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Abstract

Lithium metal dendrites have become a roadblock in the realization of next-generation

solid-state batteries with lithium metal as high-capacity anode. The presence of sur-

face and bulk inhomogeneities with non-negligible electronic conductivity in crystalline

electrolytes such as the lithium garnet Li7La3Zr2O12 (LLZO) facilitates the growth of

lithium filaments, posing a critical safety risk. Here we explore the amorphous phase of
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LLZO (aLLZO) as a lithium dendrite shield owing to its grain-boundary-free microstruc-

ture, stability against metallic lithium, and high electronic insulation. We demonstrate

that by tuning the lithium stoichiometry in sputtered aLLZO films, the ionic conduc-

tivity can be increased up to 10−7 S cm−1 while retaining an ultralow electronic con-

ductivity of 10−14 S cm−1. In Li/aLLZO/Li symmetric cells, plating-stripping results

in no degradation of the films and current densities up to 3.2 mAcm−2 can be applied

with no signs of lithium penetration. The defect-free and conformal nature of the films

enables microbatteries with an electrolyte thickness as low as 70 nm, which withstand

charge-discharge at 0.2 mAcm−2 for over 500 cycles. Finally, we demonstrate that the

application of aLLZO as a coating on crystalline LLZO lowers the interface resistance

and significantly impedes the formation of lithium dendrites, increasing the critical cur-

rent density of a symmetric cell up to 1.3 mAcm−2 at room temperature and without

external pressure. The effectiveness of the amorphous Li-La-Zr-O as lithium dendrite

blocking layer can accelerate the development of more powerful and safer solid-state

batteries.

Keywords

solid electrolyte, lithium dendrites, amorphous LLZO, thin film coating

1 Introduction

Increasing power requirements in portable devices and the electrification of the automotive

industry are pushing the demand for batteries with higher energy capacities and power rates.

Solid-state batteries with Li metal as anode are foreseen as the next generation of energy

storage devices, given the 10-fold higher capacity of Li metal with respect to traditional

graphite anodes.1,2 Solid Li-ion conductive electrolytes, that potentially can enable such

batteries, have been the subject of considerable interest in recent years. Among different

families of solid electrolytes, the lithium garnet Li7La3Zr2O12 (LLZO) can be regarded as one
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of the main contestants, owing to its high ionic conductivity up to 10−3 S cm−1 and a wide

electrochemical stability window, against metallic lithium and high potential cathodes.3,4

This ceramic electrolyte suffers however from a major drawback: Its polycrystalline nature

makes it prone to the growth of lithium metal dendrites which can short circuit the battery.5–7

Although some debate is still ongoing in the research community, the main consensus points

towards surface inhomogeneties, bulk defects and non-negligible electronic conductivities

along the grain boundaries as the reason for lithium metal nucleation and dendrite growth

through the solid electrolyte.8–10

Very recently, Kim et al. showed that a laser annealing treatment on a bulk LLZO pellet

leads to the formation of an amorphized surface and this increases significantly the critical

current density and lifetime of the electrolyte.11 They claim that this in-situ formed amor-

phous surface blocks electron injection and hinders the formation of Li dendrites. However,

the laser annealing procedure employed in that work does not allow to control and optimize

the properties of the amorphous surface layer. In contrast, ex-situ coating processes such as

physical vapor deposition (PVD) guarantee a well-controlled composition and better homo-

geneity. Kalita et al. first showed the feasibility of preparing amorphous Li-La-Zr-O thin

films by RF magnetron sputtering and characterized the ionic conductivity of this material

as a function of the sputtering power, reporting values in the order of 10−7 S cm−1.12 Gar-

bayo et al. further investigated the amorphism in this type of electrolyte thin films prepared

by pulsed-laser deposition (PLD) and revealed a relation between the ionic conductivity, the

Li concentration and the formation of glassy states with regards to the processing tempera-

ture.13 These both studies highlighted the potential of the amorphous phase of LLZO, but

did not go beyond characterizing stand-alone films nor demonstrated any application either

in a thin-film battery configuration or as coating in a bulk solid-state battery. This leaves

open the question whether the amorphous phase of LLZO could prevent the formation of

