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Abstract

Lithium phosphorus oxy-nitride (LiPON) is a candidate solid electrolyte material for potential use in
rechargeable lithium-ion batteries. The use of density functional theory simulations has allowed us
to gain atomic-scale insight into the defect properties, solution of dopants and incorporation of
lithium in LiPON. The Li,O Schottky is the most favourable disorder process in this material
ensuring the formation of Li and O vacancies which are in turn required for vacancy mediated self-
diffusion. The Na, As and S are the promising isovalent dopants that can be substituted on the Li, P
and O sites respectively. The doping of Mg on the Li site leads to the formation of Li vacancies in
LiPON. The promising dopant on the P site to create Li interstitials and oxygen vacancies is the Ge.
The stability of the crystal structure upon Li incorporation (up to four Li) was considered. The
incorporation confirmed the formation of Li* ions and expanded the volume of the lattice.
Incorporation of multiple Li atoms is more favourable than a single Li incorporation. The band gap

of this material decreases upon of Li incorporation without changing its insulating character.
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1. Introduction

Lithium-ion batteries (LIBs) are attracting growing interest for numerous applications including
portable electronics, electric vehicles and grid storage systems due to high energy density, safety
and lightweight [1-47. LIBs provide a method of converting chemical energy into electrical energy
efficiently and reduce CO, emission mainly arising from fossil fuel based transportation. The
capacity of battery electricity is dependent on promising electrode and electrolyte materials.
Properties of electrolytes play a key role in the performance of LIBs. Much attention has been paid
to solid electrolytes as there is a practical difficulty of fabricating microscale batteries using liquid
electrolytes [5-87. A variety of solid electrolyte materials with high Li-ion conductivities including
Li0GePsSi2 [97, LizPsSii [10] and Li;sAlesTi7(PO4)s [117], LiBHs [127, Ligs54S1i74P1.445117Clos
[18] and LisCIO [147 have been assessed. Garnet-type Li-LasZr.O,. (LLZO) solid electrolyte [157]
was recently proposed as a promising solid electrolyte for all-solid-state LIBs as it exhibited high
Li-ion conductivity and a wide electrochemical stability window.

LiPON (Li,PO.N) is a material that was considered as a potential electrolyte material in its
amorphous form in thin-film rechargeable Li-ion batteries thirty years ago due to its promising ionic
conductivity with an activation energy of 0.55 eV, good cyclic performance, high electronic
resistivity and large electrochemical window [16-207]. Good electrochemical performance and high
Li-ion conductivity are commonly linked to the presence of N in this material [217]. Incorporation of
N has significantly increased the Li-ion conduction and reduced the activation energy in an
experimental study carried out by Bates et al. [227]. Several experimental techniques were applied to
synthesize this material in its crystalline form. However, only a few of them were successtully
achieved to produce stable LIPON crystalline phase with high ionic conductivity. Senevirathne et al.
[17] used a stoichiometric mixture of Li,O, P.O; and PsN; at high temperature to prepare
crystalline LiIPON. This compound was stable in air up to 600° C and had an activation energy of
0.60 eV according to electrochemical spectroscopy measurements [177]. Density functional theory
(DFT) simulations performed by the same authors shows that vacancy and interstitial assisted Li-
ion migration energies are calculated to be 0.40 eV and 0.80 eV respectively [17]. Furthermore, the
insulating nature of this material was identified with a band gap of larger than 6 eV. Lacivita et al.
[21] performed molecular dynamics (MD) simulations to generate models of LIPON and examined
the Li-ion diffusion in the presence of Li and N substitution. A stable interface layer formed between
LiPON and metallic Li was studied using X-ray photoemission spectroscopy and its chemical
reactivity was examined [197. Chemical reactions at the interface led to the decomposition products
such as LisPO., LisP, LisN and Li;O. In the experimental study by Put et al [20], the
decomposition of LIPON layer was observed at a potential of 4.3 V forming decomposition products
such as Li* ions, O, or N, gas and a phosphate rich compound. Although there are reasonable
amount of experimental work carried out in this material, only a few theoretical studies [21,28,24]
have been reported. In particular, intrinsic defects and subsitutional doping in an electrolyte

material have a major impact on battery performance. To the best of our knowledge, no studies have
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been reported on defects and dopants in LiPON.

In this study, spin-polarised DFT simulation together with dispersion corrections was employed to
examine the intrinsic defect properties, solution of dopants, Li incorporation and reaction energetics
tor the formation of LiIPON using different synthetic routes.

