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First principles simulations of Li ion migration in materials related to LIiPON
electrolytes
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In an effort to understand stability and ionic conduction mechanisms
in the LiPON family of solid electrolytes, we have carried out first
principles calculations of several related crystalline materials. Sim-
ulation results include heats of formation, zone center lattice vibra-
tional modes, and activation energies for Li ion migration. In the
course of this work, we discovered new stable crystalline forms of
Li,POyN, based on the previously known phosphate chain structure
of LiPOs.

Introduction

The solid state film electrolyte LiPON, developed at Oak Ridge National Laboratory,[1, 2]
is the most widely used solid electrolyte for thin film batteries and a number of other related
technologies. While commercial LiPON electrolytes are disordered, much can be learned
from related crystalline materials in the Li, PO, N, family (x = 2y+3z—5). By performing
“first principles” simulations on these materials, we can determine stable and meta-stable
phosphonitride structures and stoichiometries and relate them to mechanisms of Li ion
conductivity.

Computational methods

“First principles” simulations were performed by using density functional theory[3, 4] to
treat the electrons and the Born-Oppenheimer approximation to treat the atomic positions
{R"}, resulting in a determination of the “total energy” E({R"}) of the system. The
local density approximation[5] was used for the exchange-correlation functional. Most
of the computations were carried out using the PWiscf package,[6] but for validation and
convenience we used the abinit[7] and pwpaw[8] packages as well. Visualizations were
constructed using the OpenDX[9] and XCrySDEN[10] software packages.

From restricted optimizations of the total energies £'({R*}) with respect to the atomic po-
sitions {R“*}, we can determine a variety of properties including: stable and meta-stable
structures, lattice vibration modes and frequencies (), heats of formation (AH), migra-
tion energies (F,,) using the “nudged elastic band” method,[11, 12, 13] and energies for
interstitial-vacancy pair formation (E/).
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In terms of the electrolyte properties, the connection between simulation and experiment is
most easily made through the Arrhenius relation for ionic conduction (o) as a function of

temperature (71'):

o-T= I e B, (1
Constant

where £ denotes the Boltzmann constant. The constant K is independent of temperature,
but does depend on the properties of the electrolyte. For crystalline materials the activa-
tion energy F/4 is related to the migration energy F,, and the “formation” energy F; of a
vacancy and interstitial ion in an otherwise perfect lattice:

1
E A = Em + by E f (2)
NI ~—
Migration Formation

For disordered materials which have a temperature independent concentration of mobile
ions, the activation energy is equal to the migration energy:

Ei= E, . 3)

Migration

In order to check the accuracy of our simulations, we can compare our lattice vibrational
modes with experiment. In figures 1 and 2 we show comparison of Raman spectral fre-
quencies for 7-LisPO, [14] and infrared spectral frequencies for a-P3PNj, respectively.
These comparisons show generally good agreement between simulation and experiment,
particularly for the higher frequency modes.
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Overview of then LiPON family of materials

In order to systematize the current state of understanding of the crystalline members of the
family, it is helpful to visualize a quaternary phase diagram of known materials reported
in the literature together with new stable and meta-stable materials predicted by computer
simulation as shown in Fig. 3

LiOg2

Figure 3: Quaternary composition diagram
for Li,PO,N. with corners of the tetra-
hedron indicating the starting materials of
LiO /2, LiN; 3, POs/5, and PN5/3. Sym-
bols denote natural and synthetic crystalline
materials (@), LiPON thin film materi-
als (@), and computer simulated idealized
phosphate chain structure materials (g).

Each of the labels given beside the tetrahedron in Fig. 3 represents an experimentally
determined crystal material in the Li,PO,N_ family. We have carried out simulations for
most of these materials.[19] The present paper focuses attention on the materials based on
phosphate chain structures.

Simulations of materials based on the phosphate chain material LiPO;

Crystalline LiPO3 can be prepared from a LioO-P50O5 glass by heating it to the crystalliza-
tion temperature of 486° C.[20] It is known to have the space group symmetry P2/c[21]
with a unit cell of 100 atoms. Table 1 compares our calculated lattice parameters with those
determined from X-ray analysis. The monoclinic structure is visualized with ball and stick
diagrams in two different perspectives in Fig. 4.

