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Lithium-rich garnets such as Li;La;Zr,O,, (LLZO) are promising solid electrolytes with potential application
in all-solid-state batteries that use lithium-metal anodes. The practical use of garnet electrolytes is limited by
pervasive lithium-dendrite growth, which leads to short-circuiting and cell failure. One proposed mechanism
of lithium-dendrite growth is the direct reduction of lithium ions to lithium metal within the electrolyte, and
lithium garnets have been suggested to be particularly susceptible to this dendrite-growth mechanism due to high
electronic conductivities relative to other solid electrolytes. The electronic conductivities of LLZO and other
lithium-garnet solid electrolytes, however, are not yet well characterized. Here, we present a general scheme
for calculating the intrinsic electronic conductivity of a nominally insulating material under variable synthesis
conditions from first principles, and apply this to the prototypical lithium-garnet LLZO. Our model predicts that
under typical battery operating conditions, electron and hole mobilities are low (<1 cm? V~!s™!), and bulk
electron and hole carrier concentrations are negligible, irrespective of initial synthesis conditions or dopant
levels. These results suggest that the bulk electronic conductivity of LLZO is not sufficiently high to cause bulk
lithium-dendrite growth during cell operation, and that any non-negligible electronic conductivity in lithium

garnet samples is likely due to extended defects or surface contributions.

DOI: 10.1103/PhysRevMaterials.6.085401

I. INTRODUCTION

All-solid-state batteries that combine a solid electrolyte
with a lithium-metal anode offer the potential for signifi-
cantly increased energy densities compared to conventional
lithium-ion batteries [1]. The development of practical solid-
state batteries requires reliable solid-state electrolytes with
optimized material properties [2]. The principal requirement
for a practical solid electrolyte is a high ionic conductivity. As
a consequence, significant research effort has been invested
in developing an understanding of the physical principles that
govern fast-ion transport [3-9] and in discovering new highly
conducting solid electrolytes [10—13]. In addition to a high
ionic conductivity, other material properties are also necessary
for a practical solid electrolyte; these include good electro-
chemical stability over a wide operating voltage window [14],
sufficient mechanical strength to impede dendrite growth [15],
and low interfacial and grain boundary resistivities [2,16]. The
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development of practical solid electrolytes for use in all-solid-
state batteries therefore requires a clear understanding of a
broad range of relevant material properties in individual can-
didate materials, and how these properties may be controlled
by tuning synthesis conditions or through targeted chemical
modification [17-19].

One key property that can affect solid electrolyte perfor-
mance is electronic conductivity. An ideal solid electrolyte
should have minimal electronic conductivity to avoid gradual
self-discharge [20,21]. A non-negligible electronic conductiv-
ity has also been suggested as a possible contributing factor
for lithium dendrite growth, whereby mobile Li* ions are
directly reduced to Li® metal within the solid-electrolyte bulk
[22-25]. A recent experimental study by Han e al. showed
that this “bulk” dendrite growth is more prevalent in solid
electrolytes with high electronic conductivities [24], prompt-
ing the suggestion that electronic conductivity might be a
critical parameter that determines the degree to which a given
solid electrolyte is susceptible to bulk dendrite nucleation and
growth. On this basis, Han et al. proposed empirical upper-
limit thresholds for total electronic conductivity for a solid
electrolyte to resist dendrite growth via bulk nucleation, of
107'% and 107" S cm™! at current densities of 1 and 10 mA
cm?, respectively [24].

Despite the potential impact of nonzero -electronic
conductivities on the use of solid electrolytes in all-solid-state

Published by the American Physical Society
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batteries—particularly in cells that use lithium-metal
anodes—a detailed characterization of solid electrolyte
electronic conductivities, and their dependence on parameters
such as synthesis conditions and sample stoichiometry, is
lacking for many materials. Experimental measurements
of electronic conductivities are usually performed on
polycrystalline samples, and non-negligible electronic
conductivity values are typically attributed to contributions
from grain boundaries or surfaces [23,26], with any residual
bulk contributions considered to be negligible. While it
may be the case that for many solid electrolytes their
macroscopic electronic conductivities are dominated by
extrinsic contributions, i.e., those arising from conductivity
at surfaces and grain boundaries, it is also important to
characterise the intrinsic bulk electronic conductivities of
solid electrolytes. For example, even if the bulk electronic
conductivity is small with respect to surface and grain
boundary contributions, this bulk value provides a lower
limit to the net macroscopic electronic conductivity that
might be obtained even under optimal morphological
control, e.g., after sintering or surface treatments. Solid
electrolytes with bulk electronic conductivities that are
higher than the threshold values proposed by Han et al. may
be fundamentally incompatible with lithium metal anodes
because they are inherently susceptible to internal dendrite
nucleation, irrespective of any subsequent processing [27].

