughly the same for N,
(396) and Ny (360), but the sum of the times of all events is
on average more than doubled for N, (132 ps) vs Ny (53 ps).
Average residence times of Li* at the different N sites are
therefore about 0.33 ps for N, and 0.15 ps for Ng.

The difference in anchoring power between N, and Ny
might be explained by the fact that Ny has saturated its atomic
valence forming covalent P—N and P=N bonds that reduce its
electron charge (7.112—7.147¢, as obtained from Bader
analysis”* on the DFT optimized structure using a 160 X
168 X 168 grid) with respect to N, (7.154—7.162¢) and thus
interacts less strongly with Li* than N,. Moreover, the presence
of two phosphate groups near Ny adds a steric encumbrance
factor which reduces the space for the interactions with Li".
Figure 10 (bottom panel) shows that Ny attracts Li* less
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Figure 10. Fraction of events happening around N and O atoms in
Li, 9,PO350Np3; during a simulation time of 30 ps at 1000 K
(semilogarithmic plot in the inset). An event is defined as one Li ion
entering a sphere of radius r = 2.5 A (sphere of influence) around the
atom. The top panel compares different types of N: there are 2 N, and
3 Ny species in the structure, represented in red and green,
respectively. The bottom panel compares Ny atoms (green) with
phosphate O atoms (blue).

strongly also than regular phosphate O, as expected from the
higher electronegativity of the latter. In contrast, no significant
difference is found between N, and O.

Therefore, in agreement with the electrostatic argument
presented in section 1, we confirm that Ny bridges favor the
mobility of Li ions in LiPON electrolytes due to the formation
of strong covalent bonds between P and N that reduce the
overall attraction exerted on Li". This finding explains the
relatively low value of o for Li;34PO54,Nj g, as it is the only
amorphous LiIPON model in our investigation which does not
display Ny species (only N,). We find no evidence that the
presence of Ny bridges establishes preferential pathways for the
migration of Li". This is probably because N bridging
condensation is generally limited to pairs (or at most triplets)
of phosphate units and does not create the extended phosphate
chains that would be needed to achieve percolation along Ny
bridges.

3.3.4. Presence of Isolated O. An additional important
factor relating to N insertion in lithium phosphate is the
possible formation of isolated O anions in the structure.
Isolated O, namely O*” not covalently bonded to any P, is
distinguished as being surrounded only by Li* and not being
bonded to any P within a distance r < 2 A, which comprises
intratetrahedral P—O distances (see for instance the first
neighbors peak in the partial P—O PDF in Figure S4). When
the (O + N):P ratio is kept fixed at 4, the tendency of N to
form Ny bridges can create isolated O~ anions during the
simulated annealing. This was observed in our amorphous
model for Liy3;PO; N5 within a cell of 133 atoms, 5 of
which are N, 2 N bridges are formed and as many isolated O
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released as shown in Figure S11. In the case of
Liz3;PO5 4N, the isolated O anions formed in an AIMD
melt-and-quench process during an equilibration period of
80—90 ps at 3000 K and exist thereafter over a time scale of
about 102 ps, corresponding to the overall simulation time of
the applied stepwise cooling procedure. They are also
maintained by the DFT structure relaxation performed at the
end of the AIMD simulation.

To understand whether isolated O and O in regular
phosphate units affect the Li* mobility differently, we have
monitored their local interactions. Figure 11 compares the
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Figure 11. Fraction of events happening within a cutoff distance of
2.5 A around the two isolated O atoms in Liy3,PO;Ny3; during a
simulation time of 30 ps at 1000 K (semilogarithmic plot in the inset).
Comparison with as many regular phosphate O atoms in the same
structure is made. Isolated O and phosphate O are represented in red
and blue, respectively.

statistical time that Li" resides in the neighborhood of isolated
O (red) and phosphate O (blue) during a sample AIMD
simulation of 30 ps at 1000 K. The isolated O are essentially
stationary (their displacements along the trajectory vary
between 0.5 and 0.9 A) and clearly exert greater constraint
on the migration of the Li* than normal phosphate O. Hence,
isolated O embedded in the structure has a negative effect on
the Li" mobility, and this explains the relatively low
conductivity of Lis 3;PO5 4Ny 3;. A similar effect of suppression
of Li* migration has been attributed also to isolated S anions in
Li,S—P,S; glass electroly’ces.65

Further indirect proof that isolated O~ suppresses the ionic
conductivity was obtained by calculating ¢ for a modified
Liy 3;PO5 4Ny 3, structure where the isolated O are removed as
either (i) Li,O or (ii) O*” anions (with background charge
balance). In case (i) o turns out to be lower (2.0 X 1078 S/
cm), presumably due to the lower Li content, which further
supports the importance of excess Li; in case (ii), instead, o is
increased to 5.9 X 107 S/cm.