Table 1: Lattice parameters (in A) for LiPO3 comparing calculated results with experi-
mental results of Ref. [21].

| [ a | b | ¢ | B |

Cal. | 13.00 | 5.30 1631 | 98.8°
Exp. | 13.074 | 5.4068 | 16.452 | 99.00°

An important question related to LiPON materials is the role of N in the lattice struc-
tures. Qualitatively, N is known to ‘“‘strengthen” phosphate glasses. From our previous
studies,[22] we know that an O can be replaced with N plus an additional Li. We also know
that it is energetically favorable for a N ion to replace an O ion on a site which bridges two
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Figure 4: Two views of the P2/c structure

of LiPOs; top diagram showing the chain di-

rection perpendicular to the plane of the di-

agram and bottom diagram showing a view

of a single chain. The balls are given with
=Li, =P, @=0.

phosphate groups rather than replacing an O ion tetrahedrally coordinated with phospho-
rus. Therefore, we modified the 100 atom unit crystal of LiPO3 by replacing the 20 bridge
bonding oxygens with nitrogens and adding 20 additional Li atoms. The optimized geom-
etry of this modified crystal had a surprisingly simple structure with space group Pbcm
shown in Fig. 5. From this figure, it is evident that the Li ions are stabilized by proximity
to both O and N interactions.

Figure 5: Two views of the Pbmc struc-
> ture of LioPOyN; top diagram showing the
chain direction perpendicular to the plane
of the diagram and bottom diagram show-
ing a view of a single chain. The balls are
given with © =Li, = =P, =0, ®=N. In the
lower figure, a contour diagram of valence
electron charge density is plotted in a plane
containing the phosphonitride backbone.

Having created this new material, we can then ask the question of whether the structural
transformation is reversible. In the simulations, we can start from the Pbmec structure of
Li,POsN and try to replace the N’s with O and to remove 20 Li ions in order to reform the
original LiPOj structure. Not surprisingly, this is difficult since there are many meta-stable
structures of LiPO3. In fact it is relatively easy to find a meta-stable Pbmc structure of
LiPO3 shown in Fig. 6. Comparing the s; structures shown in Figs. 5 and 6, we see that
in LioPOyN there is a Li ion associated with each O site, while in LiPO5 the Li ions are
shared between phosphate chains.

In fact, there are many meta stable structures for both Li;PO;N and LiPOj3. For example,
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Figure 6: Two views of Pbmc structure of
LiPOs; top diagram showing the chain di-
rection perpendicular to the plane of the di-
agram and bottom diagram showing a view
of a single chain. The balls are given with

=Li, = =P, ®=0. In the lower figure, a
contour diagram of valence electron charge
density is plotted in a plane containing the
phosphate backbone.

the Pbcm structure contains two orientationally inequivalent chains per unit cell. By rotat-
ing one of the chains by 180° about an axis perpendicular to the plane of the phosphonitride
chain, it is possible to find a very similar structure with Aem2 symmetry. Table 2 summa-
rizes some of the simulation results in terms of formation energies and other parameters.

Table 2: Comparison of different structural forms of LiPO3 and Li;POsN in terms of their
heats of formation (A H.,) and volumes V., (per formula unit).

H Material ‘ Structure ‘ AH., (eV) \ Veal (A7) H

LiPO; P2/c[#13] | -12.80 56
$,-LiPOs5 Pbem [#57] | -12.73 58
55-LiPO; Aem2 [#39] | -12.73 58
s3-LiPO3 | Pmc2, [#26] | -12.70 67
$1-LiosPO,N | Pbem [#57] | -12.42 57
$9-LiosPO,N | Aem2 [#39] | -12.45 57
s53-Li;PO,N | Pmc2, [#26] | -12.08 66

From this table we can see that the synthetic forms of LiPO3 have higher energy than the
natural crystal, so it may not be possible to physically realize those structures. On the other
hand, we believe that it should be possible to synthesize either or both of the Pbcm and
Aem?2 forms of Li;PO;N. The calculation results allow us to predict the following possible
exothermic reaction pathways.

1P505 + :P3N5 + Li;O — LipPO2N 425 ¢V, 4)

LiPO3 + LigN — Li;PO,N + LisO + 4.2 V. 4)

It is also interesting to compare the zone center lattice vibrational spectra for these materials
as shown in Fig. 7. These figures show that the P2/c structure of LiPO3 has a dense

spectrum of vibrational modes which is not surprising for a material with 100 atoms in
the unit cell. The meta-stable s;-LiPOj3 structure (Pbmc) has roughly one-fourth as many
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modes covering a similar range of frequencies. For all three materials, the modes having
appreciable Li ion motion have generally low frequency (v < 800 (cm™!)). The highest
frequency modes involve both motions of the O or N bridging site and of the tetrahedral
oxygens. For s;-LisPO,N, the highest frequency modes are lower by 100-200 (cm™!)
compared with corresponding modes in the LiPO3 materials.
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Using the “nudged elastic band” method,[11, 12, 13] we estimated the migration energies
for several vacancy paths and a representative interstitial path in P2/c crystals of LiPOs.
The vacancy migration paths, indicated with the arrows in the structural model shown in
Fig. 8, were simulated in a supercell containing 200 atoms. There are two inequivalent
paths along the (c- a) axes, parallel to the phosphate chains which we call the *“ majority”
rows. Each of these paths each containing 4 meta-stable vacancy sites and have similar
variations in their minimal energy paths (£,q). We also simulated a vacancy migration
path along the b axis, corresponding to the migration of a Li ion vacancy between a “minor-
ity” row and a vacancy in a “majority” row. The the corresponding energy path diagrams
are shown in the right side of Fig. 8. The zero of energy for F,q was taken to be the
lowest meta-stable vacancy energy, which happens to occur in a minority row. The esti-
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Table 3: Summary of calculated migration energies for mobile Li ions in P2/c LiPO; for
vacancy paths indicated in Fig. 8 and for a representative interstitial path.