The direct experimental measurement of solid electrolyte
bulk electronic conductivities can be technically challenging,
and has been reported for only a few cases [21]. Bulk elec-
tronic conductivities can alternatively be calculated entirely
from first principles, using schemes based on electronic struc-
ture methods. These computational models are parametrized
in terms of the net stoichiometry and structure of the material
and the relevant thermodynamic conditions, i.e., elemental
chemical potentials and temperature. First-principles models
can therefore be used to characterise how bulk electronic con-
ductivities vary as a function of experimental variables such as
synthesis conditions or extrinsic dopant concentrations, which
in turn can give inform the design of optimised experimental
synthesis protocols that might minimise residual electronic
conductivity and limit its impact on electrolyte performance.

The electronic conductivity of a semiconductor, such as
a solid electrolyte, can be calculated from the products of
the concentrations and mobilities of free electrons and holes,
with each determined under relevant operating conditions
[28]. First-principles models for calculating carrier concen-
trations in semiconductors under thermodynamic equilibrium
are well established [29,30], and have previously been ap-
plied to a range of battery materials [27,31-35]. Electronic
carrier mobilities for semiconductors can also be calcu-
lated from first principles; using either highly accurate but
computationally costly density-functional perturbation-theory
methods [36-38] or more tractable schemes that introduce
some level of approximation [39,40]. These latter methods,
when combined with standard methods for calculating car-
rier concentrations, make it practical to calculate electronic
conductivities of nominally insulating semiconductors, such
as solid electrolytes, entirely from first principles.

Here, we describe one such computational workflow for
a fully first-principles calculation of the bulk electronic con-

ductivity of a solid electrolyte, and demonstrate its use
in calculating the electronic conductivity of the prototypi-
cal lithium garnet solid electrolyte tetragonal LizLa3Zr,Oq,
(LLZO), as a function of synthesis conditions and the de-
gree of aliovalent (supervalent) doping. We find that electrons
and holes in LLZO have low mobilities (<1 cm?V~!s™1
and electronic carrier populations are vanishingly small
in undoped and doped samples under standard operating
conditions. These results suggest that the bulk electronic
conductivity of LLZO is not sufficiently high to cause lithium-
dendrite formation during cell operation by direct reduction
of lithium ions to lithium metal within the bulk material. We
therefore conclude that non-negligible electronic conductivi-
ties measured in experimental lithium garnet samples, and any
associated potential for dendrite nucleation and growth, are
likely due to contributions from extended defects or surfaces,
and that morphological control is critical to limit lithium den-
drite growth due to electronic conductivity.

II. THEORY

The electronic conductivity, o, of a semiconductor is given
by

0 = noqn + Poqilp, ()

where ny and pg are the concentrations of free electrons and
holes respectively, g is the magnitude of charge of each carrier
species, and 1, and u, are the electron and hole mobilities.
For wide-gap materials, such as solid electrolytes, the thermal
energy at room temperature is insufficient to generate free
carriers by directly exciting electrons from the valence band to
the conduction band. The presence of point defects, however,
can produce free charge carriers that then participate in elec-
tronic transport [41,42]. Point defects exist even in nominally
stoichiometric samples due to configurational entropy, and
can also be introduced via deliberate or inadvertent doping
with extrinsic species [35,43,44]. Aliovalent doping of solid
electrolytes is a common synthesis strategy to increase ionic
conductivities through modulation of the number of ionic
charge carriers [45—47]. A secondary effect of aliovalent dop-
ing is to shift the position of the Fermi energy within the band
gap. Moving the Fermi energy closer to the conduction-band
or valence-band edges increases the number of thermally gen-
erated electrons or holes, respectively. Under some synthesis
conditions and doping protocols the Fermi energy may move
close enough to either the valence- or conduction-band edge
so that the population of thermally generated electronic charge
carriers is sufficiently high to give a non-negligible electronic
conductivity.

