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1 | INTRODUCTION

Lithium phosphorus oxynitride (LIPON) has been the subject of
intense research for three decades with the main application as a solid

Doreen Mollenhauer'?

Abstract

Amorphous lithium phosphorus oxynitride (LIPON) has emerged as a promising solid
electrolyte for all-solid-state thin-film lithium batteries. In this context, the use of the-
oretical modeling to characterize, understand, or screen material properties is becom-
ing increasingly important to complement experimental analysis or elucidate features
at atomistic level that are difficult to obtain through experimental studies. Density
functional theory (DFT) is the method of choice for quantum mechanical material
modeling at the atomistic scale. The current state of the art represents DFT values,
such as the formation or migration energies relevant for bulk phase of materials, as
absolute numbers. Estimating the accuracy or fluctuation range of the different den-
sity functionals is challenging. In order to investigate the thermodynamic and kinetic
properties of LIPON by DFT, an approach to describe the fluctuation range caused
by the choice of the exchange-correlation (XC) functional is developed. Three differ-
ent model systems were chosen to characterize various structural features of amor-
phous LIPON, which are distinguished by the cross-linking of the PO,N4_,-structural
units. The uncertainty U is introduced as a parameter describing the fluctuation range
of energy values. The uncertainty approach does not determine the accuracy of DFT
results, but rather a fluctuation range in the DFT results without the need for a refer-
ence value from a higher level of theory or experiment. The uncertainty was deter-
mined for both the thermodynamic Li-vacancy formation energies and the kinetic
Li-vacancy migration energies in LIPON. We assume that the uncertainty approach

can be applied to different material systems with different density functionals.
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electrolyte in all-solid-state thin-film lithium batteries due to its good
ionic conductivity and because it was considered to be electrochemi-
cal stable against metallic lithium.*™® In this context, Schwébel et al.
showed that LIPON in contact with metallic lithium form a solid
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electrolyte interphase, in which reversible reactions are lead to the
formation of LisN, LisP, and Li,O.2* LIPON is the name for a whole
class of compounds that share the chemical sum formula Li,POyN,.
The LIPON structure is composed by an anionic lattice, formed by the
PO_N4.,-structural units, and the cationic lattice, built by the Li
ions.’>~1? The good electrochemical properties of amorphous LIPON
are not yet fully understood, and are the subject of theoretical stud-
ies.25722 |n the context of theoretical investigations, density functional
theory (DFT) with periodic boundary conditions is the method of
choice to study the characterization of new compositions,*® the trans-
port properties and the stability of interfaces to LIPON.>-22

Regarding the investigation and modeling of LIPON with the DFT
method, there are several technical challenges. One major challenge is
clearly the consideration of amorphicity for which first approaches are
being developed and tested.'® Another major challenge is estimating
the accuracy of the qualitative and quantitative results derived from a
certain density functional. This is particularly important when small
energetic differences occur. To characterize the transport properties
of LIPON structures, the activation energy is mainly compared with
experimental data and used to determine the ionic conductiv-
ity. 262324 The activation energy is composed of the migration energy
(kinetic barrier) of the respective diffusion path and the Frenkel pair
energy (thermodynamic factor), which accounts for the formation of
vacancies and interstitial ions. The primary exchange-correlation
(XC) functionals used to study LIPON or solid-state structures in gen-
eral (without transition state atoms) are the local-density approxima-
tion (LDA) functional and the generalized gradient approximation
(GGA) functional from Perdew, Burke, and Ernzerhof (PBE).2>%¢

To estimate the accuracy of DFT results for molecular systems,
benchmark studies are usually performed.2’~3° On the one hand, DFT
results are compared with results calculated at higher levels of theory,
such as the CCSD(T) approach.3! For this comparison, only relatively
small model systems, simplified in dimensions, are considered. Finding
a suitable model system for LIPON compounds with different struc-
tural units that can also be used to model lithium diffusion and also
small in dimension is not feasible. On the other hand, DFT results can
be compared with experimental results if these are available.}¢1732:33
In this case, however, it is necessary to examine the extent to which
the results are comparable and how the experimental results can be
represented by the theoretical model system. This plays a crucial role
in both qualitative and quantitative comparisons. If both variants are
not feasible for the system and properties under investigation, as in
the case of LIPON, estimation of absolute values and a possible error
range is difficult.

However, a comparison of different density functional
approaches can help to estimate the reliability of the method.>* In this
regard, we have developed an approach to evaluate the theoretical
values in terms of the thermodynamic and kinetic properties of the
solid electrolyte LIPON. In our study, we use a weighted arithmetic
mean value as reference parameter calculated from the Li-vacancy
formation energies or the migration energies over a large number of
considered XC-functionals. This is achieved by employing different
XC-functionals from different steps of the Jacob's ladder with and
without including dispersion corrections. To account for the complex

amorphous LIPON structure motifs that might be differently
described by the different approaches, three significant different
model systems form the basis of the study. We compared the values
calculated with different XC-functionals within the weighted average
value of all density functionals examined. This procedure is used to
determine the relative deviations from the obtained weighted aver-
aged value and individual XC-functionals are evaluated in relation to
other XC-functionals. The obtained energy fluctuation range was den-
oted as uncertainty U for the investigated XC-functional classes, ch,
or as total uncertainty Ut considering all XC-functionals. Thus, Uxc
indicates the fluctuation range of energy values within a certain XC-
functional class and Urots defines the total energy fluctuation range
caused by DFT for all different XC-functionals. In addition, the maxi-
mum uncertainty Umax Was determined considering all used model
systems of LIPON. We believe that the uncertainty estimation allows
a better evaluation of the obtained results regarding thermodynamic
and kinetic properties. Moreover, we consider this approach to be rel-
evant not only for the solid electrolyte LIPON, but also for other solid
electrolytes and other solid state systems for which no experimental
values are available and which are too complex to be benchmarked
against a higher level of theory, such as the CCSD(T) approach.

We have chosen LIPON as an example for lithium-based solid
electrolytes to demonstrate our approach of considering the variation
of XC-functionals, dispersion corrections, and model systems to deter-
mine the uncertainty. However, the dispersion corrections were
included because of the chemical nature of LIPON, especially because
of the anionic PO, N4 ,-lattice. In general, the uncertainty approach
can be applied to other solid-sate systems and can also include other
XC approaches such as GGA+U, which is especially important when
transition metals are included as in cathode materials. LIPON is an
appropriate model system for this study because the system size is
too large for traditional benchmarking and the experimental relevant
structure is unknown due to its amorphous nature. However, there
are a few experimentally studied crystalline structures with different
structural features that serve as model systems in this study. In order
to present the structural features of amorphous LIPON, we have cho-
sen three different model systems that differ in their cross-linking of
the anionic PO,N4., lattice. Therefore, two crystalline structures
which we refer to OD- and 1D-LIPON and a pseudo amorphous struc-
ture denoted as 2.5D-LIPON, are used as model systems. In this
study, the Li-vacancy formation energies and migration energies are
used as model properties to determine the uncertainty; a detailed dis-
cussion of both the Li-vacancy formation and the migration energies
can be found in Ref. 35. To determine the uncertainty, we chose as
XC-functionals LDA, GGA, GGA-D3(BJ), and vdW-DF approaches,
which are density functionals in the modeling of battery
materials.}>"182036-40 |5 previous studies, dispersion corrections
which consider medium and long-range dispersion interactions were
not considered in LIPON.5"820 However, due to the (cross)-linked
PO_N4.,-units, we included the description of dispersion interaction.
To determine the uncertainty we proceed as follows. First, we exam-
ined the lattice parameters of the crystalline structures with different
XC-functional classes and compared the results to experimental
values. As a result, we exclude XC-functionals that are not able to
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reproduce the geometric structure of the solid material. Second, the
mean absolute deviations (MADs), the uncertainties of the XC-
functional classes and the total uncertainties with respect to the Li-
vacancy formation energies and third, the migration energies were
determined and compared to each other. Fourth, the maximum uncer-
tainty for the Li-vacancy formation energies and migration energies in
amorphous LIPON was estimated by considering the respective total

