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Table S1: Stoichiometry determined by ICP-MS of the doped LLZO targets employed in the
sputtering deposition process.

Li La Zr Al Ga
Al-LLZO 6.32 294 201 0.23 -
Ga-LLZO 6.28 294 2.01 - 0.27
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Figure S1: Rietveld refinements of the GI-XRD patterns obtained from the (a) non-doped,
(b) Al-doped and (c) Ga-doped LLZO films.
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Figure S2: SEM images of the film’s surface before and after the FIB-TOF-SIMS measure-
ment, from the (a) non-doped, (b) Al-doped and (c¢) Ga-doped LLZO films.
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Figure S3: Residuals of the equivalent circuit fitting of the complex impedance spectra
measured at room temperature in the the (a) non-doped, (b) Al-doped and (c) Ga-doped
LLZO films.
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Complex electric modulus

Following the Almond and West formalism,5'2 the complex electric modulus M*(w)
can be useful to extract the dc conductivity in ionic conductors avoiding surface effects that
typically dominate at low frequencies in the Nyquist plot of the complex impedance.

Experimentally, M*(w) can be derived from the complex impedance Z*(w) as:

jweg*
M () = wCy 7" (w) = =) (@)
where w is the angular frequency, Cy = gq/k is the vacuum capacitance, gy is the free-

space permittivity and k is the geometric factor (k = -L).

M*(w) is related to the complex permittivity £* as:

1 . iwéo
e (w) o (w)

M*(w) =

Assuming that the ion dynamics are independent of frequency, €* can be defined as:

iO’dC

£ (W) = €00 —
(W) > weo

where ¢, is the high-frequency dielectric constant and o4, the dc conductivity.

Combining both equations:
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. 1
M (w) = 10de
WwEeQ

€0
Separating the real M’(w) and imaginary M”(w) parts, the complex modulus can be
reformulated as:

Odc

* . €0 . we
M (w) = M'(w) +iM"(w) = 2t (7o )2 Tie (0%)2

weo

weQ

At high frequencies, M'(w) —— - and M"(w) —— 0. Therefore, it is possible to

Ww—>00 e wW—>00

obtain e, by extrapolating the intercept of the complex electric modulus with the real axis

at high frequencies M/ (see upper plots in Figure S4, the red line is the fit used for the

interc
extrapolation and the orange dot is the intercept with the real axis).
From the plot of M”(w) vs. w (see lower plots in Figure S4), it is evident that M"(w)

peaks at a certain frequency wy,... Looking at the equation of the imaginary part of M*(w):

Idc 1 _Ode
M”((,U) — wt‘og - wEOOUEO
e+ (22)2 eao 14 (52%)?
We can determine that this quantity will be maximum when —%4— =1

Wmaz€oo€0

From M’

intere ad Wina, the de conductivity can be then calculated as:

Wmaz€0

M!

interc

Ode = Wmaz€oo€0 =
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Figure S4: Fitting of the complex electric modulus measured at room temperature in the
(a) non-doped, (b) Al-doped and (c) Ga-doped LLZO films.

Table S2: Effective ionic conductivities at room temperature extracted from the fitting of
the electric modulus.

Tef (S/cm)
LLZO 6.42 x 1076
Al-LLZO  7.90 x 10—°
Ga-LLZO 2.06 x 10~
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Figure S5: Modulus of the complex impedance measured at different temperatures in the
the (a) non-doped, (b) Al-doped and (c) Ga-doped LLZO films.