Electron and hole carrier concentrations can be calculated
as functions of the Fermi energy, Ef, and the bulk electronic
density of states, g(E):

= 1
"= /E e 2B E, @)
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FIG. 1. Schematic showing the workflow used to calculate the electronic conductivity from first-principles inputs.

where kg is the Boltzmann constant [48]. Point defect concen-
trations are given by

X.q
[X9] = Né( exp GW) 4)
ks T
where N is the density of available sites for defect X, AEfX 4
is the formation energy of defect X in charge state g, which
itself depends on the Fermi energy, Eg, and Apu; are the
chemical potentials of any atomic species added to or re-
moved from the system when forming each defect [28,49].
Equations (2), (3), and (4) are coupled by a common Fermi en-
ergy, which is constrained by the requirement that the system
is net charge neutral; the charge-density contributions from
electrons, holes, and any charged point-defects must sum to
Zero:

p(Ex) = qIX9]+ po —ng = 0. )
X4a

Calculating equilibrium carrier concentrations under specific
synthesis conditions consists of finding a self-consistent solu-
tion to Egs. (2), (3), and (4), subject to the charge-neutrality
constraint expressed in Eq. (5) [28,30].

The effect of extrinsic doping can be accounted for by
including an additional term in Eq. (5) [30,35,44]. For a
dopant M with relative charge r and fixed concentration [M"],
p becomes

p(Er, rIM"]) =Y qlX"1+ po—no+r[M']. (6)
X4

In the dilute-defect limit there is no direct interaction between
dopants and native defects, and the doping response does not
depend on the choice of dopant species or insertion site, but
only on the product r[M"] [35,44].

The necessary inputs to solve Egs. (2)—(6) are the reference
elemental chemical potentials, which are restricted by the
condition that the host material must be thermodynamically
stable with respect to competing phases; the native defect
formation energies; the dielectric tensor for the material; and

the electronic density of states for the nondefective system.
These parameters can all be obtained using first-principles
methods such as density functional theory (DFT) [29,50]
(Fig. 1).

For materials in which electronic charge-carriers exist as
large polarons, i.e., with a polaron radius that is much larger
than a typical lattice spacing [51], the electron and hole car-
rier mobilities—u, and wp, respectively—can be calculated
using the Feynman variational solution for Frohlich’s polaron
Hamiltonian and integrating the polaron-response function
[52,53]. This continuum model is parametrized by the elec-
tronic carrier effective masses, the dielectric response of the
material, and the harmonic phonon frequencies; the details of
the crystal structure appear implicitly through these parame-
ters, each of which can be calculated directly from specific
DFT calculations (Fig. 1; full details are given in the Supple-
mental Material, Sec. S2 [54]). This approach to calculating
carrier mobilities assumes that the polaron mobility is limited
by scattering by optical phonon modes, which is the dom-
inant factor for heteropolar crystals [55]. In real materials
other scattering processes may be non-negligible [56]. Solv-
ing Frohlich’s polaron Hamiltonian therefore gives an upper
limit value for the carrier mobilities in a perfect crystal.

III. CHOICE OF MODEL

We now turn to the application of the scheme described
in Sec. II to calculate the bulk electronic conductivity of
the lithium-ion solid electrolyte Li;La3Zr,0, (LLZO) as a
function of synthesis conditions and varied doping protocols.
Li;LasZr,0,, exhibits two phases: a low temperature tetrag-
onal phase (t-LLZO) below ~600K, and a high-temperature
cubic phase (c-LLZO). The ionic conductivity of the tetrago-
nal phase (o ~ 107 Scm™!) is significantly lower than that
of the cubic phase (6 &~ 10~*Scm™") [57], making the cubic
phase the desired form for use in all-solid-state lithium-ion
batteries, and the cubic phase is usually stabilized through
aliovalent doping for practical use [46].
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¢-LLZO and t-LLZO are structurally very similar [58,59].
These two phases have topologically identical host frame-
works (i.e., excluding the lithium substructure) and the
tetragonal distortion in t-LLZO is small (<4%) [60]. The
structures of ¢c-LLZO and t-LLZO do, however, differ sig-
nificantly with respect to the arrangement of lithium ions
[46,58,59]. In t-LLZO the lithium ions are crystallographi-
cally ordered, and this ordering the reason for the low ionic
conductivity of this phase [3]. In c-LLZO, in contrast, the
lithium ions are disordered over the available lithium sites.