uncertainties of the three LIPON model systems.

2 | COMPUTATIONAL DETAILS AND
STRUCTURAL MODELS

21 | Computational details

The periodic DFT spin-unpolarized calculations have been performed
with the Vienna Ab initio Simulation Package version 5.4.4.
(VASP.5.4.4).41-44 The use of spin-polarized DFT were tested and only
small derivations in the range lower than 50 meV for the Li-vacancy
formation energies and lower than 10 meV for the migration energies
occur. For the visualization and the graphical representations of the
crystalline structures, the VESTA software package was used.*> We
have applied in total 17 XC-functionals, seven XC-functionals within
the local density approximation, namely LDA* AMO05,4~47 HL,>°
CA*Y WI,>2 PZ,3% and VWN?>%; four XC-functionals within the GGA,>®
namely PBE,?>2¢ rPBE,>® PBEsol,°”*® and PW91°%; and six van der
Waals functionals (vdW-DF),¢° namely revPBE %! optPBE,‘{’z’63
0optB88,52%% optB86,°2%% vdW-DF2,%* and rev-vdW-DF2.%®> Further-
more, the LDA and GGA functionals have been employed in combina-
tion with dispersion corrections from Grimme et al. (D2 and D3
approaches, D3 with zero damping and with Becke-Jonson
[BJ] damping)®¢¢® and from Tkatchenko and Scheffler (TS and TSH
with iterative Hirshfeld partitioning).¢”=”* In addition, the hybrid-func-
tionals, PBE0,?*72 HSE03,/*7> and HSE06,”>7>7¢ were tested,
because their results can be used as a reference system for bench-
mark studies due to their usually higher accuracy in energetic values
compared to the considered XC-functionals (LDA, GGA, and vdW-
DF). However, due to the system size of 80-100 atoms of the LIPON
model systems used, convergence could not be achieved for any
LIPON system, even when technical parameters such as the k-points
and cutoff energies were reduced. The calculations have been per-
formed with a Monkhorst-Pack-Grid”” and a k-spacing of 0.18 A~*
for the OD-LIPON structure, 0.125 A~ for the 1D-LIPON structure,
and 0.25 A~1 for the 2.5D-LIPON structure for the sampling of the
Brillouin zone. This corresponds to the k-spacing used in the previous
work of Senevirathne et al.'® by Al-Qawasmeh et al,'” and by Sicola
et al.'® The electronic occupancies are described by the Gaussian
smearing method; using a Gaussian smearing with a ¢ value of 0.05 eV.
A plane wave basis set with an energy cutoff of 500 eV was used to
expand the electronic wave function. Projector augmented wave poten-
tials were applied.”®”? The convergence threshold for the electronic
self-consistency has been chosen to be 107 eV. The structures have

been relaxed until the forces acting on the atoms were smaller than

CHEMISTRY

0.01 eV/A. Additional energy optimizations have been performed using
a I'-centered k-point grid — the k-spacing was reduced to 0.1 A~ for
OD-LIPON, 0.09 A~ for 1D-LIPON, and 0.15 A~ for 2.5D-LIPON — in
combination with the tetrahedron method with Blochl correction.

For the LIPON systems under consideration, we assumed that a
Li-vacancy is created during volume phase formation and is uncharged

in this context. According to the Kréger-Vink notation,2%81

a vacancy
V7, (x because the vacancy is uncharged) occupies a regular lithium lat-
tice position Lif; and is written as V7;. The formation energy for an

uncharged Li-vacancy V{; is defined as following®2784

Etorm [Vfi] =Eiot [Vfi] — Eiot [Li)lii] + py (1)

where Eiqt [Vfi] is the total energy of the optimized structure with the
uncharged Li-vacancy, Etot[Li’[i} is the total energy of the optimized
structure without a Li-vacancy, and y; is the chemical potential of

lithium. The chemical potential of lithium is defined by®28>;

ui S Eot[Limetal] (2)

Eiot[Li metal] is the total energy per atom within a lithium metal
bulk system with the space group Im3m (#229). The energy obtained
by Equation (2) and included in Equation (1) corresponds to an upper
limit of the Li-vacancy formation energy.85 The Li-vacancy diffusion
barriers are calculated using the climbing image nudge elastic band
method (cNEB)®*®” implemented in the VTST code®® within a con-
stant volume supercell, constructed from three conventional unit
cells. Analogous to Ref. 17, a 2 x 2 x 1 supercell with 100 atoms is
used to describe the OD-LIPON structure. A 1 x 2 x 2 supercell with
96 atoms is used for the 1D-LIPON structure, analogous to Ref. 16.
For the 2.5D-LIPON-structure, a 2 x 1 x 2 supercell with 80 atoms pro-
vided by Sicolo et al. is used.*® For the cNEB calculations, seven images
were selected to determine the diffusion paths and migration barriers
from one position of the lithium atom to the Li-vacancy.
Preoptimization was mainly carried out using LDA and PBE-D3
(BJ) approaches and it was shown that the migration barriers with
seven images are identical to those with three images (Figure S1). For
all other density functionals, three images were used for the same pur-
pose with reduced computational effort. The convergence threshold
for the cNEB approach was again set to 107 eV for the electronic self-
consistency and 0.01eV/A for the structure relaxation. These conver-
gence criteria are the same values as for the structural optimization and
the optimization of Li-vacancies in the structures.

To determine the influence of the XC-functionals on the struc-
tural properties (in this case, the lattice parameters), the mean squared

deviation (MSD) was calculated (Equation 3).