4. DISCUSSION

Because of their outstanding electrochemical resistance and
reasonably high room-temperature Li-ion conductivity, LIPON
electrolytes have been widely used in thin-film batteries.
Despite the importance of these materials and the numerous
reports on the subject, no mechanistic understanding has been
established in the literature. In this paper we bridge this gap
using ab initio molecular dynamics simulations on well-
controlled and characterized LiPON models to determine
the effect of both structural features (i.e., amorphization,
bridging and nonbridging N configurations) and compositional
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factors (Li content, anions to P ratio, presence of isolated O)
on the Li* conductivity.

The same models served also in a separate work® to solve
the challenging task of characterizing the amorphous structure
of LiPON. Indeed, comparisons with neutron scattering and
infrared experiments reveal excellent agreement, further
supporting the validity of the present results.

A first outcome from our research is that the amorphization
of the Li;PO, structure improves the conductivity, even
without compositional modifications. This is due to the
induced modification of the Li environment. The orientational
disorder of the PO, tetrahedra smooths the potential energy
surface for the diffusion of Li* ions by destabilizing a number
of Li sites. A statistical analysis (Figure 5) shows that a non-
negligible fraction (>20%) of Li* polyhedra shares an edge
with PO,, which destabilizes the Li" site due to the greater
proximity between Li* and P**. Moreover, numerous Li sites
are found to be either under- or overcoordinated, which
further contributes to increasing their energy, thus lowering the
activation barrier for the Li* migration. Notably, Du and
Holzwarth™ have shown that a major obstacle to Li* diffusion
in crystalline y-Li;PO, is the formation of vacancy—interstitial
pair defects: a considerable energy input (E; &~ 1.7 eV) is
required to displace one Li ion from the deep potential well
where it sits in the crystal, whereas migration barriers can be as
low as 0.3 eV.

The idea that a portion of Li ions is mobilized by a
destabilizing coordination environment agrees with the
observation made by Fleutot et al>* through "Li NMR
measurements that only a fraction of the Li content in LIPON
electrolytes is effectively mobile and participates in the
conduction mechanism.

Another factor that promotes the Li* mobility is the excess
Li that can be introduced via N doping (reaction 1 in section
2.3). Du and Holzwarth>® recognized that excess Li is the best
extrinsic mobile species in crystalline y-Li;PO, as it triggers a
concerted mechanism of interstitial diffusion. For amorphous
LiPON electrolytes, the results reported in this work show that
the impact of excess Li on the ionic conductivity goes beyond
the well-known proportionality relationship between ¢ and
carrier concentration. We found that independently of the
identity of the dopant element, excess Li leads to a compaction
of the phosphate structure which increases the average short-
range density of Li—Li neighbors (Figure 6). The interactions
among close Li* neighbors augment the destabilizing effect of
polyhedral edge-sharing and nonideal coordination of the Li
sites and thus presumably increase the number of mobile
charge carriers.

This puts amorphous LiPON in an interesting category of
ionic conductors where the conductivity increases with density,
contrary to the common idea that larger volume and “open
space” is beneficial for mobility. The latter hypothesis is indeed
valid for conductors where mobility is limited by the size of a
bottleneck through which the ion has to migrate, as is the case
for a lot of crystalline compounds with low concentration of
the diffusing ions (e.g,, spinels).’® Indeed, a high mobility Mg>*
solid electrolyte was recently developed by increasing the
volume of the spinel structure through the use of large anions
and cations.”” LiPON does not seem to be “bottleneck-
limited”, probably due to its amorphous nature; rather, the
conductivity of LIPON benefits from the increased Li—Li
interaction resulting from a smaller volume. One would expect
the Li—Li interaction effect to increase in importance for
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compounds with high Li content, as is the case of many
superionic Li conductors such as Li;P;S;;, Li(GeP,S,,,
LiZnPS,, etc.

Despite the beneficial effect of excess Li on the ionic
mobility, one might argue that the experimental observations
for LiPON,"'? as reported in Table 1, point to Li-deficient
situations as being those that deliver the highest conductivities.
In this regard, we notice that the application of the concept of
off-stoichiometry to amorphous systems is somewhat ques-
tionable given their existence in a continuous compositional
range. For practical reasons, the composition of an amorphous
system can be compared to the stoichiometry of a related
crystalline compound, but the designation of Li-excess or Li-
deficient will naturally depend on the choice of the reference
compound. The phase diagram in Figure 1 shows that the
references against which one compares the Li content for
Li,PO,N, can in principle vary between metaphosphate (x = 1)
and orthophosphate stoichiometry (x = 3), passing through the
intermediate case of pyrophosphate Li,P,O, (x = 2). A
composition with 2 < x < 3 would be Li-deficient when
referenced to orthophosphate Li;PO, but Li-excess when
referenced to pyrophosphate Li,P,0, or to metaphosphate
LiPO,,.