Our scheme for calculating the bulk electronic conductivity
involves the accurate calculation of point defect concen-
trations, via Eq. (4). This presents a challenge for highly
disordered systems because Eq. (4) is formally valid only for
systems with a well-defined ordered ground state [35]. Rather
than assuming that Eq. (4) approximately holds for an in-
herently disordered system, thereby introducing unquantified
errors into our computational scheme, we instead consider
here the low-temperature lithium-ordered t-LLZO phase, un-
der the expectation that the electronic conductivity we obtain
is also a reasonable estimate for conductivity of the high-
temperature c-LLZO phase.

Our expectation that results obtained for t-LLZO are also
approximately valid for c-LLZO is based on the close struc-
tural and electronic similarity between these two phases. As
already noted, the only significant structural difference be-
tween t-LLZO and c-LLZO is the degree to which lithium ions
are ordered versus disordered. Because lithium does not con-
tribute strongly to the valence band or conduction band edge
states (see Supplemental Material, Fig. S1 [54]), differences
in the lithium substructure are not expected to significantly
affect electron or hole carrier mobilities. This assumption is
supported by calculated electron and hole effective masses
for t-LLZO and c-LLZO using the PBEsol functional (Sup-
plemental Material, Sec. S1 [54]), which differ by only 14 %
and 60 %, respectively; electronic carrier mobilities in t-LLZO
and c-LLZO are predicted to be the same to within one order
of magnitude. The degree to which lithium is ordered or
disordered is also not expected to significantly affect the con-
centrations of the electronic charge carriers. Lithium disorder
in ¢c-LLZO can formally be described in terms of Frenkel
pairs that comprise equal numbers of lithium “interstitials”
and “vacancies” and are net charge neutral. Changes in lithium
substructure therefore cannot significantly shift the Fermi
energy position. Hence, for identical synthesis and doping
protocols, t-LLZO and c-LLZO will exhibit similar concen-
trations of electron and hole charge carriers.

Our scheme for calculating electron and hole mobilities
uses the Feynman variational solution for Frohlich’s polaron
Hamiltonian, which is appropriate in the large polaron regime,
where the characteristic polaron radius is much larger than
a typical lattice spacing. Solving the Frohlich polaron model
using DFT-derived parameters for t-LLZO (for full details see
the Supplemental Material, Sec. S2 [54]) gives an effective
polaron radius of > 30 A. This extends well beyond the t-
LLZO unit-cell length of ~13 A, supporting our assumption
that carriers in LLZO can be modeled as large polarons.
As a further test for whether small polarons form in LLZO,
we performed an additional hybrid DFT calculation on the
96 atom t-LLZO primitive cell with one “excess” electron

energy (€V)

r X P N r z

FIG. 2. The electronic band structure of t-LLZO calculated using
HSEO6, plotted along a high symmetry path in the Brillouin zone
according to the Bradley and Cracknell notation [91]. The colored

points mark the band edges used to calculate the effective masses,
with numeric labels indicating the corresponding entry in Table 1.

added (Supplemental Material, Sec. S2 [54]). The electronic
structure obtained from this calculation is consistent with the
formation of large polarons, in agreement with the calculated
polaron radius obtained from the Frohlich polaron model. The
excess charge associated with the additional electron occupies
a delocalised state at the bottom of the conduction band, rather
than a narrow mid-gap state that would typically be associated
with small polaron formation (Supplemental Material, Fig. S3
[54]). We also observe no spontaneous localization of the
excess charge density on individual La or Zr sites, again sug-
gesting electrons do not self-trap as small polarons in LLZO.

IV. COMPUTATIONAL METHODS

To parametrize our model, we have used DFT data from
our previous study of the intrinsic defect chemistry of tetrag-
onal LLZO [35], which are available as Ref. [61]. Python
scripts used for all our post-DFT analysis and for plot-
ting Figs. 2-5 are available at Ref. [62]. The DFT dataset
we use is available at Ref. [63]. Our analysis relies on
several open-source Python packages, including PYMATGEN
[64], MATPLOTLIB [65], PANDAS [660], NUMPY [67], SCIPY
[68], PHONOPY-SPECTROSCOPY [69], VASPPY [70], TQDM [71],
EFFMASS [72], and the Julia package POLARONMOBILITY.JL

TABLEI. Curvature effective masses, m*, for holes and electrons
determined by a parabolic fit to LLZO band edges [72], and the
relevant crystallographic direction for transport. Numbers indicate
the corresponding features in the electronic band structure (Fig. 2).