MsD =23 (- ro)? ®)

The value r; represents the computed lattice parameter for the
particular XC-functional and ry represents the experimental lattice

parameter taken from Refs. 16 and 89.
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The MAD and the root-mean-square deviation (RMSD) of the
XC-classes for the Li-vacancy formation energies as well as for
the migration energies were calculated for each Li-vacancy (defined
by the Wyckoff position) and each corresponding possible migration

energy. The Emap Was calculated according to Equation (4):

1N
EMAD:NZ,-:1|EO_Ei| 4)

with Eq as reference energy and E; as energy of the ith XC-functional.
The absolute deviation (Eap = |Eo — Ej|) is first calculated for each ith
XC-functional, see Tables S5-S7 for Li-vacancies formation energies
Eform[ fi] and Tables S9-S11 for Li-vacancies migration energies Epg,
and then used to calculate Emap by applying Equation (4). In the
framework of this study, we distinguished between the Epmap per XC
(Emapxc) and the total Epmap (Emap Total)- Both energy values were cal-
culated for each individual Li-vacancy formation energy or Li-vacancy
migration energy. Emapxc is calculated for each of the four XC-classes
[LDA, GGA, GGA-D3(BJ), and vdW-DF], while Epmap Totar COnsiders all
four XC-classes within the XC+D3(BJ) approach. Therefore Emap Total
contains a total of 11 different XC-functionals — 1x LDA, 3x GGA
(PBE, PW91, and PBEsol), 2x GGA-D3(BJ) [PBE-D3(BJ) and PW91-D3
(BJ)], and 5x vdW-DF (optPBE, optB88, optB86b, vdW-DF2, and rev-
vdW-DF2). The number of XC-functionals was reduced from 17 to
11 during the study because some XC-functionals showed convergence
problems in the Li-vacancy calculations or the calculated lattice param-
eters showed poor agreement with the experimental data (Section 3.1).
Therefore, we excluded AM05,47*? HL,>° CA>* WI,%2 PZ>® VWN,>*
and revPBE®? for the calculation of the Li-vacancy formation energies
and migration energies as well as for the uncertainty estimation.

For the three LIPON-structures studied, there are neither experi-
mental data nor results of benchmark methods (e.g., higher level of
theory approaches or XC-functionals, such as hybrid functionals) that
can be used as reference energies. Therefore, the reference energy Eq
has been estimated as a weighted arithmetic mean value (Eway)
according to Equation (5):

Eo=Ewav = ZLXVEVZLM (5)

with y; as weighting factor (Table 1) and E; as Li-vacancy formation
energy or migration energy of the ith XC-functional. The RMSD was
calculated by Equation (6):

TABLE 1  Weighting factors for the XC-classes of LDA, GGA,
GGA-D3(BJ), and vdW-DF

XC-functional class Xi
LDA 1
GGA Y
GGA-D3(BJ) Y2
vdW-DF s

Abbreviations: GGA, generalized gradient approximation; LDA, local-
density approximation; XC, exchange-correlation.

Ermsp = \/%ZL(EO*E)Z (6)

We defined the uncertainty U for a XC-functional according to
Equation (7), which is calculated by taking into account the mean
value of Epmap considering all lithium (Wyckoff) positions or migration

barriers:
~ 1 NX€
U= WZi:l E?/I%D,i (7)

The uncertainty U includes all Li-vacancy formation or migration
energies. In analogy to Epmap, a distinction is made between the uncer-
tainty per XC (Uxc) and the total uncertainty (Uora). Uxc indicates the
range of fluctuation for a XC-class among a variety of other XC-clas-
ses. Urotal gives the average fluctuation range over all four XC-classes
or over all 11 XC-functionals within a LIPON model structure. Fur-
thermore, we determine the maximum uncertainty Unmay for both, the
Li-vacancy formation and the Li-vacancy migration energies based on
the Otow of the three LIPON model structures, where Unay corre-
sponds to the maximum value of Uy . Thus, the uncertainty values
cannot give any information about the accuracy of individual XC-
functionals or their classes, but give a kind of fluctuation range for
DFT results based on identical calculations with different XC
approaches. It should be noted that changing parameters or condi-
tions, such as charged instead of uncharged Li-vacancies, or changing
other parameters, for example, convergence criteria for the structure
optimization, can lead to a variation of the uncertainty.

In addition, the influence of the zero-point energy (ZPE) on the
uncertainty U for the Li-vacancy formation and migration energy was
tested exemplarily on a formation energy (Li-vacancy type 1 position),
as well as on a migration energy (V(II)-V(l) diffusion path) within the
2.5D-LIPON structure. However, it appears that the consideration of
the ZPE has only a small effect on the obtained uncertainties for the
Li-vacancy formation as well as the migration energies. Overall, it was
found that the uncertainties of the Li-vacancy formation energies
tend to increase by considering the ZPE (on average by +6 meV),
while the Li-vacancy migration energies tend to decrease (on average
by —1 meV to —2 meV) (Table S1). However, the finding does not
affect the conclusions obtained regarding the behavior of the XC-clas-
ses within the XC+D3(BJ) approach. An analogous behavior is
obtained when the ZPE is included into the total energy Eiow for
the LIPON model systems without Li-vacancies (0D-, 1D-, and
2.5D-LIPON) (Table S2). In this case, the ZPE changes the total energy
Eiotal by max. 2% and the obtained deviations within an XC-class are
nearly identical. Therefore, we assume the ZPE does not influence the
drawn conclusions of this study and we have not considered ZPE to
have a reasonable computational effort.

To ensure that each XC-functional class contributes equally to U,
the weighted arithmetic mean value Eway is used instead of the mean
value (Equation 4). In this way, the vdW-DFs with the largest number
of different XC-functionals do not dominate the Eymap and therefore

the uncertainty U.
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However, the whole uncertainty analysis depends significantly on
the Ewav values (Equation 7). In order to obtain a more detailed
understanding of the influence of Eway on the calculated uncer-
tainties U  for the Li-vacancy formation energies Eform [V’,fi]
(Section 3.2) and the Li-vacancy migration energies Epg (Section 3.3),
Ewav Was varied by £10% and the changes in the uncertainty per XC-
class have been characterized. The +10% variation range corresponds
to a few hundred meV for the Li-vacancy formation energies and
mostly below 100 meV for the Li-vacancy migration energies. In sum-
mary, the shift of the Eway values to larger energy values (+10%) ini-
tially favors, the XC-classes LDA and GGA-D3(BJ), which usually tend
to overestimate the energy values. The influence of these XC-classes
can be divided into two parts: First, the uncertainty of LDA and GGA-
D3(BJ) decreases (Figures S2 and S3) as Ewayv converges toward their
Li-vacancy formation energies Eform [Vﬁ] or migration energies Epjg.
Second, the uncertainty for LDA and GGA-D3(BJ) increases as the
Ewav Value reaches a tipping point where Eywav exceeds Esorm [V’[i] or
Enig and the gap between Eway and E¢orm [V’[i] or Enig increases again,
leading to increasing uncertainties. However, a shift from Eyway to
higher energy values leads to a situation in which the XC-classes that
tend to underestimate energy values (GGA and vdW-DF) are
disfavored. The gap between Etom [V];] OF Emig and Eyway becomes
larger and larger leading to increasing uncertainties. An analogous
effect occurs when varying Eway to lower energy values (—10%), with
the difference that in this case the XC-classes are preferred, which
tend to underestimate the energy values (GGA and vdW-DF). Overall,
the variation of the Eyway values shows that a change of Eyyay simulta-
neously favors two XC-classes, while the remaining two XC-classes

are disadvantaged. This effect varies for the LIPON structures and is

or N @0 or
DLi(69) @Li(6g) DLi(2c) @0

FIGURE 1
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the strongest within the OD-LIPON structure and the weakest within
the 2.5D-LIPON structure. Based on this analysis, it can be demon-
strated that the choice of an appropriate reference value is not trivial,
but our reference value Eyyay Seems to be a good compromise. This is
because it balances between the XC-classes that tend to overestimate
and those that tend to underestimate the energy values without

favoring either side.