Li dendrites, as it has been shown for other glassy electrolyte materials like Li3PO4 and its

oxynitride analogous (LiPON).14,15
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In this work we present a thorough investigation of the chemical structure and electro-

chemical properties of amorphous Ga-doped Li-La-Zr-O (aLLZO) films prepared by mag-

netron sputtering. By tuning the excess lithium in the films, the ionic conductivity can be

increased over three orders of magnitude, up to 10−7 S cm−1, while retaining a negligible elec-

tronic conductivity of 10−14 S cm−1. In this way it is possible to prepare ultrathin conformal

and grain-boundary free films that can act as injection barrier for electrons while allowing Li

ions to be transported across. The stability of the ultrathin films against metallic lithium is

investigated by plating-stripping lithium in half and symmetric cells, showing no interfacial

degradation and resistance to short circuits at currents up to 3.2 mAcm−2. Finally, the ap-

plicability of this material is demonstrated in the form of surface coating to block formation

of Li dendrites in bulk ceramic LLZO as well as ultrathin solid electrolyte for solid-state

microbatteries, showing a functional battery with an unprecedented electrolyte thickness of

70 nm.

2 Results and discussion

2.1 Co-sputtering deposition of overlithiated Li-La-Zr-O thin films:

phase and chemical structure

aLLZO thin films were deposited at room temperature by magnetron sputtering from a

stoichiometric Li6.25Ga0.25La3Zr2O12 target. To control the lithiation level of the amorphous

film, a Li2O target was simultaneously co-sputtered (as shown in Figure 1.a), allowing to

tune the mass fraction of LLZO and Li2O by controlling the sputtering power on each

target. We previously used this method to compensate lithium losses in the preparation

of crystallized LLZO thin films,.16,17 Besides compensating lithium losses, it is an effective

way to tune the Li-ion concentration in the electrolyte film and modify its electrochemical

properties. To characterize the morphology, composition, ionic and electronic properties,

films were prepared on Pt-coated Si and on insulating MgO single crystal substrates. As
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seen in the cross-section secondary electron microscopy (SEM) image in Figure 1.b, the as-

deposited films, with a thickness of about 70 nm, are homogeneous and conformally cover the

substrate. The 3D tomogram in Figure 1.c shows the elemental structure of in the interior

of the film reconstructed from a gas-assisted focused ion beam time-of-flight secondary ion

mass spectroscopy (FIB-ToF-SIMS) measurement.18 The measurement reveals a uniform

distribution of the matrix elements (La and Zr) of the aLLZO film coated on the Pt-coated

Si substrate. Detailed plots of each element’s signal and a depth profile can be found in

Figures S1 and S2.

In Figure 1.d the XRD diffractogram of the aLLZO film exhibits no sharp reflections

but a broad hump, in contrast to the well-defined reflections in the LLZO film crystallized

at 700 ◦C (cLLZO) that match well the reference pattern of cubic Ga-doped LLZO (ICSD

430603).19 This confirms the amorphous nature of the as-deposited films, with no long-range

order in the crystal structure, and is consistent with the studies of Kalita et al.12 and Garbayo

et al.13 To further investigate the short-range order and chemical structure of the films, we

performed Raman and Fourier-transform infrared (FT-IR) spectroscopy measurements on

the films. The Raman spectra of the aLLZO film presented in Figure 1.e shows a predominant

vibrational mode at 800 cm−1 that can be attributed to lithium peroxide Li2O2.
20 This

indicates that the formation of lithium peroxide is more thermodically favorable than other

lithium oxide forms under the oxygen-rich, highly-energetic conditions of the sputtering

deposition. Kim et al. also reported the presence of Li2O2 in the amorphized surface of

laser-treated LLZO.11 In contrast to the Raman spectrum of the crystallized LLZO sample

also shown in Figure 1.e, the lack of any sharp peaks characteristic of the garnet crystalline

structure further evidences the amorphous disordered structure present in the aLLZO films.