Vacancy
(c-a)-1 | (c-a)-2 | (b) | Interstitial
[E.] 06 | 06 [07] 07 |

mated values of E,, (migration energies) are summarized in Table 3, including those for
the vacancy mechanisms shown in Fig. 8 as well as a representative interstitial path involv-
ing Li ions in a minority row migrating along the chain direction. Interestingly, the Li ion
vacancy migration energies for the phosphate chain material P2/c LiPOj reported here are
comparable to vacancy migration energies found for Li3PO, reported in earlier work,[14]
even though the phosphate structures are quite different. LisPO,4 has no phosphate chains;
rather it is characterized by isolated [PO,] 2 groups. By contrast, for LizPO,, we found a
lower energy migration process with an interstitial mechanism. A comparable low energy
interstitial mechanism for Li ion migration has not yet been found for P2/c LiPOs.

2b

C~y
\

path

Figure 8: Left: Paths for Li ion vacancy diffusion in P2/c LiPOj3 indicated with arrows.
Right: Energy path diagram for indicated paths. Horizontal axis is related to migration
distance.

Summary of results

Table 4 presents a comparison of measured activation energies for several members of the
LiPON family compared with calculated migration energies [, in crystalline materials
and formation energies I/ for the creation of a pair of vacancy and interstitial in an other-
wise perfect lattice. For all of the calculated crystalline materials, the activation energies
are dominated by by the formation energies £. In addition to the results for P2/c LiPO;
described in this paper, results for y-LisPO4 from earlier work[14] and unpublished results
for LiPN, are also presented. Except for the case of LiPNy,[26] the agreement between
the calculated and measured activation energies of crystalline materials is quite good. In
addition, we have calculated the migration energy and activation energy for the new pre-
dicted material s;-LisPOsN. Our results indicate that s;-Lio,PO;N has migration energies
and activation energies comparable to LisPO, and LiPOs. For this structure, the presence
of N does not seem to enhance the Li ion mobility, perhaps because the Li ions are stabi-
lized by both O and N interactions. On the other hand, the s; and s, structures of Li;,PO;N
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Table 4: Measured activation energies E;"" compared with calculated migration energies
for vacancy (Ef,?l (vac.)) and interstitial (Ef,?1 (int.)) mechanisms and vacancy-interstitial
formation energies (E]‘ial) for crystalline materials. From these values, the activation ener-
gies (£ are determined from Eq. (2). All energies are given in eV.

| Material [ Form | E5T | B (vac) | B2 (int) | B | EG |
~-LisPO, single crystal | 1.23,1.14[23][ 07,07 04,03 [17 [13, 1.1

Li2.88P03'73N0‘14 pOly Cryst. 0.97 [24]
Liz 3PO3 9Ny 17 amorphous 0.56 [24]
Li1.35P02_99N0.13 amorphous 0.60 [25]

LiPOgs poly cryst. 1.4 [20] 0.6, 0.7 0.7 1.2 | 1.1,1.2
LiPO; amorphous 0.76-1.2 [20]

s1-LioPO,N single crystal 0.5, 0.6 1.7 | 1.3,1.5
LiPN, poly cryst. 0.6 [26] 0.4 25 | 1.7
Li,PN, poly cryst. 0.5 [26]

are undoubtedly highly symmetric and stable. If it is possible to synthesize and analyze
51-LioPOyN and/or the very similar s5-LisPO5N, it will provide a valuable benchmark for
understanding local structures and mechanisms in LiPON materials.

In summary, we have presented part of our work on a broad study of crystalline materials
related to LiPON solid electrolyte materials. Estimating the migration energy of Li ion
vacancies in these materials we have found values in the range of 0.4 < E,, < 0.7 eV.
If one assumes that the LiPON films have temperature independent populations of mobile
ions and environments similar to those found in the crystalline materials, it is perhaps not
surprising that our calculated migrations are similar to activation energies measured for
LiPON films.[1, 24, 25]

An unexpected, but nevertheless intriguing result of our study of chain structure materi-
als and the possible role of N replacing O, is the prediction of are two highly symmetric
crystalline forms of LisPO;N which we have called the s;- and so- structures with the
Pbem and Aem?2 space groups, respectively. We would like to challenge our experimental
colleagues to prove (or disprove) these predictions.
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