The combination of data reported for phosphorus oxynitride
bulk glasses”'” with measurements on LiPON  thin-film
electrolytes™'*'>* reveals a nonlinear trend of the ionic
conductivity as a function of the Li content. The conductivity o
increases with the Li amount and reaches a maximum for a
ratio Li:P slightly below 3. Indeed, one of the highest
conductivities so far reported for LiIPON thin films is found
for the composition Li,gPO;3Ng4""" (see Table 1). This
nonlinear behavior is successfully reproduced by our
amorphous LiPON models and can now be understood in
light of the analysis performed in the present work: as the Li
content increases, the relative weight of the concentration of
charge carriers on the conductivity decreases and is counter-
balanced by a structural factor connected with the incorpo-
ration of Ny bridges between phosphate units. In fact, from the
reactions listed in section 2.3, it is seen that the insertion of
excess Li in LIPON structures corresponds to 1(N°7):1(0*")
substitutions generating N, and competes with the formation
of Ny bridges. The latter were found to be energetically favored
over N, configurations and are beneficial for the mobility of
Li*, in agreement with experimental work'"** suggesting that
the enhancement of the conductivity caused by N is due to
structural modifications of the phosphate framework rather
than to an increase in Li content.

Our analysis shows that although the formation of Ny
bridges is accompanied by a reduction of the Li content, it
can increase the ionic conductivity. This is explained by two
mechanisms: (1) the corresponding increase of the structural
density, which destabilizes Li" sites through increased short-
range Li—Li interactions, and (2) the increase of the N-
covalency. The latter is consistent with our finding that the
cumulative time of events where Li is anchored near Ny is
shorter than for N, or phosphate O, meaning that the saturated
valence state of Ny, involved in strongly covalent bonds with P,
diminishes its electrostatic interactions with Li*, thus
promoting the mobility of neighboring Li ions. The optimum
balance between Li and Ny contents is achieved for
Li; 9,PO; )Ny, which has a “Li-deficient” composition
favoring phosphates condensation via Ny bridges and yet
maintains a relatively high Li concentration. This model
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displays Li:P and (O + N):P ratios very close to those of the
best performing LiPON sample reported in Table 1.

In general, assuming that all N enters the original Li;PO,
structure by replacing O, the following equation is satisfied for
Li,PO,N.:

y=4—f, =4-22, +h)

where f_is the fraction of replaced O, and fy, and f are the

fractions of N in double-bridging and apical configuration,
respectively. On the basis of this simple arithmetic relationship,
we can conjecture that slightly more than half of the N present
in Yu et al.’s* sample Li, JPO; ;N 44 is in the form of Ny, which
can explain its high conductivity despite the small Li deficiency
with respect to Li;PO,. The same reasoning explains why a Li-
excess sample such as Li; ;PO; N ¢ (see Table 1) has lower
conductivity compared to the previous case, as only about 25%
of the total amount of N is accommodated in the form of Nj.
Fleutot et al.’* also found an increase in conductivity of
LiPON samples with N content, despite the Li content being
reduced. In this case we note that the less conductive
compositions reported by these authors indicate the presence
of abundant excess Li. In view of the tendency of N to form Ny
bridges, the high anion content that accompanies excess Lj, i.e.,
y + z & 4, increases the probability of releasing isolated O
anions in the structure, which we have shown to slow down the
migration of Li". Therefore, we speculate that the relatively low
conductivity of Fleutot et al.’s>* LiPON samples is due to the
presence of isolated O*~ embedded in their structure.

~
~

5. CONCLUSION

In this work we used ab initio molecular dynamics simulations
to generate amorphous LiPON structure models and
investigate the mechanisms of ion conductivity in LiPON
electrolytes. In-depth analysis of structures and diffusivities
allowed us to relate conductivity trends to (1) amorphization,
(2) presence of excess Li, and (3) structural changes due to N
substitution. Calculated LiPON structures display Ny bridges
and apical N configurations, whereas no triple N bridges
between P atoms were found. Our results show that several
factors contribute to the Li-ion conductivity of LiPON:

1. The orientational disorder of the PO, polyhedral units in
the amorphous structure creates edge-sharing between LiO,
and PO, tetrahedra as well as under- or overcoordinated Li",
which in turn increases the Li site energy.

2. Increased Li—Li interactions caused by excess Li from a
1(N*7):1(0O*7) substitution, and by densification from
bridging Ny, can also increase the energy of Li sites, enhancing
the Li" mobility.

3. N-bridging condensation of phosphate units lowers the
electrostatic interaction between Li* and the anions.

Finally, we find that the presence of isolated O anions in
structures with excess Li, and hence with high anion content
(ratio (O + N):P & 4), can reduce the mobility of neighboring
Li ions. On the basis of these findings, we conclude that to
maximize the Li* mobility in LiPON it is important to
accommodate N in bridging sites while keeping a high
concentration of charge carriers, which implies that the
of excess Li with respect to Li;PO, and of
isolated O anions should be minimized.

concentration
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