2. Computational Methods

All calculations were performed using DIF'T with spin polarization as implemented in the VASP
package [257]. The exchange-correlation term was formulated using the generalized gradient
approximation (GGA) as described by Perdew, Burke, and Ernzerhof (PBE) [267]. A plane-wave
basis set with a cut oft’ value of 500 eV and standard projected augmented wave (PAW) potentials
were used [277]. The valence electronic configurations of Li, N, O, and P were 25!, 2522p5 2522p* and
3523p% respectively. A 1 X 2x 2 supercell containing 96 atoms was used for the defect calculations. A
4x4x4 Monkhorst-Pack [28] / point mesh, which yielded 36 k points was used in all calculations.
Conjugate gradient algorithm [297] was used to optimize both bulk and defect structures. The forces
on the atoms in all optimized structures were smaller than 0.001 eV/A. In this work, van der Waals
(vdW) interactions were included in the form of semi-empirical pair-wise force field as implemented
by Grimme et al. [807] in the VASP package.

3. Results and discussion

3.1. Crystal structre of LiPON

The crystal structure of LiIPON is orthorhombic and belongs to the space group Cmc2; (no: 36)
with unit cell parameters a = 9.0692, b = 5.3999, ¢ = 4.6856 A and a=B=y=90° [17]. The structure
consists of chains of corner sharing LiOsN and PO.N; tetrahedral units in the ab plane (see Figure
1a). Full geometry optimization was carried out to obtain equilibrium lattice parameters to validate
the choice of the basis sets and pseudopotentials. Calculated lattice parameters together with
experimental values are reported in Table 1. There is a good agreement between the calculated and
experimental values. The total density of states (DOS) plots is shown in Figure 1b. The bulk LiPON
exhibits an insulating behaviour with a band gap of 6.40 eV in agreement with the value (6.00 eV)
calculated in a previous DIFT study performed by Senevirathne et al[17]. The Bader charge
analysis [817] shows the full ionic nature of Li, P, N and O (see Table 2).

3.2. Formation energetics of LIPON

Here, we calculate formation energies of LiIPON that can be synthesised using different chemical

reactions as shown below.

Li,0 + % P,0; + § P;N; - Li,PO,N (1)
2Li+ 2P+ 0y + > Ny > Li,PO,N (2)
2Li+ %R, + NO, - Li,PO,N (3)
~LisP,0; + NO > Li;PO,N + 20, (4)
Li,0 + %ons + %Nz > Li2P02N+%OZ (5)



Li;N 4 LiPO; » Li,PO,N + Li,0 (6)

Reaction energy was calculated for reaction 1 using the following equation. Similar equations were
used for the other reactions.

Er = E (Li,PO,N) - E (Li,0)- £ E (P,05)- < E (P;Ns) (7)
where E (Li,PO,N),E (Li,0),E (P,05) and E (P;N5) are total energies of Li,PO,N, Li,0, P,O5 and P;N;
respectively.

In Table 3, we report formation energy and atom economy for each chemical reactions. Reaction 1
was used to synthesise crystalline LIPON by Senevirathne et al. [17]. Formation energy for this

reaction is —2.66 eV meaning that this process is thermodynamically feasible. Atom economy for this

mass of desired product

process is 100 % (atomic economy = x 100 %) . In reaction 2, constituent

mass of total reactants

elements in their standard states are used to produce one mole of LiPON. This process is highly
exothermic (—12.22 eV) with an atom economy of 100%. In the third reaction, reactants N, and O,
are replaced by NO.. This reaction is slightly endothermic (by ~ 0.20 eV) than the reaction 2. In
reaction 4, solid Li,P,O; and NO gas were allowed to react together to form LiPON. This reaction
has a formation energy of 2.59 eV and yields oxygen as a side product. Atom economy for this
reaction is 69.5 % and this lower value is due to the formation of side product. Reverse reaction of
this process is the oxidation of LIPON with the reaction energy of —2.59 eV. This indicates that
LiPON is unstable under air. In the reaction 5, Li,O and P,O; together with N, were used to form
the same products as in the reaction 4. This reaction is endothermic and thermodynamically
unfavourable. In the last reaction (equation 6), LisN and LiPOs; were considered as reactants as
outlined in an experimental study [82] in which microcrystalline LisssPOs77No17 was prepared
using those reactants under the atmosphere of N, at low temperature. In our simulation study, the
products are Li;PO,N and Li;O and this process is exothermic (—4.22 eV) indicating that this
experimental route is also thermodynamically favourable.

3.3. Defect properties

The presence of point defects in a material influences its properties. Point defect energies were first
calculated and then they were combined together with appropriate lattice energies to calculate
Frenkel and Schottky defect processes. Anti-site defects in which cations or anions swap their
positions were also considered. This defect has dominated many oxide materials enhancing or
degrading their chemical and physical properties [383-357. The following reaction equations were
used to describe the intrinsic defect processes in LIPON using the Kroger—Vink notation [367]. The
lattice parameters calculated for bulk Li;O and P,Oj; structures together with experimental values

are provided in the electronic supplementary information (ESI) (see Table S1).