Figure 1.f shows the FT-IR transmittance spectrum of the film. The lack of features in

the region above 1000 cm−1 indicates that the film does not contain carbonate nor hydroxy

compounds. In the region below 1000 cm−1 multiple absorptions can be observed, which

can be attributed to the Zr,21 La,22,23 and Li24 bonds with oxygen. Figure 1.g visualizes a
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possible chemical structure consisting of a glass network of disordered Zr-O and La-O chains

(network former) and weakly bonded Li cations (network modifier) that can freely migrate

along the glassy network, in a similar fashion to other lithium-conductive amorphous oxide

electrolytes previously reported.25

2.2 Lithium-ion conductivity: the role of excess Li2O

The ionic conductivity of the films was measured by through-plane impedance spectroscopy

using silicon as substrate with Pt as back electrode and patterned Au top electrodes, as

illustrated in the inset of Figure 2.a. A Nyquist plot of the impedance response of a selected

sample is shown in Figure 2.a. The characteristic semicircle arising from the electrolyte re-

sponse can be modeled with a Randles equivalent circuit,26 yielding the electrolyte resistance

from which the ionic conductivity can be derived. The tail at lower frequencies is due to the

blocking nature of the electrodes and the resulting accumulation of charges at the interfaces.

Figure 2.b shows the extracted ionic and electronic conductivities at 300 K for samples pre-

pared with different mass fractions of LLZO and Li2O, regulated by the sputtering rates

of both target materials. Films prepared without any Li2O show poor ionic conductivities

below 1× 10−11 S cm−1. As the fraction of Li2O is increased, the ionic conductivity increases

by three orders of magnitude up to 1× 10−7 S cm−1 for a mass fraction of 0.66 LLZO:Li2O.

At lower LLZO:Li2O mass fractions, the ionic conductivity decreases again although not as

abruptly as in the low Li2O fraction region. In contrast, the electronic conductivity remains

fairly constant at 1× 10−14 S cm−1 for different mass fractions of LLZO and Li2O, seven

orders of magnitude below the best ionic conductivity measured and about six orders of

magnitude below reported values for bulk and thin-film crystalline LLZO.8,17

The ionic conductivity σ depends on both the density of mobile ions and their mobility

and can be described with an Arrhenius relationship:

σ = qnµ = qnµ0 exp
−Ea

kBT
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Figure 1: Morphological, phase and chemical characteristics of the amorphous Li-La-Zr-O
ultrathin films. (a) Schematic of the co-sputtering deposition process employed to prepare
overlithiated amorphous Ga-doped Li-La-Zr-O (aLLZO) coatings. (b) Cross-section SEM
image of the aLLZO film on a Pt-coated Si substrate. (c) Elemental tomogram obtained by
GIS-assisted FIB-ToF-SIMS of an aLLZO film deposited on Pt-coated Si. (d) XRD diffrac-
tograms of an aLLZO film and a crystallized LLZO (cLLZO) film on single-crystal MgO. A
reference pattern for LLZO (ICSD 430603) is included. (e) Raman spectra of the aLLZO
and crystallized LLZO films on MgO single crystal substrates. (f) FT-IR transmittance
spectrum of the aLLZO film. (g) Representation of the chemical structure of the amorphous
Li-La-Zr-O.

where Ea is the activation energy for ion migration, kB the Boltzmann’s constant, T

the temperature, and µ0 a pre-exponential factor.27 To determine whether the change in

ion conductivity is due to a change in the density or mobility of mobile ions, we performed
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temperature dependent impedance spectroscopy and current transient measurements (see SI

for details). We find that increasing the amount of Li2O up to 33% of the total mass the

increases density of mobile ions and decreases the activation energy, which increases mobil-

ity (Figure 2.c-e). Consequently, we assign the increased ionic conductivity to an increased

amount of Li+ ions, which reduces the electrostatic interaction between the disordered Zr-O

and La-O chains and the mobile Li+ ions, resulting in a decrease in activation energy. This

is consistent with findings on other amorphous solid electrolytes such as lithium thiophos-

phate (LPS) and lithium phosphorus oxynitride (LiPON).28 Above a critical mass fraction

we assume that the added Li+ ion forms aggregates which reduce the ion conductivity, as

suggested by the obtained mobile Li+ ion density, which does not increase further after the

critical mass fraction of 0.66 LLZO:Li2O is reached.