2.2 | Structural models
Three LIPON structures were considered as LIPON model systems,
which differ in the cross-linking of the PO_N4_,-structural units. The
first structure, called OD-LIPON, was experimentally observed by
Baumann and Schnick in 2015.87 The structural formula is Li;4P,03N
and the corresponding unit cell possess the space group P3 (#147).57
The anionic lattice is composed of isolated PON3* -tetrahedrons
(with charge x) and oxygen ions, which occupy the 2c Wyckoff posi-
tion and stabilize the PON*"-tetreahedral”®? (Figure 1A). The lithium
ions fully occupy three different Wyckoff positions: 6g, 6g’, and 2c
(Figure 1A). The 6g and the 6g’ differ in their orientation to the
PONZ*"-tetrahedrons. The lithium ion at 6g is located at the oxygen-
bearing tip of the PON3*"-tetrahedrons, while the lithium ion at 6g’ is
located at the nitrogen-bearing base and the 2c position is centered
to the PON3 " -tetrahedrons.

The second structure was experimentally observed and theoreti-

I.,¢ which we labeled with

cally validated in 2013 by Senevirathne et a
1D-LIPON. The structural formula Li,PO,N possesses a unit cell with

space group Cmc2; (#36).2¢ In this unit cell all Wyckoff positions are

ON [+ 13 ON @0
Q@ Li(8b) @ Liypel) @Litypell) J Li(type Ill)
D Li (type IV) @ Li (type V)

lllustration of the three considered LIPON structures. (A) OD-LIPON (Ref. 17) with isolated PON3*" -tetrahedrons, (B) 1D-LIPON

(Ref. 16) with PO,N,-chains and (C) 2.5D-LIPON (Ref. 18) with connected PO,N4.,-planes and PO, -tetrahedrons. LIPON, lithium phosphorus

oxynitride
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occupied, the lithium and oxygen ions occupy the 8b positions, while
the phosphorus and nitrogen ions occupy the 4a positions (Figure 1B).
Characteristic structural units for 1D-LIPON are planar PO,N,-chains
which are oriented parallel to the c-axis. The PO,N,-tetrahedra are
linked via sp?-hybridized nitrogen atoms® and form P-N-P-N-chains
(Figure 1B). The chain containing solid-state structure is stabilized by
nonbridged oxygen ions.?® The lithium ions are located near the
oxygen ions.

The third structure was theoretically determined in 2016 by
Sicolo et al by means of a combination of genetic algorithm and DFT,
which used the structural formula of LisP4OgN3. Subsequently, a sim-
ulated annealing process by means of ab initio molecular dynamics
was applied to refine the structure.'®?° The so obtained pseudo-
crystalline structure possess PO N4.,-2.5D units as well as isolated
PO,3 -tetrahedrons.*® The PO,N,.,-2.5D units are two stacked
PO_N4.,-planes which are linked by an oxygen bridge. Due to the fea-
ture of connected planes, the structure is referred as 2.5D-LIPON.
The PO,N,.,-planes consist of PO,N,- and PO, -units. Within this
structure, the lithium ions occupy a total of five energetically distinct

positions for which no Wyckoff positions can be assigned.

3 | RESULTS

3.1 | Effect of the XC-functionals on the lattice
parameters of OD- and 1D-LIPON

To obtain a first overview of the structural performance of the chosen
LDA, GGA, and vdW-density functionals (DF), the lattice parameters
of the OD- and 1D-LIPON structures for which experimental values
are available were calculated. The LDA and GGA functionals were also
employed with different dispersion corrections by Grimme et al.64-®
and by Tkatchenko and Scheffler.®?=’* The dispersion corrections
chosen are explicitly D2, D3, D3(BJ), TS, and TSH. When dispersion
correction parameters are not available for a given LDA or GGA func-
tional, the D2, D3, and D3(BJ) dispersion correction parameters of
PBE were employed. This was the case for the density functionals:
LDA, HL, CA, WI, PZ, VWN, rPBE, and PW91. Unfortunately, not
every calculation of the combination of the XC-functionals with or
without dispersion correction converged (e.g., HL, CA, WI, PZ, and
VWN in combination with D2, D3, TS, and TSH dispersion corrections
show no convergence).

To characterize the performance of the XC-functionals and dis-
persion corrections with respect to the structural values, the MSDs
(Equation 3) were determined using the available experimental lattice

parameters'8? (

Figure 2). The essential feature of both structures is
the layer formation between the anionic PO N4.-lattice and the lith-
ium ions. We assume that dispersion interactions occur between
them, which contribute to the stabilization of the structures. This
requires the use of dispersion corrections or vdW-functionals, which
have not been considered in previous studies of LIPON. The theoreti-
cally generated 2.5D-LIPON'® structure was left out of this

consideration.
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FIGURE 2 MSD of the calculated lattice parameters compared to
the experimental structures of Baumann and Schnick (OD-LIPON:
Ref. 89) and Senevirathne et al. (1D-LIPON: Ref. 16) as a function of
various XC-functionals. (A) OD-LIPON structure and (B) 1D-LIPON
structure. LIPON, lithium phosphorus oxynitride; MSD, mean squared
deviation; XC, exchange-correlation

The best agreement of the computed lattice parameters with
experimental values was obtained with almost all vdW-DF and some
GGA functionals (Tables S3 and S4). Also, some GGA functionals show
a reasonable agreement in combination with dispersion correction.
The different dispersion corrections lead to different structural devia-
tions, which only in some cases give a better agreement with the
experimental data than the pure density functional. This is true, for
example to PBE and rPBE, which yield lattice parameters closer to
experimental values when dispersion correction is applied. The best
agreement with experimental values among the different dispersion
corrections provides the D3(BJ) approach. While all density func-
tionals in combination with dispersion correction show acceptable
agreement with the crystal structures, the DFT-TS represents an
exception (Tables S3 and S4). Large deviations for this methodological
approach were obtained for the OD-LIPON structure, especially. It is
remarkable that the DFT-TS and DFT-D2 approaches show different
results regarding the lattice parameters, although they differ only by
the fact that the dispersion coefficients and damping functions of
DFT-TS depends on the charge-density. Furthermore, it is noted that
some XC-functionals (AMO5, PBE-TSH, rPBE, revPBE) showed con-
vergence problems in the calculations of structures with Li-vacancies
and were not used for this reason.