Li Frenkel: Li¥ — V/; + Li )
PFrenkel: Pl;),( N V];HH + Piooooo (9)
N Frenkel: NX — Vg™ + N{” (10)



O Frenkel: 0% — V5 + 0} (11)

Schottky: 2 Lif; + PX + N§ +208 - 2 Vi + V""" + V™" + 2 V§" + Li,PO,N (12)
Li, 0 Schottky: 2 Lif; + 0% — 2 V{; + V3" + Li,0 (18)
P,05 Schottky: 2 PX + 508 — 2 V""" +5V§" + P,0s (14)
Li/P anti-site (isolated): Li¥; + P& — Lip” + P™ (15)
Li/P anti-site (cluster): Li¥; + PX — {Lip" + P }¥ (16)

Formation energy of Li Frenkel pair (FPLi) was calculated combining the formation energies of Li

vacancy and Li interstitial, that is:
Efor(FPLi) = Efor(VII‘i) + Efor(]-‘ii.) (17)

In order to calculate the formation energies for Schottky and anti-site defects, the following

equations were used.

! mnrrr XYY} oo 95 .
Efor(Schottky) = 2 E [V];]1xax2+E [V lixaxz + E [V lix2x2 2 E [V3 Tix2x2=6 X %E[LIPOthzxz(lS)

: ’ oo . 95 .
Efor(Liz0 Schottky) = 2 E [V];]1x2x2+ E [V3 Tix2xz TE(Li;0) - 3 X %E[LIPON]lxzxz (19)
" .o 95 .
Efor (P05 Schottky) = 2 E [Vp""']1xax2+ 5 E [V5'lixax2 + E(P,05) -7 X %E[LIPOthzxz (20)
Efor(Li/P anti — site) isolated) = E [Lif" Jxaxz + E [P 1xaxz = 2 X = E[LIPON] ;22 (21)

where E [V{ilixax2, E[VP"lixaxzs E[VN""lixax2, E[VQ'lix2xz are the total energies of a 1x2x2
supercell consisting of a single Li, P, N and O vacancy respectively. E [Lip'']1x2x2 and E [P**]1x2x2
are the total energies of a 1x2x2 supercell consisting of Lip'" and P** defects respectively. E(Li,0)
and E(P,05) are the total energies Li,O and P.O; per formula unit respectively. Table 4 lists the
intrinsic defect process energies. The Li,O Schottky is the most favourable intrinsic defect process.
This process can facilitate the loss of Li,O and degrade the crystal structure. A high temperature is
required as this process is endoergic with a defect energy of 2.27 eV. In a previous simulation study,
we have shown that the Li,O Schottky is a dominant disorder process in cubic LLZO electrolyte
material [87]. The loss of Li;O was observed experimentally in related materials such as Li;FeO.
and this process led to the extraction of lithium in this material assisted by the release of oxygen
[38]. The second most favourable defect process is the Schottky which is higher by 0.71 eV than the
Li,O Schottky. The O Frenkel is the third most favourable defect. Both Li Frenkel and N Frenkel
have a defect energy of ~4 eV indicating that the concentration of Li and N vacancies is not
significant in this material at room temperature. Other Schottky and Frenkel defect processes are
highly exothermic. In particular, P Frenkel has a defect energy of 10.03 eV and this process is highly

unfavourable. The Li-P anti-site defect was also calculated in the form of isolated and cluster. While



Lip"and P**defects were calculated separately in the isolated form, both defects were considered
closer to each other in the cluster form and their energies calculated. The Li-P cluster anti-site
defect energy is favourable than its isolated form. This is due to the aggregation of isolated defects
forming cluster with a negative binding energy of —1.83 eV. Nevertheless, defect energies are highly
exothermic for both isolated and cluster forms. This is partly due to high charge mismatch between
P>+ and Li* ions.

3.4. Solution of dopants

The functional properties of a material strongly depend on the concentration of point defects. With
appropriate aliovalent dopants, the concentration of point defects can be increased. Here, we
considered a variety of isovalent and aliovalent dopants at different sites and calculated the solution
energies. The solution energy for a particular dopant provides an indication of how easily the dopant
lon can be substituted. Appropriate lattice energies for different oxides were calculated and used to
calculate solution energies. The results on the doping from this simulation study can be used to tune
LiPON as a promising electrolyte material.

In the ESI, we provide the calculated lattice parameters of different bulk structures used in this
section together with their experimental values [see Table S17.