Figure 2: Ionic and electronic transport dynamics of the aLLZO ultrathin films. (a) Nyquist
plot of the impedance spectra of an aLLZO film measured with blocking electrodes at room
temperature. Inset shows a schematic of the device geometry. (b) Ionic and electronic
conductivities of aLLZO films prepared with different mass fractions of LLZO and Li2O. (c)
Activation energy of the ionic conductivity, (d) mobile Li+ concentration and (e) Li+ mobility
of aLLZO films with different amounts of Li2O based on the mean of three measurements
each.
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2.3 Stability against lithium metal plating-stripping

The electrochemical stability of the aLLZO electrolyte was tested by fabricating a half cell

with Pt as working electrode and metallic Li as counter and reference electrode. As pre-

sented in Figure 3.a, Li+ was slowly transported towards the Pt electrode applying a low

current of 1.25 µAcm−2 through the cell until approaching 0 V vs Li/Li+. The cell was

galvanostatically cycled multiple times while measuring the impedance after each cycle in

order to monitor any possible electrochemical degradation of the electrolyte as a result of the

Li redox reactions. Figure 3.b shows the Nyquist plot of the impedance and the extracted

electrolyte resistance measured during the plating-stripping process. The resistance of the

aLLZO film slightly decreases in the first four steps and then it stabilizes at a constant

value. The stabilization of the electrolyte resistance evidences electrochemical stability of

the aLLZO electrolyte in combination with a Li anode.

The resistance of the aLLZO electrolyte against Li dendrite formation and short circuiting

was tested in a symmetrical Li/Li cell, prepared by evaporating metallic Li on sapphire,

coating the Li electrode with a thin aLLZO film and depositing a symmetric Li contact on

top. The symmetric cells were cycled at increasing current densities, from 0.2 mAcm−2 up

to 3.2 mAcm−2, for 5 plating-stripping cycles each. For each current density, the transferred

capacity was limited to 0.1 mAh cm−2, equivalent to a Li thickness of 250 nm. Figure 3.c

shows the voltage response of the symmetric cells upon Li stripping-plating at different

current densities. The cell polarization remains stable and scales with the current density,

without sign of large voltage fluctuations nor drops to 0 V which would indicate short-circuit

formation. The area specific resistance of the symmetric cell is shown in Figure S7.

2.4 Dendrite-blocking coating on bulk crystalline LLZO

The stability against Li metal, dendrite penetration robustness, negligible electronic con-

ductivity of 10−14 S cm−1 and good ionic conduction of the aLLZO ultrathin films here

investigated can also be applied as an interface coating for bulk ceramic solid electrolytes,
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Figure 3: Li stability and short circuit resistance of the aLLZO films. (a) Galvanostatic
response of an aLLZO electrolyte film upon electrochemical transport of Li+ from a Li counter
electrode to a Pt working electrode and reversely. Numbers along the plot line indicate the
points at which impedance spectroscopy measurements were carried out. (b) Nyquist plot
of the impedance response of the aLLZO film in contact with Li metal after multiple steps
of platting and stripping. Inset shows the evolution of the electrolyte resistance extracted
from the impedance spectra. (c) Galvanostatic response of an aLLZO electrolyte film in
a symmetric Li/Li cell configuration. Forward and reverse current densities ranging from
0.2 mAcm−2 up to 3.2 mAcm−2 were applied in steps of 0.1 mAh cm−2.

which are employed to fabricate bulk solid-state batteries. The aLLZO interlayer blocks

the injection of electrons to the grain boundaries, which prevents the reduction of lithium

ions and the formation of lithium metal filaments,9 while allowing a fast ionic transport

across the interface. In addition, the amorphous nature of the coating promotes a more

homogeneous lithium nucleation at the anode interface, reducing the formation of voids and

therefore leading to lower interface resistance and a more uniform distribution of the current.