In summary, vdW-DFs provide lattice parameters in good agree-
ment with experimental data for the OD- and 1D-LIPON structures.
Typically, calculated lattice parameters of the plain GGA and LDA
functionals agree better with experimental parameters. This indicates
a small impact of long-range interactions to the geometrical structure.
LDA overestimates the lattice parameters with dispersion corrections,

even more than without.
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In order to select a sufficient variance of the methodological
approaches and to include commonly used XC-functionals for the
study of solid electrolytes, one LDA, three GGA (PBE, PBEsol, PW91),
two GGA-D3(BJ) [PBE-D3(BJ), PW91-D3(BJ) — with the PBE parame-
ters for the D3(BJ) correction] and five vdW-DF (optPBE, optB88,
optB86b, rev-vdW-DF2, and vdW-DF2) were selected for the investi-
gation of the uncertainty related to the kinetic and thermodynamic
properties of LIPON. For this purpose, the LIPON model structures
were structurally optimized and evaluated for each XC-functional and

then used to estimate the uncertainty.

3.2 | Li-vacancy formation energies in various
LIPON structures

The formation of defects within a solid state is a key process which
leads to ion transport such as the self-diffusion of ions. The formation
of defects depends on the solid-state structure as structures react in
different ways to compensate the interaction with the defect site
(vacancy or interstitial ion). Structural units in close proximity can
either expand or contract to compensate the defect. Therefore, con-
sidering the variety of structural units as model systems including iso-
lated tetrahedrons, chains or planes is crucial to capture the overall
picture for LIPON. Thus, the Li-vacancy formation energies in all three
LIPON structures are analyzed by applying the various density func-
tional approaches.

A thermodynamic consideration of the energies of formation would
include the influence of temperature and volume. Therefore, the Gibbs
free energy would to be considered in Equation (1) according to Freysoldt
et al.%? In this case, the total energies Exot[V};] and Eit[Li};] would be
replaced by the free energies F(V,T) = EitlT = O K, V]+F(V,T)+
FANV, T) + F?"(V,T) with the electronic F®'(V, T), quasiharmonic FA"(V,T),
and anharmonic FP"(V, T). As an approximation, we consider in
this study the Li-vacancy formation energy at T = O K and under con-
stant volume (isochoric) conditions for which consequently
F~ Eioi[T = 0 K, V]. Thus, the calculated Li-vacancy formation energies
Eform[V{;] correspond to the Gibbs free energies of formation
Grorm [V] (P,T). Both values are linked by the Gibbs-Helmholz equa-
tion: AG(T) = AE(T) + pAV(T) — TAS(T) with p as pressure, AV(T) as vol-
ume change, T the temperature and AS(T) as entropy change. At finite
temperatures (e.g., at room temperature) it is shown that G(T) ~ G(T =
0 K), because the errors for entropy S and enthalpy H compensate
each other.”® Therefore the assumption that Efom [Vm corresponds to
Grorm [V{i] (P,T) is reasonable.

321 |
LIPON

Li-vacancy formation energies for OD-

From an energetic point of view, the 63 Wyckoff-position is the most
favorable position of the three lithium Wyckoff-positions of the
OD-LIPON structure for the formation of a Li-vacancy, followed by
the 2c and 6g’ positions.'” This order of preference for the formation

of a Li-vacancy is represented by all 11 XC-functionals (Figure S4), were
the Li-vacancy formation energies differ by up to 0.57 eV. More specifi-
cally, the Li-vacancy formation energies vary for the 6g position in the
range of 2.03 to 2.52 eV, for the 6g' one between 2.77 and 3.29 eV and
for the 2c one between 220 and 2.77 eV due to the selected
XC-functionals and dispersion corrections. Thus, the weighted arith-
metic average of the Li-vacancy formation energies Eway are 2.27 eV
for the 6g position, 3.03 eV for 6g’, and 2.51 eV for 2c.

The smallest Esorm [Vm values are obtained for the pure PBE func-
tional and the largest values for PBE-D3(BJ), which are similar to LDA
(Figure S4). One reason for the strong deviations is that the model
structures of Li-vacancy-free LIPON, Li-vacancy containing LIPON
and the lithium metal bulk phases are differently described by the
individual XC+D3(BJ) approaches. The Li-vacancy formation energies
Etorm[V];] change only by 0.10-0.22eV within a XC-class (except
LDA) considering the individual Wyckoff positions (Figure S4). The
dependence of Emapxc and the uncertainty of the calculated
Li-vacancies formation energies on the different XC-classes is shown
in Figure 3A. The Emapxc indicates the deviation within an XC-class
[or total (Emap.total) OVer all XC] with respect to the Eway Li-vacancy
formation energies for a given Wyckoff position of Li-vacancy.

The Li-vacancy formation energies E¢om [V’,ﬂ are on average over-
estimated by LDA (6%) and GGA-D3(BJ) (5%) and underestimated by
GGA (8%) and vdW-DF (6%) compared to Eyway (Figure S7).

Overall, the Emap xc values for all three Wyckoff positions vary in
the range of 102-199 meV. The lowest Epmapxc Values are obtained
with the GGA-D3(BJ) approach, except for the 6g position for which
the vdW-DF approach exhibits smallest values (Figure 3A and
Table S5). A similar bias is obtained for the highest Epmapxc Vvalues,
belonging to the LDA and GGA approaches. Both, GGA-D3(BJ) and
vdW-DF, have in common that they take into account dispersive
interactions, which shows their importance for the calculation of the
energetic values. The total uncertainty Ui for all XC-functional
approaches is 157 meV. Here, the smallest uncertainty Uxc for the
XC-classes relates to vdW-DF (140 meV) and GGA-D3(BJ) (150 meV),
while the largest relates to LDA (173 meV) and GGA (184 meV).

322 |
LIPON

Li-vacancy formation energies for 1D-

Within the 1D-LIPON structure, lithium completely occupies the 8b
Wyckoff positions.® The calculated Li-vacancy formation energies
Etom [V} vary similarly to those for OD-LIPON structure by about
0.51 eV depending on the XC+D3(BJ) approaches (Figure S5). The abso-
lute values for the vacancy formation energies Eform [Vm are higher
than for the OD-LIPON structure in the range of 4.53 and 5.04eV
(Table Sé). Similar relative ratios between the XC+D3(BJ) approaches
are obtained for OD- and 1D-LIPON. For PBE again the smallest
Etorm [V;] values are obtained, while with LDA [and PBE-D3(BJ)] the
largest energy values are received. The Eway Li-vacancy formation
energy is 4.84 eV and the fluctuation range for the XC-classes (except
LDA) is between 0.13 and 0.19 eV (again similar to O-LIPON).
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FIGURE 3 Emap and uncertainties U of the Li-vacancy formation
energies for different XC+D3(BJ) approaches and total for (A) OD-
LIPON, (B) 1D-LIPON, and (C) 2.5D-LIPON. LIPON, lithium
phosphorus oxynitride; XC, exchange-correlation

The Li-vacancy formation energies Eform [V’L‘i] are on average
overestimated by LDA (4%), GGA-D3(BJ) (2%), and vdW-DFs
(1%) and underestimated by GGA (5%) compared to Eway (Figure S8).
Similar to the OD-LIPON structure, the smallest Emapxc was
obtained for GGA-D3(BJ) (86 meV) and vdW-DF (61 meV), which
involve the description of dispersion interactions (Figure 3B). Signifi-
cantly larger Emapxc are obtained for LDA (196 meV) and GGA
(230 meV). The total uncertainty Uy over 11 XC+D3(BJ) approaches
is 124 meV.