3.4.1. Alkali dopants

First we considered alkali dopants (M = Na, K, Rb and Cs) on the Li site. The reaction equation for
this process is as follows.

~M,0 + Lif; > M + > Li,0 (22)
The following equation was used to calculate the solution energy.

Esol = E [M{ilixzxz + 5E [Liz0] -3 E [M0] - E[LIPON], uz0c2 (2)
where E [M&]ixaxz is the total energy of a LiPON supercell consisting of M3 defect,

E[LiPON];x2x2 is the total energy of a LIPON supercell and E [M,0] is the total energy per formula
unit of a dopant oxide.

The most favourable dopant for this process is the Na and its solution energy is calculated to be —
0.04 eV (see Table 5). As this is an exothermic reaction, it possible to synthesis Li;<Na,PO.N
experimentally. The preference of Na can be due to the ionic radius of Li* (0.76 A) [897] which is
closer to the ionic radius of Na* (0.99 A) [897. Endothermic solution energies are calculated for the
other dopants. Solution energy increases with the increasing ionic radius and volume. The highest
solution energy dopant is the Cs with the solution energy of 6.02 eV indicating that this dopant
cannot be substituted under normal conditions.

Tetrahedral units consisting of dopants and the nearest neighbour oxygen in the relaxed structures
are shown in Figure 2. In the optimised LiPON crystal structure, Li-O bond distances and bond
angles are 1.56-1.63 A and 108.4 —111.0° respectively. In the NaO, unit, all four Na-O bond
distances (2.12-2.24 A) and bond angles (104.3-122.2°) are significantly larger than that found in

the LiO. unit. This is partly due to the larger ionic radius of Na+* than that of Li*. Elongation in the



bond length and bond angles increases with increasing ionic radius of the dopants. The higher
positive solution energy is partly associated with the larger elongation in the tetrahedral unit. The
total DOS plots calculated for the doped-LiPON structures show that there is a small increase in the
Fermi energy. The top of the valence band shift towards conduction band with increasing ionic
radius of the dopants. The bottom of the conduction band shift slightly towards valence band
maximum. Due to the shifts of those two bands, there is a slight reduction in the band gap, but the
resultant doped structures are still insulator. Atomic DOS plots show that the edges of the valence
and conduction bands mainly consisted of states belongs to the dopants.

3.4.2. Alkali earth dopants

Next, alkali-earth dopants (Mg, Ca, Sr and Ba) were considered on the Li site to introduce Li
vacancies in the lattice according to the following equation.

MO + 2 Li; » Mj; + Vj; + Li,0 (24)
Solution energy was calculated using the following equation.

Esol = E [M[; + Vi lixaxz + E [Li;O] - E [MO] - E[LiPON];x2x> (25)
where E [M]; + V{; J1x2x2 is the total energy of a supercell containing Mj; and Vj; defects.

Here, we considered the defects (Mj; and Vj;) further apart and next to each other (cluster) in the
lattice. Solution energy calculated for the cluster form is more favourable than that calculated for the
defects present further away. This is due to the aggregation of defects forming a cluster with
negative binding energy. The lowest solution energy (2.08 eV) is calculated for Mg (see Table 6).
This is because the ionic radius of Mg2?+ (0.71 A)[89] closer to that of Li*. Solution energy increases
with increasing ionic radius and binding energy. The distortion of the lattice also increases as
evidenced by the expansion of volume (see Table 6) and elongation in the dopant-oxygen bond

lengths and bond angles (see Figure 3).

A small increase in the Fermi energy compared to defect free LiPON is observed for all dopant
substitution. The dopant Ba which has the largest ionic radius exhibits the lowest Fermi energy.
There are no states present in the band gap for all dopants. For Mg, the s and p states appear in the
valence band region of 0—3 eV. For the other dopants, these states should be present in the deeper
level of the valence band. In all cases, the band gap is ~5.60 eV which is smaller by 0.80 eV than the

value calculated for the pristine LIPON. Overall, the insulating nature is unaffected by the doping.

3.4.3. Tetravalent dopants

The capacity of LIPON can be increased by creating extra Li* ions. Doping of tetravalent cations (i,
Ge, Ti, Sn, Zr and Ce) was considered on the P site. Additional Li* ions in the form of Li
interstitials are produced in this process according to the following reaction equation.

~Liz0 +MO, + P¥ > Mp + Lif + = P,0; (26)
Esol = E [Mp + Litlixaxz + 3 E [P05]-5 E [Li,0] - E [MO,] - E[LiIPON] 255

where E [Mp + Lif ]1x2x2 is the total energy of a supercell containing Mp and Li; defects and

E [P,05]



is the total energy of per formula unit of bulk POs.