To test the potential application of the ultrathin aLLZO as interface coating to hinder

lithium dendrite formation in bulk ceramic electrolyte, symmetrical cells with crystalline Ga-

doped LLZO pellets coated on both sides with a 10 nm aLLZO film were built as shown in
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Figure 4.a. Figure 4.b shows the Nyquist plot of the impedance spectroscopy measurements

at room temperature of both the aLLZO-coated and reference (uncoated) symmetric cells.

The intercept with the real axis at high frequencies is attributed to the ionic conduction

through the bulk. The value for the bulk resistance (∼25 Ω cm2) is consistent with the bulk

ionic conductivity of the LLZO pellet (about 1× 10−3 S cm−1). The semicircles that appears

in the Nyquist plot can be attributed to the interface resistance. In the case of the aLLZO-

coated cell, one can estimate an interfacial resistance of 3.5 Ω cm−2, about half the value of

that of the uncoated reference.

Li plating-stripping experiments were carried out by galvanostatically cycling the sym-

metric cells with current densities ranging from 5 µAcm−2 up to 5.1 mAcm−2 in steps of

30 min. The measurements were carried out at room temperature and without external

pressure, a part from that of the alligator clamp used to contact the cell. Figure 4.c shows

the voltage response and applied current density (dashed line) over time. As expected

from the lower interfacial resistance, the aLLZO-coated sample shows significant less over-

potentials than the uncoated one. For example, at 40 µAcm−2, the overpotential of the

aLLZO-coated cell (2.5 mV) is half that of the uncoated reference cell. From 0.16 mAcm−2,

the overpotential of the uncoated cell starts to grow uncontrollably as a result of void for-

mation at the Li/LLZO interface and lower contact area.5 Eventually, at a current density

of 0.64 mAcm−2, the uncoated cell shunts due to dendrite growth across the ceramic elec-

trolyte. In the the aLLZO-coated cell, the overpotential profile remains stable up to a current

density of 0.64 mAcm−2 and the cell does not start to form microshorts until the applied

current density reaches 2.6 mAcm−2. This experiment proves that the aLLZO coating im-

proves the interface contact between lithium metal and crystalline LLZO and increases the

critical current density (ie. the current density at which a short circuit is formed) by a factor

of 4.

To visualize the formation of Li dendrites, an in-plane platting-stripping experiment with

a crystalline LLZO pellet was carried out as illustrated in Figure 5.a. Half of the LLZO pellet
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Figure 4: Ultrathin aLLZO coating inhibits the growth of Li dendrites in bulk crystalline
LLZO electrolyte. (a) Schematic of the through-plane Li/aLLZO/LLZO/aLLZO/Li configu-
ration employed to determine the critical current density. (b) Nyquist plot of the impedance
response of the uncoated and aLLZO-coated LLZO pellets. (c) Applied current density
(dashed line) and voltage response (solid lines) during symmetric galvanostatic cycling of
the uncoated and aLLZO-coated LLZO pellets at RT without external pressure applied.
Forward and reverse current densities ranging from 5 µAcm−2 up to 5.1 mAcm−2 were ap-
plied in steps of 30 min.

surface was coated with a 10 nm aLLZO film (left side) and the other half was left uncoated as

the reference (right side). Li metal/Cu contacts were deposited by thermal evaporation with

different lateral separations, as seen in the optical image in Figure 5.a. As demonstrated by

Kazyak et al.,29 such an in-plane geometry is useful to visualize by in-operando microscopy

the formation and propagation of Li dendrites in solid electrolytes. In our case it becomes

useful to assess the effect of the aLLZO coating on the formation of Li dendrites.