The difference between XC+D3(BJ) approaches that account for
dispersion interactions and those that do not is significantly larger
for the 1D-LIPON structure than for the OD-LIPON structure. The
reason for this is the increasing importance describing the dispersion

interactions due to the PO,N,-chain structure.

3.23 | Li-vacancy formation energies
for 2.5D-Lipon

The pseudo-crystalline character of the 2.5D-LIPON structure is char-
acterized by five lithium positions that cannot be assigned to any
Wyckoff positions.*® The most energetically favorable position for a
Li-vacancy formation is Type |, followed by Type Il, Type lll, Type IV,
and Type V (Figure Sé). The order of Li-vacancy formation is the same
for all used XC+4-D3(BJ) approaches. Compared to the previous two
LIPON structures, the Li-vacancy formation energies E¢om [Vm vary
by about 0.51 eV within the XC+D3(BJ) approaches. Again, regardless
of the lithium (type) position, the highest Li-vacancy formation energy
Etorm [V;] values were obtained for LDA and the lowest for PBE. The
Ewav Li-vacancy formation energies are in the range of 4.89eV
(Typel) to 5.80eV (Type 5) (Table S7) and the fluctuation range within
the XC-functional classes (except LDA) is between 0.06 and 0.16 eV.
Similar to the OD- and 1D-LIPON structures, LDA (4%) overesti-
mates the Li-vacancy formation energies Efom [V’[i] compared to
Ewav, While underestimation results for GGA (4%) (Figure S9). Com-
pensating overestimation and underestimation of the XC+D3(BJ)
approaches of the GGA-D3(BJ) and vdW-DF classes results in a devia-
tion of almost zero on average (Figure S9). The largest Emap xc again
occurs when LDA is used (expect Type l), followed by the use of GGA
(Figure 3C). There are also similarities in the uncertainty U, with the
lowest values again obtained for GGA-D3(BJ) (37 meV) and vdW-DF
(58 meV) and the highest values for LDA (205meV) and GGA
(193 meV). Overall, the total uncertainty Uyt amounts to 105 meV.

3.24 | Effect of the structural features of LIPON
structures on the Li-vacancy formation energies

A comparison of the three different LIPON structures shows that the
XC-functionals do not describe the Li-vacancy formation energies
Etorm [V};] in the same way, leading to uncertainties per XC-functional
(Uxc) between 37 and 205 meV (Figure 4 and Table S8). In general, LDA
and GGA approaches over- or underestimate the Li-vacancy formation
energies for all three LIPON structures in the same way (by about +4%
to +7% for LDA and —4% to —5% for GGA). In contrast, the GGA-D3
(BJ) and vdW-DF approaches partially over- or underestimate the Li-
vacancy formation energies in some cases by up to 6% [GGA-D3(BJ)]
and —5% (vdW-DF), respectively, for the different LIPON structures
resulting in a compensation in the average + 0% (Figures S7-S9).

The decreasing uncertainties Uyc arise from OD- to 2.5-LIPON
structure for GGA-D3(BJ) and vdW-DF. This is also true for the total
uncertainty Utom and has its origin in the increase of the dispersion
interactions due to the cross-linking PO, N4.,-structural units within
the anionic lattice. Thus, smaller fluctuation ranges are obtained, when
approaches involving the description of dispersion interactions were
used. In contrast, LDA and GGA results show a qualitatively similar
description of the Li-vacancy formation energies Eform [V’[i] of differ-

ent LIPON structures with a higher total deviation compared to the
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FIGURE 4 Uncertainties U of the (total) Li-vacancy formation
energies of different LIPON structures calculated by LDA, GGA,
GGA-D3(BJ), and vdW-DF. LIPON, lithium phosphorus oxynitride

mean value of all XC+D3(BJ) approaches (Eway). Uxc are about
~200meV for LDA and GGA independent of the LIPON structure
(Figure 4). Ugora is suitable to estimate the total energy fluctuation
range caused by the DFT approach, since it represents the total varia-
tion across all XC-classes. In contrast, Uxc can be used to estimate the
description of an XC-class of a particular material system.

3.3 | Diffusion of Li-vacancies in various LIPON
structures

lonic transport through the solid electrolyte has a major impact on the
efficiency of a LIB. Therefore in the following sections, we determine
the migration energies of the Li-vacancy diffusion (Eyg) for the differ-
ent LIPON structures, also as a function of the XC+D3(BJ)
approaches. Analogous to the Li-vacancy formation energies, we
assume the lithium vacancies to be uncharged. Note that even if the
Li-vacancy diffusion is characterized by means of cNEB, the motion of
the Li ions is considered.

3.3.1 | Diffusion of Li-vacancies within OD-LIPON

The Li-vacancy diffusion within the OD-LIPON structure can occur
via three Wyckoff positions, namely 6g, 6g’, and 2c.t” Within a
Wyckoff position, diffusion proceeds in a zig-zag pattern through
the ab-plane and corresponds to a two-dimensional diffusion. In
addition, diffusion is possible between the 6g, 6g’, and 2c positions
corresponding to a one-dimensional diffusion along the c-axis. In the
chosen OD-LIPON supercell structure (2x2x1 super cell with
100 atoms), a total of 28 diffusion paths were determined, which are
partly energetically identical. Therefore, the number of diffusion
paths can be reduced to 10, by excluding the energetically identical

paths. Each of the diffusion paths exhibits one diffusion barrier. An

exception is the path V(6g)s-V(6g)1, for which two maxima and one
metastable minimum have been found (Figure S10) in agreement
with Ref. 17, leading to two diffusion barriers. The label V(6g)5 indi-
cates a Li-vacancy (V), located at a 6g Wyckoff position, while the
number 5 indicates the Li-ion position that was removed (-
Figure S11). Thus, the diffusion path V(ég)s-V(6g), passes through
the fifth Li and first Li within the 6g Wyckoff positions. In total,
10 diffusion paths are formed by 11 diffusion barriers. Depending on
the orientation of the diffusion path, the diffusion direction, and the
Wyckoff positions, the migration barriers vary in the range form a
few meV to about 1.9 eV (Figures S12 and S13).