The most favourable dopant for this process is the Ge with the solution energy of 1.52 eV (see Table
7). The cluster form in which both Mp and Lij defects are closer to each other is more favourable than
the isolated form. In the isolated form, defects are present further apart. As discussed earlier, the
formation of defect cluster is facilitated by the exoergic binding of defects. The second most
tavourable dopant is the Si. In general, solution energy increases with increasing ionic radius except
for Ge. The solution energy calcualted for the Ce is highly endothermic and this dopant requires
high temperture.

Relaxed tetrahedral units consisting of dopants are shown in Figure 4. In general, there is a
distrotion upon doping and this distortion increases with increasing ionic radius. This is further
evidenced by the expansion of volume (see Table 7). Total DOS plots calculated for doped
configurations and atomic DOS plots calculated for dopnts are shown in Figure 5. Fermi energy has
slightly increased with the introduction of dopants. A significant increment is noted for Ce. Doping
introduced gap states belong to the dopants and reduced the bandgap of LiIPON. Nevertheless, the
material is still an insulator.

The tetravalent doping on the P site can also introduce oxygen vacancies as charge compensating
defects as explained in the following reaction equation.

2MO, + 2P + 0§ = 2Mp + V5 + P,0s (27)
Esol = E [2Mp + V' l1x2x2 + E [P,05]- 2 E [MO,] - E[LiPON] 2, (28)
where E [2Mp + V3" 1x2xz IS the total energy of supercell consisting of two Mp and V" defects.

The cluster form {2 Mp: V') exhibited lower solution energy than its isolated form in all cases (see
Table 7). The solution energy calculated for oxygen vacancy formation is slighly higher than that
calculated for Li interstitial. The dopant Ge is the promising dopant, although its solution energy is
endothermic (2.22 eV). Solution energy calculated for the Si is higher by 1.70 eV than that calculated
for the Ge. Other dopants exhibit even more higher solution energies. The highest solution energy
calculated for Ce indicates that this dopant is unfavourable under normal conditions.

Structural parameters (i.e. bond lenghts and bond angles) in the relaxed MOyN, tetrahedral units
are shown in Figure 6. There is a gradual expansion in the bond lengths and bond angles with
increasing ionic radius. The Fermi energy for Si-doped configuration is slightly higher than that
calculated for defect free LIPON. For dopants Ge and Ti, Fermi energy is slightly lowered. For the
dopant Sn, Fermi energy has increased. A significant increase is observed for Ce. In all cases, there is
a slight reduction in the band gap (see Figure 7). The states appear in the band gap are associated
with the dopants. The doped configurations exhibit insulating character as observed for pristine
LiPON.

3.4.4. Pnictogen dopants

Next, pnictogen dopants (M = As, Sb and Bi) were substituted on the P site and the solution

energies were calculated using the following equation.



~M;05 + B¥ - M§ += P,05 (29)
We used the following equation to calculate solution energies.

1 1 .
Esol = E [M§]1xzx2 + 7 E [P205]-7 E [M;05] - E[LiPON]; 2> (80)

where E [MZ];x2x2 is the total energy of a supercell consisting of MZX defect.

Solution energies and volume changes are reported in Table 8. The dopant As has the lowest
solution energy of 0.60 eV. This is partly due to the ionic radius of P (0.29 A)[897 closer to that of
As (0.4 A)[897. Dopant with larger ionic radius results in higher solution energy. Solution energy
calculated for Bi is relatively very high meaning that this dopant is impossible to substitute at any
condition. There is a small expansion of volume upon doping of As and expansion increases with the
ionic radius of the dopant ion. In Figure 8, optimised tetrahedral units having dopants and DOS
plots are shown. As dopant size increases both bond lengths and bond angles also increase. The
Fermi energy level does not alter significantly upon doping. The s states of dopants appear in the
band gap. There is only a slight reduction in the band gap in all cases without altering overall
electronic nature.

3.4.5. Chalcogen dopants

Chalcogen dopants (M = S, Se and Te) on the O site were also considered. Solution energies were
calculated using appropriate lattice energies. The reference states used for S, Se and Te are bulk Ss,

bulk Se and bulk Te respectively (see equations 31-33).

1 1

sSst+ 05 > S5+ 0, (81)
Se+ 0F - Se§+- 0, (32)
Te+ 0F — Te§ +- 0, (33)

The following equation describes the method of calculating solution energy for the reaction 1.

Esol = E [S8]1xaxz + 3 E [02]-5 E [Ss] - E[LiPON] 1252 (34)

where E [Sé]1><2><2 is the total energy of a supercell containing S§ defect, E[0,] is the total energy of
molecular oxygen and E [Sg] is the total energy of bulk Ss. Solution energies are reported in Table 9. The
lowest solution energy (3.98 eV) is calculated for S. This is partly due to ionic radius of O~ (1.85 A)
[39] being closer to that of S2- (1.84 A) [397] than the other dopants. High endothermic process
explains the strong bonding nature of O2- ion with Li* ions in the lattice. Solution energies
calculated for Se and Te are higher ~2.00 and ~4.00 eV respectively than that calculated for S.