Carrier Direction m* No.
electron r — N 2.35 1
electron r —2z 2.41 2
hole N —P 2.39 3
hole N—T 21.44 4
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[39,73]. The code used to model defect and carrier concen-
trations is a Python reimplementation of the Fortran code
SC-FERMI [30], and is available at Ref. [74].

All DFT data used in this study have been computed using
the plane-wave DFT code VASP [75-77]. Interactions between
core and valence electrons are described using pseudopo-
tentials within the projector-augmented wave (PAW) method
[78]. Unless otherwise noted, all calculations used the hybrid-
DFT functional HSE06 [79,80] and a plane-wave cutoff of
520 eV. Optimized lattice parameters were obtained by per-
forming a series of constant-volume geometry optimization
calculations, and fitting the resulting energy-volume data to
the Murnaghan equation of state [81]. k-point sampling was
selected to ensure energies converged to < 1 meV/atom: all
LLZO calculations used a 2x2x2 Monkhorst-Pack k-point
mesh. k-point sampling for competing phases and elemental
reference calculations is described in the supporting dataset
[63].

The high-frequency dielectric function was calculated us-
ing the method of Gajdos et al. [82], while the ionic response
was calculated using density functional perturbation theory
using the PBEsol generalized gradient approximation (GGA)
functional [83]. Effective masses were calculated from fitting
to the LLZO band structure, calculated non-self-consistently
using the charge density data obtained from a single-point
electronic-structure calculation following geometry optimiza-
tion.

To calculate defect formation energies, we use the super-
cell approach [29,50]. The defects considered in our study
are lithium vacancies and interstitials, Vi; and Li;; oxygen
vacancies and interstitials, Vo and O;; holes on framework
oxygen, Og); lanthanum and zirconium vacancies, Vi, and Vz;;
zirconium interstitials, Zr;; and cation antisites Lay,, Zr{ci‘,
Zr\, Zrpa, Lir,, La$', and Liz. A superscript oct or tet
denotes a defect located at an octahedral or tetrahedral Li
site, respectively. Structural relaxations for all defects were
calculated with cell parameters fixed to the optimized values
for stoichiometric LLZO. Electrostatic potentials of the bulk
and defective calculations were aligned via the difference in
spatially averaged electrostatic potentials in the two simula-
tion cells. We use the image charge correction scheme of Lany
and Zunger [84], adapted for anisotropic systems by Murphy
and Hine [85].

V. RESULTS
A. Carrier mobilities

The electronic conductivity of t-LLZO is given by the
products of carrier concentrations and carrier mobilities,
summed over contributions from both electron and hole car-
riers [Eq. (1)]. For the carrier mobilities, we are interested
in the values under typical cell operating conditions, which
we take as 298 K. Our model assumes that carrier mobilities
do not vary with changes in synthesis conditions or doping
levels. Within the considered range of synthesis conditions all
low-energy defects are fully ionised, i.e., these defects are in
charge states that correspond to their formal oxidation states,
and therefore do not introduce any new defect states into the
band gap. The carrier mobilities therefore act as fixed scaling

factors that can be used to convert carrier concentrations—
which do vary according to synthesis conditions and doping
levels—into electronic conductivities.

To solve Frohlich’s polaron model, we first determine the
electron and hole effective masses. In conventional semi-
conductors such as those used as thermoelectrics [86] or
transparent conducting oxides [87] carrier concentrations can
be moderately high and band-filling effects must be accounted
for when computing carrier effective masses [88]. Carrier
populations in wide-gap insulators such as LLZO, however,
are significantly lower than in conventional semiconductors,
and band-filling effects are negligible; we therefore calculate
curvature effective-masses at the conduction band minimum
(CBM) and valence band maximum (VBM).

The band structure for t-LLZO is shown in Fig. 2, and the
resulting effective masses are given in Table I. The lowest
calculated effective mass—which corresponds to the highest
mobility carrier—at either the CBM or VBM is 2.35 m. [89].
Using these data to calculate room-temperature carrier mo-
bilities, via the Feynman variational solution for Frohlich’s
polaron Hamiltonian, yields a maximum value—considering
both electron and hole mobilities—of 0.2 cm? V~! s [90].