Lithium plating-stripping was performed by applying currents in forward and reverse

direction between both Li metal contacts. The current and voltage curves as a function of

time is presented in Figure 4.c.The current density was increased step-wise from 50 µAcm−2

to 3.2 mAcm−2 for a total charge transfer of 25 µAh cm−2, with 15 min rest steps in between.
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Figure 5: Visualizing dendrite growth in bulk crystalline LLZO electrolyte. (a) Optical pic-
ture and schematic of the in-plane geometry employed to visualize the formation of dendrites
upon Li plating-stripping. Half of a 10 × 10 mm LLZO pellet was coated with 10 nm aL-
LZO and Li metal contacts with Cu as current collector were deposited on both sides of the
pellet. (b) Nyquist plot of the impedance response between two of contacts spaced 0.5 mm
on the aLLZO-coated side. (c) Current and voltage response during symmetric galvanos-
tatic cycling between two Li metal contacts. Forward and reverse current densities ranging
from 0.05 mAcm−2 up to 3.2 mAcm−2 were applied in steps of 25 µAh cm−2. Subplots
show a zoom-in of the polarization in the uncoated and coated sites at 0.05 mAcm−2 and
1.6 mAcm−2. (d) Optical images of the LLZO pellet surface on the uncoated and aLLZO-
coated side recorded at the beginning of the plating-stripping process and after reaching a
current density of 1.6 mAcm−2. Magnified image shows a Li filament short-circuiting the Li
contacts in the uncoated side of the pellet.

During the plating-stripping process, the surface of the pellet was monitored with an optical

microscope in order to observe the nucleation and growth of Li filaments in the bulk ceramic

electrolyte. As seen in the voltage plot, high overpotentials are present in both the uncoated

and aLLZO-coated test areas, which can be attributed to the geometry of the in-plane

measurement and likely poor contact of the evaporated Li due to the lack of externally

applied pressure. In the voltage profile of the uncoated pellet, one can observe a continuous

spiky behavior, even at the lowest current density, which seems to be related to microshorts
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forming across the Li contacts. This phenomenon can be explained by the high polarization

leading to a massive injection of electrons through the grain boundaries that promotes the

nucleation of Li metal in the interior of the ceramic electrolyte. The spiky behavior of

the uncoated site repeats itself with increasing current densities and eventually leads to

irreversible shunting of the test device at a current density of 1.6 mAcm−2. In contrast, in

the aLLZO-coated side the voltage profile remains stable throughout the plating-stripping

process. At high current densities and despite the enormous overpotential, the aLLZO-coated

site maintains a stable polarization. The growth of Li filaments and shunting can also be

observed in the in-operando optical microscope images recorded during the cycling process

(Figure 4.d). In the initial state the space between the Li metal contacts on both the coated

and uncoated sides is free of any inhomogeneity. After reaching the plating-stripping current

of 1.6 mAcm−2, the uncoated side shows a large Li dendrite connecting both contacts as well

as some branches of metallic Li that have grown around the edge of the contacts. Conversely,

the aLLZO coated site remains free of Li metal filaments. This experiment demonstrates

that the aLLZO coating can prevent the nucleation of Li metal inside the ceramic LLZO and

hinder the growth of Li metal dendrites that lead to short-circuiting of the cell.

2.5 Ultrathin solid electrolyte for microbatteries

The aLLZO films here investigated can also be utilized as ultrathin electrolyte for thin-film

solid-state batteries. Microbatteries have been investigated since the early 90s and have been

developed into a commercial product for powering low-power devices such as IoT sensors,

wearables, etc.30 These devices consist of thin-film electrodes (commonly LiCoO2 as cathode

and Li metal as anode) and generally employ lithium phosphorus oxynitride (LiPON) films

in the range of microns as solid-state electrolyte.