Table S3: Literature review of LLZO samples:
substitutional element, processing temperature,
conductivity at RT (temperature in parenthesis

and thickness.

form, fabrication or deposition method,
dwell time, phase after annealing, Li-ion
if different than 25°C), activation energy

Ref.  Form Fabrication / deposition Substitutional Processing Dwell (h) Phase Conductivity Activation  Thickness
method clement temperature (°C) at RT (Scm™)  energy (eV) (pm)

3 Pellet Nebulized spray pyrolysis Al 1000 1 Cubic 4.40E-06 0.49 500
s Pellet Solid-state reaction Al 1180 35 Cubic 1.20E-04 0.37 700
55 Pellet Solid-state reaction Al 1000 36 Cubic 1.40E-04 (30°C)  0.35 1000
56 Pellet Polymerized complex (Pechini) Al 1200 6 Cubic 2.00E-04 3200
ST Pellet Solid-state reaction Al 1300 1 Cubic 2.10E-04 0.33

S8 Pellet Solid-state reaction Al 900 24 Cubic 2.11E-04 0.336

9 Pellet Solid-state reaction Al 1200 24 Cubic 2.25E-04 0.33

510 Pellet Solid-state reaction Al 1230 36 Cubic 2.40E-04 2200
S Pellet Solid-state reaction 4+ Hot pressing Al 1160 2 Cubic 2.42E-04 0.37 800
512 Pellet Solid-state reaction Al 1180 36 Cubic 2.99E-04 1000
513 Pellet Solid-state reaction Al 1230 6 Cubic 3.00E-04 0.314

S Pellet Nebulized spray pyrolysis + FAST Al 950 0.17 Cubic 3.30E-04 0.38

S5 Pellet Solid-state reaction + Hot pressing Al 1050 4 Cubic 3.40E-04 (20°C)

S16 Pellet Solid-state reaction Al 1200 40 Cubic 3.42E-04 0.25 1000
ST Pellet Sol-gel Al 1175 Cubic 3.50E-04 1000
SI8 - Pellet Solid-state reaction Al 1230 30 Cubic 4.00E-04 0.34

S19 Pellet Solid-state reaction Al 1000 5 Cubic 4.00E-04 0.26 2000

520 Pellet Solid-state reaction Al 1070 10 Cubic 4.00E-04 0.28 1500

521 Pellet Solid-state reaction + FAST Al 1150 0.05 Cubic 5.56E-04 (20°C)  0.29 1750

522 Pellet Solid-state reaction + FAST Al 1150 0.05 Cubic 5.70E-04 0.3 1500

523 Pellet Sol-gel Al (from crucible) 1200 36 Cubic 1.40E-04 0.34 2900

521 Pellet Solid-state reaction Al (from crucible) 1230 35 Cubic 3.59E-04 (30°C)  0.41

525 Pellet Solid-state reaction Al (from crucible) 1230 36 Cubic 7.74E-04 0.3 1800

526 Pellet Solid-state reaction Al Pt 1200 24 Cubic 4.48E-04 0.32

510 Pellet Solid-state reaction Al Si 1230 36 Cubic 6.80E-04 1600

527 Pellet Solid-state reaction Ce 1000 4 Cubic 1.40E-05 (23°C) 048

528 Pellet Solid-state reaction Ga 1000 1 Cubic 3.50E-04 1000

520 Pellet Sol-gel Ga 1085 6 Cubic 5.40E-04 (20°C)  0.35 5000

SIT - Pellet Sol-gel Ga 1150 Cubic 7.50E-04 1000

530 Pellet Solid-state reaction Ga 1000 12 Cubic 9.60E-04 0.32 1000

531 Pellet Solid-state reaction Ga 1200 12 Cubic 1.00E-03

532 Pellet Solid-state reaction Ga 1085 6 Cubic 1.30E-03 (24°C) 0.3

S13 Pellet Solid-state reaction Ga 1230 6 Cubic 1.32E-03 0.256

S35 Pellet Sol-gel H,0 + CO, 450 20 LT-Cubic 3.10E-07 0.43

S3 Pellet 1-step solution synthesis H,0 + CO, 750 4 LT-Cubic 2.85E-06 0.36 1000

535 Pellet Solid-state reaction Nb 1200 36 Cubic 8.00E-04 0.31 2000

536 Pellet Modified sol-gel Pechini None 800 5 Tetragonal 3.12E-07 0.67 2000

ST Pellet Solid-state reaction None 980 5 Tetragonal 1.63E-06 0.54 970

538 Pellet Citrate-nitrate None 900 3 Tetragonal 5.19E-06 (20°C)  0.48

539 Pellet Solid-state reaction 4+ Hot pressing None 1050 1 Tetragonal 2.30E-05 0.41 1000

540 Pellet Solid-state reaction Sh 1100 24 Cubic 7.70E-04 (30°C)  0.34

St Pellet Solid-state reaction Sr, Al (from crucible) 1200 24 Cubic 4.50E-04 (24°C)  0.31 2000