B. Carrier concentrations

Electron and hole carrier populations are given by Eqgs. (2)
and (3), which are solved self-consistently along with Eq. (4),
which describes point-defect concentrations, under the con-
straint of net charge neutrality [Eqs. (5) or (6)] [35,44].
This self-consistent calculation requires specifying the ther-
modynamic conditions, i.e., defining the temperature, which
appears in Egs. (2) and (4) and the reference elemental chem-
ical potentials, which affect the defect formation energies
[Eq. (4)]. While our model treats the elemental chemical
potentials as free parameters, in our analysis we restrict this
chemical potential space to values that are, in principle, ex-
perimentally accessible; we consider only sets of chemical
potentials where LLZO is thermodynamically stable with re-
spect to competing phases [35,92]. The predicted region of
thermodynamic stability of LLZO spans a four-dimensional
chemical-potential space, {Auyri, Apo, Afra, Apz:}, that
can be broadly characterized along an O-rich/metal-poor— O-
poor/metal-rich axis (Fig. 3). To further restrict this region to
values corresponding to typical synthesis conditions, we relate
the oxygen chemical potential to the synthesis pressure, P, and
temperature, T, via

1
Apo(T, P) = E{Cp(T —To)

1 4 kgl P 7
—TI:SQ-I—CI,HFO-F BHFO]}, 7
using the experimental value for the oxygen standard entropy,
So =205 Jmol ' K~! [93]. Assuming oxygen behaves as
an ideal gas, we use C,, = (7/2) kg for the constant-pressure
specific-heat capacity per diatomic molecule. This reproduces
well experimentally tabulated values of Aug(7, P), with a
maximum error of ~15meV at the higher end of the tem-
perature range under which LLZO is typically synthesized
(1500 K) [94.,95]. The full thermodynamic-stability region of
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FIG. 3. Chemical potential stability region of LLZO in the
{AnLi, Apo} plane. The dark blue region is constricted by Eq. (7)
to typical synthesis conditions ranging from 7' = 1000 to 1500 K
and Po, = 1 to 1x107'° atm.

LLZO is further limited by additional constraints that we place
on the oxygen chemical potential, corresponding to synthesis
temperatures of 1000 to 1500 K and oxygen partial pressures
of 1 to 1x107'%atm. The reduced synthetically accessible
chemical potential space is plotted in the {Aur;, Ao} plane
in Fig. 3.

LLZO is typically synthesised at high temperature (up to
1500K). Here, however, we are interested in predicting the
electronic conductivity at much lower temperatures that cor-
respond to typical operating conditions: approximately 298 K.
We assume that host-framework point defects—those involv-
ing La, Zr, or O—formed during synthesis are “frozen in”
during subsequent cooling to operating temperatures. The
kinetic barriers for the reorganization of such defects within
the host framework are large, which prevents the system
from fully reequilibrating at low temperatures on experimen-
tally relevant timescales [96]. Because LLZO is a fast-ion
solid electrolyte with highly mobile lithium interstitials and
vacancies, we do, however, expect Vi ; and Li; defects to
reequilibrate during cooling. Electron and hole populations
are similarly expected to reequilibrate on experimentally rele-
vant timescales [34,97].

To obtain electron and hole carrier concentrations un-
der operating conditions as a function of initial synthesis
conditions, we therefore first calculate self-consistent defect
and charge-carrier concentrations for the relevant range of
elemental chemical potentials at a characteristic synthesis
temperature of 1500 K. We then fix the concentrations of all
defects except for V1; and Lij, and recompute pseudoequilib-
rium defect and charge-carrier populations at a range of lower
temperatures, to model how the carrier concentrations change
during sample cooling. For this second calculation, we impose
the constraint that there is no lithium exchange with the sur-
roundings during cooling, i.e., the net lithium stoichiometry is
set by the high-temperature synthesis conditions.

To model the effect of varying synthesis conditions on
the resulting carrier concentrations, we consider six chem-
ical potential limits that correspond to the vertices of the
estimated synthetically accessible chemical-potential space
(Fig. 3). These six chemical-potential limits can be classi-
fied into two groups: O-rich/metal-poor or O-poor/metal-rich.
The calculated pseudo-equilibrium electron and hole carrier-
concentrations as a function of reequilibration temperature are
plotted for each chemical-potential limit in Fig. 4. For each set
of synthesis conditions we present results for undoped LLZO,
where only intrinsic defects are included in the model, and for
aliovalently doped LLZO, where we include a generic super-
valent dopant with relative charge » = 42 at a concentration
of 0.15 per formula unit, to model the effect of a supervalent
dopant, such as AP, occupying a lithium site, i.e., AL} [see
Eq. (6)] [95,98,99]. The calculated defect formation energies
as a function of Fermi energy for each chemical potential
limit, and the calculated self-consistent Fermi energy in each
case, are plotted in the Supplemental Material (Fig. S2) [54].