Interestingly, the 11 investigated XC+D3(BJ) approaches
describe the migration energies very similar in most cases. For
example, the migration barrier of the V(6g)s-V(6g)s path is an
exception. The Li-vacancy migration energies calculated with vdW-
DF2 differ in some cases from the other vdW-DF's. It should be
noted that in some cases the migration barriers calculated with
GGA functionals are larger than those calculated with GGA-D3
(BJ) [e.g., V(6g')3-V(69')s path], which is not expected due to the
additive nature of the D3(BJ) approach. From an energetic point of
view, this behavior cannot be explained at present, because the ini-
tial and final states are energetically identical. A qualitative differ-
ence of the XC+D3(BJ) approaches arises when considering the
minimum along the V(6g)s-V(6g)1 path, for which some approaches
show an energetic shift from the global minimum to a local
minimum (Figure S13). A significant difference between the pure
GGA and the GGA-D3(BJ) (e.g., PBE: —4 meV and PBE-D3(BJ):
—93 meV) shows the relevance for medium and long-range disper-
sion effects for the calculation of the diffusion paths of the consid-
ered OD-LIPON structure.

Analogous to the migration energies E,g (Figure S12), the Emap,
xc Vvaries depending on the diffusion path (Table S9) and the selected
XC+D3(BJ) approach (Figure 5A). Overall the Epmapxc for GGA-D3
(BJ) and vdW-DF are smaller than for LDA and GGA. Mostly, the
Emapxc for GGA-D3(BJ) is below the value of Emap Total With a few
exceptions, for example, V(6g9)5-V(63)1(Il)_. or V(6g')5-V(6g')s. A similar
bias is obtained for vdW-DF, but due to the different description
within the vdW-DF's, the Emapxc Sshows a stronger variance. The
uncertainty Uxc reflects the Emapxc behavior, with smallest values
for GGA-D3(BJ) (15meV) and vdW-DF (16 meV). The total uncer-
tainty Uy accounts for a small number of 18 meV. Thus, the total
uncertainty Uit for the migration energy Emig is an order of magni-
tude smaller than that of the Li-vacancy formation energy E¢orm [Vfi] .
The reason is that the migration energies are calculated in systems
with the same supercell size, while the Li-vacancy formation energy is
calculated using systems (such as LIPON and Li metal) with different
supercell sizes. The Exp values for the migration energies Eg are in
the low double-digit meV region (approximately between O meV and
<50meV), see Tables S9-511, whereas the Enp values for the Li-
vacancy formation energies Eform [V’[i] are in the low three-digit meV
range (approximately between 50meV and <250meV) (Tables S5-
S7). This leads to significant differences between the kinetic and ther-

modynamic total uncertainties.
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Whereas the LDA density functional overestimates most 3.3.2 | Diffusion of Li-vacancies within 1D-LIPON

migration barriers by 6% on average, the pure GGA approach
mostly underestimates migration barriers by 7% on average. For
GGA-D3(BJ) and vdW-DF approaches, an assignment is hardly possi-
ble, both under- or overestimate the migration barriers compared to
Ewav by about +2% (Figure S16). The van-der-Waals interaction
between anionic and cathionic lattices is likely to be comparatively small
due to the isolated PON3* -tetrahedra in the OD-LIPON structure.
Nevertheless, the calculated Li-vacancy migration energies — especially
the uncertainty — show (even with the small numbers) a small depen-
dence on the XC-functional approach and the consideration of disper-

sion interactions.

The Li-vacancy diffusion occurs exclusively along the 8b Wyckoff
positions in the 1D-LIPON. The diffusion can take place in the solid-
state along all three directions but corresponds to a pure 1D-diffusion.
A total of nine diffusion paths were determined, some of them are
energetically identical and can therefore be reduced to six non-ener-
getically identical paths. In contrast to the OD-LIPON system, each
diffusion path has only one diffusion barrier, resulting in a total of six
diffusion barriers in 1D-LIPON. The diffusion barriers can be con-
structed within the chosen 1 x 2 x 2 supercell with 96 atoms. Two

diffusion paths can be identified for each of the three directions,

8518017 SUOWILIOD 3AIERID 3|qedtjdde au Aq pausench a1e sapiie VO ‘SN 0 SaINJ 404 A%eiq1T 8UIUO AB|IM UO (SUORIPLOD-pUR-SLLLBYI0D" A8 1M AReJq 1 [eul [UO//SdNyY) SUORIPUOD pue SR L 83U} 835 *[2202/TT /2] Uo A%eiqi auluo )i ‘Auewses aueiyooD Ag 959z 99/200T 0T/10p/wi00" A3 1M Areiq | puljuo//Sdny LWoi) papeoiumoq ‘8T ‘T20Z ‘X286960T



HENKEL ano MOLLENHAUER

Journal of

_WILEY_| %

varying in the range between 0.35 and 0.65 eV. An exception repre-
sents the diffusion path along the c-axis, which exhibits a much higher
barrier of 1.65 eV. This path runs parallel to a PO,N,-chain and the
Li-ion gets close to the phosphorus atoms. For 1D-LIPON, similar
trends of the performance of the XC+D3(BJ) approaches with respect
to the migration barriers E.,i; were found as for OD-LIPON (Figure
S14). The 11 XC+D3(BJ) approaches describe the migration barriers
similar, and even higher similarity is obtained for GGA-D3(BJ) and
vdW-DF2 compared to the OD-LIPON structure (Table S10). The reason
for this is probably the enhanced vdW interactions between the
PO,N,-chains and the lithium ions and the more homogeneous charge
density within the PO,N,-chains, which is probably better descripted by
these approaches. The Emap xc of the migration energies within the 1D-
LIPON structure are similar to those of the OD-LIPON structure
(Figure 5B). Emapxc Values of GGA-D3(BJ) and vdW-DF approaches are
smaller than those of LDA and GGA. This indicates that the dispersion
interactions play a stronger role within the 1D-LIPON structure than in
OD-LIPON. The total uncertainty Uty across all six diffusion paths is
18 meV, while the uncertainty Uxc for the different XC-functional
classes varies between 10 and 34 meV.

In terms of Ewayv migration energies, all six diffusion paths are
overestimated by LDA (4%) and underestimated by GGA (5%). GGA-
D3(BJ) overestimates five paths and one is underestimated, which
leads to an average overestimation of 1%. vdW-DF under- and over-
estimate five pathways and the only last path is overestimated.
Overall, the five different vdW-DFs cancel each other out, resulting in

an average over- and underestimation of +0% (Figure S17).