S12 Pellet Solid-state reaction Ta 1000 4 Cubic 8.70E-04 0.22

S8 Pellet Solid-state reaction Ta, Al 1100 6 Cubic 1.90E-04 0.37 1500

sS4 Pellet Solid-state reaction Ta, Al 1230 20 Cubic 5.20E-04 0.41 5000

S Pellet Solid-state reaction Ta, Al 1140 9 Cubic 7.40E-04 0.33

516 Pellet Solid-state reaction Ta, Al (from crucible) 1120 8 Cubic 1.80E-04 0.42 1760

ST Pellet Solid-state reaction Ta, Al (from crucible) 1175 6 Cubic 7.20E-04 0.42 1000

518 Pellet Solid-state reaction Te, Al (from crucible) 1100 15 Cubic 6.99E-05 (30°C)

518 Pellet Solid-state reaction Te, Al (from crucible) 1100 15 Cubic 1.02E-04 (30°C)  0.38

519 Pellet Solid-state reaction W, Al (from crucible) 1100 36 Cubic 7.89E-04 (30°C)  0.45 2650

S50 Pellet Solid-state reaction Y 1100 12 Cubic 1.00E-06 (23°C) 047

551 Sheet Casting + Pressing Al 1090 1 Cubic + LZO 2.00E-04 0.35 30

S52 Sheet Casting + Pressing Ga 1130 0.3 Cubic + Tetragonal 1.30E-03 0.28 25

553 Sheet Solid-state reaction Ta 1140 16 Cubic 1.02E-03 200

5% Thin film  Aerosol deposition Al 25 0 Cubic 1.00E-08 (140°C) 1.3 20

55 Thin film  Sol-gel Al 600 0.17 LZO 1.67E-06 0.18 0.3

S5 Thin film  Sol-gel Al 900 Cubic 2.40E-06 0.52 1

557 Thin film  Pulsed laser deposition (epitaxial) Al 700 Cubic 1.00E-05 0.52 0.03

S5  Thin film Pulsed laser deposition Al 600 24 Cubic + LZO 8.30E-04 (300°C) 1.39 0.38

S59 Thin film Magnetron sputtering Al 700 1 Cubic + Tetragonal 1.90E-05 0.48 0.4

560 Thin film Magnetron sputtering Ga 700 2.5 Cubic 1.60E-05 (30°C)  0.66 0.5

S61 Thin film Magnetron sputtering None 25 0 Amorphous 4.00E-07 0.7 0.561

562 Thin film Pulsed laser deposition None 800 0.5 Cubic 7.36E-07 0.32 1

863 Thin film  Sol-gel None 400 Amorphous 1.00E-06 0.6 0.76

564 Thin film Pulsed laser deposition None 600 Cubic + Tetragonal 1.61E-06 0.35 0.2

565 Thin film Laser-assisted chemical vapor deposition None 700 Tetragonal 4.20E-06 0.5 0.85

566 Thin film  Aerosol deposition Ta 300 Cubic 2.40E-06 (27°C) 15

S67 Thin film Pulsed laser deposition Ta, Al 300 Amorphous 2.39E-08 0.613 0.3

S68 Thin film Pulsed laser deposition Ta, Al 660 0.25 Cubic 2.90E-05 0.46 0.35

569 Thin film Magnetron sputtering Ta, Al 700 Cubic 1.20E-04 0.47 1.8

ST Thin film Magnetron sputtering Ti 300 2 Amorphous 2.83E-06 0.53

STU Thin film  Sol-gel Y 800 0.17 Cubic 3.40E-08 (45°C) 0.05
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