Under O-rich/metal-poor conditions (Fig. 4; top panels)
we predict p-type conductivity at a synthesis temperature
of 1500 K, with some systems becoming n-type conducting
when cooled to room temperature. In contrast, under O-
poor/metal-rich conditions we predict strong n-type behavior
irrespective of the exact synthesis conditions. The total num-
ber of charge carriers (summing both electrons and holes)
is in general slightly higher for samples synthesised under
O-poor/metal-rich conditions than under O-rich/metal-poor
conditions. For all synthesis conditions, and for undoped
and doped samples, carrier concentrations decreases from
10'2 /cm?® or higher at a synthesis temperature of 1500K to
a negligibly small value at room temperature (<10° /cm?).
These negligible room-temperature electronic carrier concen-
trations are a consequence of the Fermi energy being “pinned”
near the middle of the band gap for all synthesis conditions
and doping specifications, by either the V{,-Li{ or Liy -Lif
defect equilibria [35]. The calculated self-consistent Fermi
energies are each between 2.67 and 3.78 eV above the valence
band maximum, with the conduction band minimum 5.9eV
above the valence band.

C. Electronic conductivities

The results above predict that, under all considered syn-
thesis conditions, carrier concentrations are relatively high
at the initial synthesis temperature of 1500 K, but decrease
by many orders of magnitude as the temperature is reduced
under pseudoequilibrium conditions. The significance of this
decrease in carrier concentrations can be seen by plotting
approximate electronic conductivities [via Eq. (1)] which
we obtain by scaling our predicted carrier concentrations by
the previously calculated maximum room-temperature carrier
mobility of 0.2 cm? V~'s. The resulting “room-temperature”
intrinsic (undoped) and extrinsic (doped) electronic conduc-
tivities are plotted in Fig. 5 for both O-rich/metal-poor and
O-poor/metal-rich conditions, as a function of the pseudo
re-equilibration temperature. In both cases, at a synthesis
temperature of 1500 K, where the electronic carrier con-
centrations are high, the electronic conductivities are well
in excess of the threshold values proposed by Han er al.
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FIG. 4. n- and p-type carrier concentrations at six sets of chemical potentials (each set corresponds to a vertex of the estimated chemical
potential stability region that LLZO can be synthesised within). The chemical potentials used to calculate defect concentrations are shown
above each plot. The carrier concentrations are calculated at 1500 K initially, the concentrations of all defects other than lithium vacancies,
interstitials and electron and hole concentrations are then fixed to these high temperature values for subsequent, lower temperature solutions.
All carrier concentrations are given for both an undoped sample, and a sample containing 0.15 per formula unit of some dopant M>*.

Under cooling to room temperature, however, and allowing
for reequilibration of V{';/Li® and e~ /h® pairs, the very low
predicted electronic carrier concentrations mean that the pre-
dicted room-temperature electronic conductivities are well
below the threshold values proposed by Han e al. for intrinsic
bulk lithium-dendrite growth.

VI. SUMMARY AND DISCUSSION

Minimizing the electronic conductivity of lithium solid
electrolytes is crucial to the effective operation of a solid
state battery. In recent years, non-negligible electronic con-
ductivity has been linked to lithium-dendrite growth in
lithium solid electrolytes, leading to cell failure [22,24].
This raises the question of whether the intrinsic electronic
conductivity of various solid state electrolytes makes them
fundamentally incompatible with a lithium metal anode. Mo-
tivated by this proposal, and to provide an estimate of the
room-temperature bulk electronic conductivities of lithium-
garnet solid electrolytes, we have presented a general fully
first-principles scheme for calculating bulk electronic con-
ductivities of wide-gap semiconductors, and have calculated
the electronic conductivity of the lithium-conducting solid
electrolyte LLZO, as a function of synthesis conditions and
doping protocol.