The Li-O and P-O bond distances in the OLisP tetrahedral unit is 1.96 A and 1.56 A respectively.
Clearly there is a significant elongation in the bond lengths (see Figure 9). Bond angles are also
expanded with the increasing ionic radius. Such elongation and expansion are reflected in the
volume. The Fermi energy gradually increases with increasing ionic radius. The p states of the
dopants are occupied in the gap without altering the value of the band gap much.

3.5. Incorporation of Lithium



Thermodynamic stability of the LiPON upon Li incorporation upto four Li atoms was assessed by
calculating incorporation energies. Structural changes were examined by calculating the volume
changes. Electronic structures of the Li-incorporated configurations were analysed by plotting
DOSs.

Figure 10 shows the relaxed structures of Li-incorporated configurations. Incorporation energy was
calculated using gas phase Li atom and Li metal as reference states. In all cases, incorporation is less
favoured with respect to Li metal than gas phase Li atom (see Table 10). This is beacause of the
external energy that should be provided to dissociate bulk Li to form Li atoms. The first
incorporation is highly positive. The incorporation energy of the system decreases (high postive to
less postive or negative) with increasing number of Lit ions indicating that the system is
themodynamically stable. The formation of single positive charge on the Li was confirmed by the
Bader charge analysis. This is due to the stong bonding of Li with lattice oxygen and nitrogen as
evidenced by the shorter Li-O (1.84-1.93 A) and Li-N (2.38 A) bond distances. Volume gradually
increases with the concentration of Li* ions.

Calculated total DOS plots of Li-incorporated structures show that there are additional peaks
present in the band gap [see Figure 10 (e-h). These peaks belong to Li as evidenced by the atomic
DOS plots [see Figure 10 (i-1). The resultant composites are still insulators as their band gaps are
relatively large. Our calculations conclude that Li insertion is possible in LiPON retaining its poor
electronic conductivity which is one of the requirements for an electrolyte.

4., Conclusion

Using DFT simulations, we examined the defect energetics, solution of dopants and incorporation of
lithium in LiPON. We predict that the lowest energy disorder process is the Li,O Schottky,
although this process is highly endothermic, suggesting that the concentration of Li and O vacancies
will not be significant at normal temperatures. The results further reveal that the Na, As and S
dopants are predicted to be preferentially occupy the Li, P and O sites respectively. Divalent dopant
substitution on the Li site is compensated by lithium vacancies. Possible dopant for this process is
the Mg that is worth trying experimentally. The doping of Ge on the P site is the favourable process
is to create oxygen vacancies and Li interstitials as charge compensating defects. Incorporation of Li
atoms (up to four) was considered. Subsequent incorporation expands the volume of the lattice and
enhances the stability of Li atoms. Charge analysis confirmed the formation of Li+* ions in the lattice.
Insulating nature of this material is still kept, although there is a slight decrease in the band gap
upon each Li incorporation. The current simulation study provides theoretical predictions on dopant
engineering strategies and candidate dopants that will be of benefit to experimental optimisation of
LiPON electrolyte.
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Table 1. Calculated and experimental lattice parameters of orthorhombic LiPON.

Parameter Calculated Experiment [17] [A] (%)
a(A) 8.9871 9.0692 0.91
b (A) 5.8750 5.3999 0.46
c(A) 4.7129 4.6856 0.58
a=B=y (°) 90.0 90.0 0.00
V (A 227.66 229.47 0.79
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Table 2. Effective Bader charges on each atoms in the relaxed bulk LiPON.

Atom Bader charge (e)
Li +1.00
P +5.00
N —2.98
0 —1.98, —2.04
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Tables. Reaction energies for the formation of LIPON using different chemical reactions.

Atom economy (%)

Reaction Reaction energy (eV)
Li,0 + £ P05 + = P3Ng = Li,PO,N —2.66 100
2Li+ ;P + 0, + 5 N; > Li;PO,N —12.22 100
2Li+ 7P, + NO; > Li,PO,N ~12.03 100
~LigP,0; + NO > LizPO,N + >0, 2.59 69.5
Li,0 + 2 P05 + = N; = Li,PO,N+20, 0.88 79.1
—4.22 75.2

LisN + LiPO; » Li,PO,N + Li,0

15




Table 4. Intrinsic defect energies calculated for Frenkel, Schottky and anti-site defect processes.