We fabricated a thin-film battery employing sputtered thin-film LiCoO2 (LCO) as cath-

ode material and evaporated Li metal as anode. A 70 nm thin aLLZO film was employed as

solid electrolyte between the cathode and anode films. To prevent oxidative degradation of

14



the electrolyte in contact with the LCO (see cyclovoltammetry measurement in Figure S6),

a 10 nm LiNbO3 coating was applied by sputtering to the cathode film prior to the aLLZO

deposition. Figure 6.a shows a cross-section SEM image of the microbattery, in which the

ultrathin aLLZO electrolyte is shown to conformably cover the LCO cathode film and sepa-

rate it from the Li metal anode. Note that the poor microstructure of the Li metal is due to

the damage produced by the Ga-ion focused ion beam (FIB) employed to prepare the cross

section.31

Figure 6.b shows the voltage curves of the microbattery upon charge-discharge at current

densities ranging from 22 µAcm−2 (1C) to 220 µAcm−2 (10C). The voltage profiles show the

characteristic plateau at 3.9 V vs Li/Li+ characteristic of the cathode material employed, in-

dicating unhindered lithium intercalation/deintercalation in and out of the cathode. At lower

C rates, overpotentials are moderate (about 50 mV) and as expected, they increase with in-

creasing C rate. The relation between the discharge capacity and the C rate is presented

in Figure 6.c. At 1C, the microbattery shows a discharge capacity of 55 µAh cm−2
µm−1,

which is equivalent to about 110 mAh g−1 assuming an ideal density of the cathode film. At

10C, the microbattery shows a capacity of 39 µAh cm−2
µm−1, a 70% of the capacity at 1C.

To demonstrate the robustness of the ultrahin aLLZO electrolyte, the thin-film battery

was cycled with a current density of 0.2 mAcm−2 (10C) for 500 cycles, as shown in Figure 6.c.

After 500 cycles (about 100 hours operation), the capacity degrades to about 60% of the

initial capacity while retaining a stable Couloumbic efficiency of about 97.6%. The capacity

fading is likely due to interfacial degradation of the electrolyte on the cathode side, but the

cell does not show any signs of short circuiting, evidencing high resistance of the aLLZO

electrolyte to lithium dendrite formation despite its ultrathin thickness. The high-potential

and long-term operation of a microbattery with such an ultrathin sputtered electrolyte is un-

precedented and can only be compared to the 90 nm-thick LiPON electrolyte films prepared

by atomic layer deposition (ALD) in the work of Pearse et al.32

15



Figure 6: Thin-film solid-state battery with an ultrathin aLLZO electrolyte. (a) Cross-
section SEM image of the battery stack. (b) Charge-discharge curves at different C rates
(1C = 22 µAcm−2). (c) Discharge capacity and Coulombic efficiency of the battery at
different C rates. (d) Long-term cycling of the battery over 500 cylces at 10C (0.2 mAcm−2)

3 Conclusions

We demonstrate that the amorphous phase of garnet LLZO can act as an ultrathin (<

100 nm) solid electrolyte for solid-state microbatteries as well as a coating for preventing

lithium dendrite growth in bulk ceramic electrolytes. The fabrication process presented in

this work allows to increase the lithiation of the films and to enhance their ionic conductivity

to values approaching 10−7 S cm−1. The amorphous nature of the sputtered films results in a

grain-boundary-free ultrathin electrolyte that can withstand high current densities without

short-circuiting due to lithium filament penetration. Moreover, the low electronic conductiv-

ity of 10−14 S cm−1 blocks injection of electrons, preventing the nucleation of Li metal inside

a coated bulk ceramic electrolyte. We believe that amorphous Li-La-Zr-O coatings can have

a significant impact in the development of better solid-state batteries with ceramic elec-

trolytes and lithium metal as anode, allowing higher fast-discharge currents and increasing

their lifetime. Future work should focus in implementing and testing this coating material

16



in bulk solid-state batteries.
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Figures

Figure 1

Morphological, phase and chemical characteristics of the amorphous Li-La-Zr-O ultrathin �lms. (a)
Schematic of the co-sputtering deposition process employed to prepare overlithiated amorphous Ga-
doped Li-La-Zr-O (aLLZO) coatings. (b) Cross-section SEM image of the aLLZO �lm on a Pt-coated Si



substrate. (c) Elemental tomogram obtained by GIS-assisted FIB-ToF-SIMS of an aLLZO �lm deposited
on Pt-coated Si. (d) XRD diffractograms of an aLLZO �lm and a crystallized LLZO (cLLZO) �lm on single-
crystal MgO. A reference pattern for LLZO (ICSD 430603) is included. (e) Raman spectra of the aLLZO
and crystallized LLZO �lms on MgO single crystal substrates. (f) FT-IR transmittance spectrum of the
aLLZO �lm. (g) Representation of the chemical structure of the amorphous Li-La-Zr-O.