We find that electronic carriers have low mobilities
(<1 cm®>V~!s) owing to large hole and electron effective
masses and strong electron-phonon interactions. These values
are obtained by solving Frohlich’s large polaron Hamiltonian,
which is appropriate in the regime of weak electron-phonon
coupling and large polarons. While we cannot exclude the
possibility of small polaron formation in LLZO, small po-
larons would be expected to have even lower mobilities
[51], giving correspondingly reduced electronic conductivi-
ties. While the electronic carrier populations predicted under
typical synthesis conditions (~1500K) are sufficiently high
that the corresponding room-temperature electronic conduc-
tivities would be well in excess of the threshold values
proposed by Han er al., these electronic carrier populations
decrease significantly under subsequent sample cooling. At
room temperature, assuming full reequilibration of e~ /h® car-
riers (and Vi ;/Li; defects), carrier concentrations are predicted
to be negligible (<10° / cm?), giving room-temperature elec-
tronic conductivities that are well below the threshold values
of Han et al.

This prediction of very low room-temperature bulk elec-
tronic conductivity is qualitatively consistent with experi-
mental data that gives an upper limit for the electronic
conductivity of Ga-doped LLZO (Lig4Gag,La3Zr,Op;) of
5%10719Sem~! at 293K [21], which is lower than macro-
scopic electronic conductivities reported in previous studies
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FIG. 5. Effective “room temperature” (298 K) electronic con-
ductivities for LLZO synthesised under O-rich/metal-poor (top
panel) and O-poor/metal-rich (bottom panel) conditions, as a func-
tion of {Vi;, Lij} and {e”/h°®} pseudoequilibration temperature.
Conductivities are calculated via Eq. (1), using the electronic
carrier concentrations in Fig. 4 and the previously calculated max-
imum room-temperature electron and hole carrier mobilities of
0.2 cm®>V~'s. Solid lines show results for undoped LLZO, and
dashed lines show results under supervalent doping with M>* at a
concentration of 0.15 per formula unit.

[24,100-102]. We note that our predicted electronic conduc-
tivities are even lower still (<10~'8 Scm™"). Even within the
approximations made in our model, this result suggests that
the true bulk electronic conductivity of LLZO is even lower
than the previously reported upper-limit value [103].

In the context of understanding the possible contribu-
tion of electronic conductivity to dendrite nucleation and
growth, another limitation of the present study is that it
considers only bulk properties. Real-world solid electrolytes

possess surfaces and (usually) grain boundaries, which may
contribute to net electronic conductivities or might promote
lithium-dendrite growth through other mechanisms. Previous
theoretical work has observed dramatic band-gap reductions
at LLZO surfaces (Eg“lk =5.46¢eV, E;“”‘ace =2.19eV) [26]
and a recent combined experimental and theoretical study
predicts similar narrowing at grain boundaries (Eé’Lllk =6eV,

Eggb = 1eVto3eV) [104]. Such band-gap narrowing is ex-
pected to greatly increase the number of free charge-carriers
at thermal equilibrium, potentially giving high local elec-
tronic conductivities that may facilitate dendrite nucleation
and growth.

Grain boundaries and surfaces may also exhibit non-bulk
defect populations. Local variations in defect standard chem-
ical potentials can drive defect segregation to (or from) these
regions, causing local shifts in the electrostatic potential
(band bending) and increasing (or decreasing) local free car-
rier populations relative to the bulk [105]. For electrodes
under applied potentials, mobile defects will also prefer-
entially segregate to or from electrode-electrolyte interface
regions to form non-charge-neutral electric-double-layer-like
space-charge layers [106,107], again causing local carrier
concentrations to deviate from bulk values. Extended de-
fects such as grain boundaries may also change the local
effective masses of electronic carriers: in the extreme case
of very thin electrolytes, this may allow direct tunneling of
electronic charge, changing the dominant electronic transport
mechanism through the solid electrolyte [108]. Obviously, for
a practical solid electrolyte, any such “electron leakage” is
undesirable, irrespective of the question of potential lithium
dendrite growth. This consideration further highlights how
sample morphology can cause significant deviations from
“bulk” electronic conductivities such as those we calculate
here, and should be considered for a more complete model
of electronic transport in solid electrolytes.

Finally, we note that lithium nucleation has been observed
at grain boundaries in LLZO in recent experimental studies
[23,104], which illustrates the likely critical role of sample
morphology on dendrite growth in lithium garnets, and un-
derscores the need for the development of new theoretical
methods that can accurately model equilibrium defect and free
carrier populations at interfaces, such as grain boundaries and
surfaces.
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