Defect process Equation number | Reaction energy (eV)/defect
Li Frenkel 8 3.94
P Frenkel 9 10.03
N Frenkel 10 3.98
O Frenkel 11 3.29
Schottky 12 2.98
Li,O Schottky 13 2.27
P,O; Schottky 14 4.21
Li-P anti-site (isolated) 15 6.80
Li-P anti-site (cluster) 16 4.97
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Table 5. Solution energies of alkali dopants (Na, K, Rb and Cs) on the Li site. Volume change with respect to
defect-free LiPON is also provided.

Dopant Tonic radius Solution energy (eV)/dopant | AV/V (%)
Na 0.99 —0.04 0.89
K 1.37 2.14 2.08
Rb 1.52 8.57 2.66
Cs 1.67 6.02 3.45
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Table 6. Solution energies of alkali-earth dopants (Mg, Ca, Sr and Ba) on the Li site. The values in the
parentheses are the solution energies calculated for Mj;-Lijcluster (M =Mg, Ca, Sr and Ba).

Dopant Tonic radius Solution energy (eV)/dopant Bl(r;;ifl)n/%s;:i%y AV/V (%)
Mg 0.71 2.30 (2.08) —0.22 0.57
Ca 1.00 2.66 (2.26) —0.40 1.63
Sr 1.18 3.04 (2.46) —0.58 2.15
Ba 1.85 3.80 (3.06) —0.74 3.07
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Table 7. Solution energies of tetravalent dopants (Si, Ge, Ti, Sn, Zr and Ce) on the P site. The values in the
parentheses are the solution energies calculated for defect clusters (Mp—Li; and 2Mp—V{").

Solution energy Binding energy AV/V (%)
(eV)/dopant (eV)/dopant
Dopant | Tonic radius (A) Charge compensation Charge compensation Charge compensation
Li; 73 Li; 43 Li{ 73
Si 0.26 3.64(3.28) | 4.81(3.98) —0.36 —0.38 0.83 1.18
Ge 0.39 5.66 (1.52) 3.98 (2.22) —4.14 —-1.76 1.83 4.26
Ti 0.42 1.46 (4.24) | 5.21 (4.61) —0.22 —0.60 1.70 1.94
Sn 0.55 48 (5.24) 6.12 (5.87) —0.24 —0.75 2.41 3.49
Zr 0.59 6.46 (6.28) | 7.10(6.18) —0.18 —0.92 2.55 2.75
Ce 0.87 7.90 (7 56) 8.43 (6.69) —0.34 —1.74 2.94 3.80

19



Table 8. Solution energies of pnictogen dopants (As, Sb and Bi) on the P site.

Dopant Tonic radius Solution energy (eV)/dopant | AV/V (%)
As 0.34 0.60 0.73
Sb 0.60 2.68 1.61
Bi 0.76 8.03 2.21
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Table 9. Solution energies of chalcogen dopants (S, Se and Te) on the O site.

Dopant Tonic radius Solution energy (eV)/dopant | AV/V (%)
S 1.84 3.98 1.64
Se 1.98 5.02 2.17
Te 2.21 7.19 3.15

21




Table 10. Incorporation energies, Bader charges on the incorporated Li atoms and volume change upon

successive incorporation.

Incorporation energy (eV)/Li

Reaction Ref Li atom Ref Libulk Bader charge (e) AV/V (%)
Li + LiPON — Li.LiPON 1.32 2.99 +1.00 0.92
2Li + LiPON — 2Li.LiPON 0.18 1.85 +1.00 (2) 1.86
3Li + LiPON — 3Li.LiPON 0.06 1.78 +1.00 (3) 3.24
4Li + LiPON — 4Li.LiPON —0.44 1.23 +1.00 (4) 4.66
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Figure 1. (a) Crystal structure of LIPON and (b) its DOS plot. Vertical dot lines correspond to the Fermi
energy level.
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Figure 2. (a-d) Tetrahedral units consisting of each dopants (Na, K, Rb and Cs respectively) on the Li site in
the relaxed structures, (e-h) total DOS plots calculated for LIPON doped with Na, K, Rb and Cs respectively
and (i-1) corresponding dopant atomic DOS plots.
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Figure 3. (a-d) Tetrahedral units consisting of each dopants (Mg, Ca, Sr and Ba respectively) on the Li site in
the relaxed structures, (e-h) total DOS plots calculated for LIPON doped with Mg, Ca, Sr and Ba respectively
and (i-1) corresponding dopant atomic DOS plots.
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site in the relaxed structures (charge compensation: Li interstitial).