3.3.3 | Diffusion of Li-vacancies within 2.5D-

LIPON

Diffusion within the pseudo-crystalline 2.5D-structure can occur via the
five energetically non-equivalent lithium positions.*® Due to the parallel
PO_N4_,-layers in the bc-plane, the Li-vacancy diffusion along the b-plane
is not possible because of the large migration energy of about 5 eV.
Therefore, a 2D-diffusion takes place exclusively within the ac-plane.
Within the 2.5D-structure 10 non-energetically equivalent Li-vacancy
diffusion paths were identified in a chosen 2 x 1 x 2 supercell with
80 atoms, resulting from a total of 39. Due to the directional dependence
of the 10 diffusion paths studied, a total of 17 diffusion barriers can be
determined. Depending on the orientation and the diffusion direction,
the migration energies Eyg vary according to the XC+D3(BJ) approach
in the range between 0.10 and 1.45 eV. The 11 XC+D3(BJ) approaches
describe the behavior of the migration energy within the 2.5D-structure
similar to the two previous structures (Figure S15). For the 2.5D-LIPON
structure, there is also one diffusion path [V(II)-(I)] for which the PBE
migration barrier is larger than the PBE-D3(BJ) barrier, which is surprising
because of to the additive approach of D3(BJ). However, the difference
between the migration energy of PBE and PBE-D3(BJ) is probably cau-
sed by a different energetic description of the initial and final states.
Likewise, the Emap xc and uncertainties Uxc are similar to those
of OD-LIPON and 1D-LIPON (Figure 5C). The calculated Emap xc also

HEMISTRY

yield values similar to those OD- and 1D-LIPON, but for some cases
relatively large derivations are found for GGA and LDA approaches.
We suspect that the increasing role of vdW interactions is responsible
for this behavior. Similar to OD- and 1D-LIPON, there is a similar total
uncertainty of 19 meV across all XC+D3(BJ) approaches and the 10
diffusion paths. The average uncertainty for the XC+D3(BJ)
approaches varies in the range between 10 and 29 meV. Relatively
large Emapxc Values for GGA originate in only two diffusion paths (-
Table S11). Due to the large number of diffusion barriers and their
directional dependencies, an assignment of whether the
XC-functional classes are over- or underestimated relative to the ref-
erence system is only possible to a limited extent.

LDA predominantly overestimates the migration energies by 7%,
while GGA underestimates them by 8%. In contrast, GGA and vdW-
DF over- and underestimate the migration energies resulting in a com-
pensation of 0% for both XC-classes (Figure S18).

3.34 | Effect of the structural features of LIPON
structures on the Li-vacancy migration energies

The Li-vacancy migration energies En,ig Within the three LIPON structures
are described very similar by all XC+D3(BJ) approaches except the vdW-
DF2 functional. Regardless, the choice of the XC-functional approach has
minimal influence on the energetic description of the diffusion paths. An
exception is the metastable state in OD-LIPON (Figure S10). In this case, a
qualitative different energetic description of the path is present for vdW-
DF2 and possibly also PW91. Both approaches lead to an energetic
description in which a global minimum becomes a local minimum,
resulting in a reversed diffusion direction (instead of initial to final state it
becomes final to initial state). Thus, the choice of the XC+D3(BJ)
approach does not affect the qualitative description of the diffusion path,
except for the mentioned exception. The migration energies vary slightly,

but the diffusion direction remains unchanged.

2.5D-LIPON
i)
>
<
1D-LIPON £
©
o
c
)
OD-LIPON

Total
LDA

GGA

vdW-
DF

GGA-
D3(BJ)

XC-functional class

FIGURE 6 Comparison of the (total) Li-vacancy migration energy
uncertainties U of LDA, GGA, GGA-D3(BJ), and vdW-DF within the
three studied LIPON structures. LIPON, lithium phosphorus oxynitride
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The uncertainties Uxc for the XC+D3(BJ) approaches are quite
small ranging from 10 to 35meV (Figure 6 and Table S12) and the
total uncertainty Ui, represents a value of 18 meV. This is particular
small compared to the total values of the migration energies, which are in
the order of a few meV up to 1.9 eV. The reason for the smaller uncer-
tainties for the barriers in contrast to the Li-vacancy formation energies is
that the migration energies are calculated within the same supercell,
whereas for the determination of the Li-vacancy formation energies, struc-

tures of different supercells with different numbers of atoms are utilized.

34 |
systems

Maximum uncertainty of amorphous LIPON

In order to specify the uncertainty of amorphous LIPON in general
and not only for individual LIPON model systems, the maximum
uncertainty Unmay is determined considering all model systems studied.
We assume that our study covers a wide variety of different PO ,N4._,-
structural units and makes it possible to estimate the uncertainty of
amorphous LIPON. Unax corresponds to the maximum Uygta consider-
ing all three LIPON model systems for either the Li-vacancy formation
Eform [V’[i} or the Li-vacancy migration E,e. This means that the total
Umax represents the maximum expected fluctuation range of a DFT
value for any LIPON structure. For LIPON, the maximum uncertainty
Umax for the Li-vacancies formation energy is 157 meV and for the Li

vacancies migration energy is 19 meV.

4 | CONCLUSION

In order to investigate the thermodynamic and kinetic properties of LIPON
or solid electrolytes in general and to evaluate density functional applied,
we introduced an approach to determine the fluctuation range with
respect to energy values obtained by DFT. The fluctuation range of the
DFT approach was determined by the developed concept of uncertainty.
We used three different LIPON structures as model systems to determine
the uncertainty of the DFT description for each structure, as well as to
establish the uncertainty for amorphous LIPON. To account for structural
differences of amorphous solid electrolytes, the three LIPON model sys-
tems used differ in the cross-linking of the PO,N,_,-structural units.

To estimate the uncertainty or the fluctuation range of the energetic
DFT values, 11 XC+D3(BJ) — LDA, PBE, PW91, PBEsol, PBE-D3(BJ),
PW91-D3(BJ) [with PBE-D3(BJ) parameters], optPBE, optB88, optB86b,
vdW-DF2, and rev-vdW-DF2 — approaches were employed to study
the Li-vacancy formation and migration energies as most important
values to characterize the lithium diffusion and the ionic transport prop-
erties. The total uncertainties Uio over the 11 XC+D3(BJ) approaches
for the Li-vacancy formation energies Egom[V};] vary between
105 and 157 meV for the different model systems, and the total
uncertainties Uy for the migration energies En;g vary only between
18 and 19 meV. The differences between Li-vacancy formation and
migration uncertainties, result from the fact that total energies of dif-

ferent systems were used to determine the Li-vacancy formation

energies, while the relative energies were utilized to determine the
migration energies. For both Li-vacancy formation energies and migra-
tion energies, the lowest uncertainty Uxc for LIPON model systems
resulting from using XC-classes that account for long-range interac-
tions, such as GGA-D3(BJ) and vdW-DF. The maximum uncertainty
Umax for amorphous LIPON considering all model systems can be esti-
mated to be 157 meV for the Li-vacancy formation energies Esorm [Vm
and 19 meV for the lithium migration energies Eg.

The study demonstrates that the calculated values of the Li-
vacancy formation and migration energies are subject to fluctuations
caused by the XC+D3(BJ) approach. Under the concept of uncertainty
rather than presenting the total values calculated by particular DFT
approach as the result, the values with the uncertainty as fluctuation
range are presented. This shows how other DFT approaches describe
the system. For example, within this approach the Li-vacancy formation
energy for the 63 Wyckoff position in OD-LIPON is given as 2.272
+0.157 eV and the migration energy for the V(6g)s-V(63)3 path within
the 6g Wyckoff position is given as 0.377+0.019 eV using the maxi-
mum uncertainty Umax . We believe that the introduction of
the uncertainty increases the awareness of the fluctuation range in
the energetic DFT results and is thus an improvement over the speci-
fication of the DFT values for thermodynamic and kinetic properties
in only one value. We assume that the uncertainty approach in gen-
eral can be applied to a large number of systems, leading to a better
evaluation of obtained energetic DFT values.
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