Figure 2

Ionic and electronic transport dynamics of the aLLZO ultrathin �lms. (a) Nyquist plot of the impedance
spectra of an aLLZO �lm measured with blocking electrodes at room temperature. Inset shows a
schematic of the device geometry. (b) Ionic and electronic conductivities of aLLZO �lms prepared with
different mass fractions of LLZO and Li2O. (c) Activation energy of the ionic conductivity, (d) mobile Li+
concentration and (e) Li+ mobility of aLLZO �lms with different amounts of Li2O based on the mean of
three measurements each.



Figure 3

Li stability and short circuit resistance of the aLLZO �lms. (a) Galvanostatic response of an aLLZO
electrolyte �lm upon electrochemical transport of Li+ from a Li counter electrode to a Pt working electrode
and reversely. Numbers along the plot line indicate the points at which impedance spectroscopy
measurements were carried out. (b) Nyquist plot of the impedance response of the aLLZO �lm in contact
with Li metal after multiple steps of platting and stripping. Inset shows the evolution of the electrolyte
resistance extracted from the impedance spectra. (c) Galvanostatic response of an aLLZO electrolyte �lm
in a symmetric Li/Li cell con�guration. Forward and reverse current densities ranging from 0:2 mAcm-2
up to 3:2 mAcm-2 were applied in steps of 0:1 mAh cm-2.



Figure 4

Ultrathin aLLZO coating inhibits the growth of Li dendrites in bulk crystalline LLZO electrolyte. (a)
Schematic of the through-plane Li/aLLZO/LLZO/aLLZO/Li con�guration employed to determine the
critical current density. (b) Nyquist plot of the impedance response of the uncoated and aLLZO-coated
LLZO pellets. (c) Applied current density (dashed line) and voltage response (solid lines) during
symmetric galvanostatic cycling of the uncoated and aLLZO-coated LLZO pellets at RT without external
pressure applied. Forward and reverse current densities ranging from 5 μAcm-2 up to 5:1 mAcm-2 were
applied in steps of 30 min.



Figure 5

Visualizing dendrite growth in bulk crystalline LLZO electrolyte. (a) Optical picture and schematic of the
in-plane geometry employed to visualize the formation of dendrites upon Li plating-stripping. Half of a 10
x10 mm LLZO pellet was coated with 10 nm aLLZO and Li metal contacts with Cu as current collector
were deposited on both sides of the pellet. (b) Nyquist plot of the impedance response between two of
contacts spaced 0.5 mm on the aLLZO-coated side. (c) Current and voltage response during symmetric
galvanostatic cycling between two Li metal contacts. Forward and reverse current densities ranging from
0:05 mAcm-2 up to 3:2 mAcm-2 were applied in steps of 25 μAh cm-2. Subplots show a zoom-in of the
polarization in the uncoated and coated sites at 0:05 mAcm-2 and 1:6 mAcm-2. (d) Optical images of the
LLZO pellet surface on the uncoated and aLLZOcoated side recorded at the beginning of the plating-
stripping process and after reaching a current density of 1:6 mAcm-2. Magni�ed image shows a Li
�lament short-circuiting the Li contacts in the uncoated side of the pellet.



Figure 6

Thin-�lm solid-state battery with an ultrathin aLLZO electrolyte. (a) Crosssection SEM image of the
battery stack. (b) Charge-discharge curves at different C rates (1C = 22 μAcm-2). (c) Discharge capacity
and Coulombic e�ciency of the battery at different C rates. (d) Long-term cycling of the battery over 500
cylces at 10C (0:2 mAcm-2)

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementaryinformationaLLZO.pdf

https://assets.researchsquare.com/files/rs-219404/v1/aafc9f2a5331bfe8b8a54922.pdf