26



DOS (arb.unit)

DOS (arb.unit)

DOS (arb.unit)

DOS (arb.unit)

)

DOS (arb.unit)

T

: : YAE : :
£ - g = g 8§ = ]
3 ) H 17 ° % 7] v 0
@ CY
o 8 ® g 8 g 8 & 8
© © © ©
n n " L}
w w L3 g -
i i w w w
12345678810 1234567891 01234567891 012345678910 123456788910
Energy (eV) Energy (eV) Energy (eV) Energy (eV) Energy (eV)

DOS (arb.unit)

DOS (arb.unit)

T

Energy (eV)

T
01234586738

T
9

10

1234567891012
Energy (eV)

T T T
123 4567

Energy (eV)

T T T
123 45678910

Energy (eV)

12345678910
Energy (eV)

Figure 5. Total DOS plots of (a) Si, (b) Ge, (c) Ti, (d) Sn, (e) Zr and Ce doped on the P site respectively
(charge compensation: Li interstitial). Corresponding atomic dopant DOS plots (g-1) are also shown.
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Figure 6. (a-f)Tetrahedral units consisting of each dopants (Si, Ge, Ti, Sn, Zr and Ce respectively) on the P
site in the relaxed structures (charge compensation: oxygen vacancy).

28



DOS (arb.unit)

DOS (arb.unit)

29

Figure 7. Total DOS plots of (a) Si, (b) Ge, (c) Ti, (d) Sn, (e) Zr and Ce doped on the P site respectively
(charge compensation: oxygen vacancy). Corresponding atomic dopant DOS plots (g-1) are also shown.

(b) q (e)
g g g g g
3 3 3 3 3
£ £ £ £ £
s 8 L g £ 2
32 ] ] %] 7] @ - 1%}
© o} e 3 8 3 o] 3 o}
@ a i a a o~ a - a
5 ~ o 2
ik o~ © ©
[ " n "
i ¥ o ui
345678910 12345678910 0012940567891 001234567 10 123456788910
Energy (eV) Energy (eV) Energy (eV) Energy (eV) Energy (eV)
— s (i) (h) —sish) (0] —s s [0)] (k) ::fz:;
~— 5 (sid) —sisd) — s (sld) P {siu)
P (siu) —plsiy) —pisiu) — p {s/d) =
—pisa)] ||l —psid) ||z —pisid) = d{siu) z
5 d s IS disu) 5 — d(si0) 5
& 2 nE= d (s/d) ] g — disid) ~ g re]
¢ V<& N S oo T i T 2
D (50 | %] | | %]
’ Y \f | o Q
S g i”\ W a “ a
fl |
o Ty preer ey ey R L A e L N L e ] ) G L S A T o T T T T
4567 8910 123458678910 1234567891 01234567891 0123458678910 1234567289
Energy (eV) Energy (eV) Energy (eV) Energy (eV) Energy (eV) Energy (eV)

10



107.23

(d) (e) (f)
Kol
§ i § §
(%)) (] 2] > (%) >
o] o 8 S o} @
a ] = a ~
o & -
! €2
& 'L n
w uh o
I 18505485 1Al KiTh bARE LRAAAS RAAS LAY RAALY LAAAN LLAM) LERM) AEEL Tyey A A B A KRR
012345678910 01234586 7 8 910 0123 4586 78 910
Energy (eV) Energy (eV) Energy (eV)
— s (sl) = i —s(sl)
(g) —t (h) _:g:; (i) -t
— p (s/u) ) — p (slu)
= —p(s/d) = — b (s/d) =2 —p(sd)| |
g d (s/u) = d (s/u) \f\ ‘:::' gz://:; ‘\
~—d (s/d) =] = | = 9
-8 AA -9 - A a9 } \N\‘ ‘E \"—‘
S ﬁ RS =2 e e o =
8 @ \ @ [
(®] |
o 8 8 V |
T T T T T T T T T T T T T T T T T T T T T T T T T
012345867 8 910 0123 45¢86 78910 0123456 7 8910
Energy (eV) Energy (eV) Energy (eV)

Figure 8. (a-c)Tetrahedral units consisting of each dopants (As, Sb and Bi respectively) on the P site in the
relaxed structures, (d-f) total DOS plots calculated for LiIPON doped with As, Sb and Bi respectively and (g-i)
corresponding dopant atomic DOS plots.
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Figure 9. (a-c)Tetrahedral units consisting of each dopants (S, Se and Te respectively) on the O site in the
relaxed structures, (d-f) total DOS plots calculated for LIPON doped with S, Se and Te respectively and (g-i)
corresponding dopant atomic DOS plots.
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Figure 10. Relaxed structures of (a) a single Li, (b) 2Li, (¢) 8Li and (d) 4Li incorporated into LiPON.
Corresponding total DOS plots (e-h) and atomic DOS plots of Li (i-1) for each configurations are also shown.
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