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Abstract

Protective coatings on lithium-ion battery electrodes have proven to be an e�ective way to

suppress detrimental side reactions, thereby improving the performance of lithium-ion batter-

ies. Atomic layer deposition (ALD) provides conformal deposition of these layers with precise

thickness control, ensuring optimized cathode protection. In this work, an ALD process is

developed for the deposition of lithium borate coatings using lithiumbis(trimethylsilyl)amide

(LiHMDS), H2O and trimethylborate (TMB). The ionic conductivity varies with deposition

temperature: a value of 1.17 x 10−7 S cm−1 at 25°C is obtained, with an activation energy

of 0.58 eV. Using a supercycle approach to combine lithium borate with the known Li3PO4

process, and varying the cycle ratio, allows for the deposition of borophosphate coatings with

tunable B/P ratios. As-deposited Li3PO4 �lms are crystalline, whereas lithium borate �lms
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are amorphous. Interestingly, a small amount of B incorporation (< 1 at.%) enhances the

crystallinity of the Li3PO4 �lms, which was attributed to a lower amount of C contamination

(from 9.3 at.% to 4.4 at.%). To explore the electrochemical properties of these layers, 10

nm coatings were deposited on a LiMn2O4 electrode as a model 2D system, where good

Li-kinetics were proven. Next to this, they have shown to provide protection at elevated

potentials. This work demonstrates that lithium borate and lithium borophosphate coat-

ings are promising materials for interfacial layers and solid-state electrolytes to be used in

next-generation lithium battery technologies.

1 Introduction

Lithium-ion batteries (LiBs) are the leading battery technology in the energy storage market

due to their superior energy density compared to other available battery technologies. How-

ever, the demand for higher energy densities and longer cycle life continues to drive research

into addressing key degradation issues that occur during cycling. One challenge is degra-

dation at the cathode interface, where side reactions such as transition metal dissolution

and electrolyte oxidation lead to performance loss1. The latter process forms an unstable

cathode-electrolyte interphase at high potentials, hindering ion transport and reducing the

overall e�ciency of the battery.

To mitigate these issues, protective coatings on the cathode surface have been used to form

an arti�cial interphase layer. These interfacial layers have shown to be able to prevent di-

rect contact between the electrolyte and the cathode, reducing side reactions and prolonging

battery life. For these coatings to be e�ective, they must meet several criteria: (1) confor-

mal coverage to ensure complete protection, (2) high ionic conductivity to maintain e�cient

ion transport, and (3) chemical and electrochemical stability at the high voltages typical of

cathode materials2.
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Atomic layer deposition (ALD) is an ideal technique for creating such coatings, as it allows

for conformal deposition over complex surfaces and precise thickness control, which ensures

e�cient Li-ion transport and minimizes the added mass. It is a deposition technique in which

the electrode surface is sequentially exposed to a series of gasses, where each gas reacts in a

self-limiting way. ALD has been successfully used to deposit various materials on cathodes,

including, but not limited to, metal oxides3,4, phosphates5 and various lithium-containing

compounds2,6�10, showing improved performance of the battery systems. Lithium-containing

�lms, in particular, are of interest due to their potential to enhance ionic conductivity while

providing a stable interface. Among various Li-containing layers developed by the ALD

technique, a lithium borate-like material, Li3BO3-Li2CO3
6, has demonstrated the highest

ionic conductivity of 2.2 x 10−6 S/cm at 25°C. Although carbon incorporation improves the

ionic conductivity, the presence of Li2CO3 will limit the electrochemical potential window,

as Li2CO3 decomposes at higher potentials vs Li+/Li6.

Borates, in general, have gained attention due to their wide bandgap and ability to stabilize

the cathode surface. They have been employed as electrolyte salts and additives11 or as in-

terfacial layers prepared using mixing techniques12�14, enhancing the cyclability of batteries

by reducing degradation at the cathode. Despite these advantages, the existing literature on

ALD processes for borates is rather limited15. There is a need for a suitable ALD process and

a fundamental understanding of the electrochemical properties of pure lithium borate �lms.

Recently, B2O3 directly deposited via ALD on an LiNi0.83Co0.12Mn0.05O2 (NMC) cathode

showed improved performance after annealing in oxygen atmosphere16, further proving the

potential of borates for LiB applications.

In addition to borates, lithium borophosphate materials are particularly intriguing due to

the `mixed network former e�ect', where physical properties, such as ionic conductivity,
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exhibit a non-linear behavior as a function of the composition17,18. Phosphate materials

typically show good electrochemical stability, but have a lower ionic conductivity than bo-

rates. However, the inclusion of borate into the phosphate matrix can signi�cantly enhance

the ionic conductivity, resulting in the observation of a conductivity maximum at speci�c

borate-phosphate ratios. Optimization of the composition can be highly bene�cial for de-

signing arti�cial interphase layers19. ALD is well-suited for this, as two ALD processes can

be combined using a supercycle approach20, o�ering control over the composition by varying

the cycle ratio, thereby tuning the electrochemical properties.

In this work, we present a new ALD process for the deposition of lithium borate �lms. By

studying the in�uence of the deposition temperature, we aim to optimize the composition and

ionic conductivity of these materials. Furthermore, we make use of a supercycle approach

to integrate lithium phosphate into the deposition process, forming lithium borophosphate

�lms with varying B/P ratios. These materials are then investigated as a potential interfacial

layer in lithium-ion batteries by depositing them on LiMn2O4 electrodes21 and studying their

impact on the electrode performance and electrochemical stability.

2 Experimental

ALD was performed using a custom-built high-vacuum pump-type reactor, with a heating

block that could go to 300°C, connected to an argon-�lled glovebox. During depositions,

a base pressure of 5 x 10−6 mbar was maintained. The lithiumbis(trimethylsilyl)amide

(LiHMDS, LiN(Si(CH3)3)2, 97%, Sigma-Aldrich) precursor was heated at 90°C, with the

temperature of the delivery lines heated to 115°C to prevent condensation. Argon served as

the carrier gas, pulsing the LiHMDS into the chamber at 1.2 x 10−2 mbar. Trimethylborate

(TMB, B(OCH3)3, 98 %, Sigma-Aldrich) and H2O were kept at room temperature, with a

pressure of 5 x 10−3 mbar. The trimethylphosphate (TMP, PO4(CH3)3, 97%, Sigma-Aldrich)
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was heated to 48°C to achieve a pressure of 8 x 10−3 mbar inside the chamber. The deposi-

tion chamber walls were kept at 120°C. A standard pump time of 60 s for water was used.

Material characterization was performed using several techniques. In-situ spectroscopic

ellipsometry measurements were conducted with a J.A. Woollam M-2000 ellipsometer to

monitor thin �lm growth during ALD growth. The optical indices of the layers were �tted

using a Cauchy model in the CompleteEase software (J.A. Woollam). The growth per cycle

was determined by applying a linear �t to at least 20 data points obtained after reaching

linear growth conditions. X-ray di�raction (XRD) was performed in Bragg-Brentano θ:θ

geometry on a Bruker D8 di�ractometer using Cu Kα radiation, to assess the crystallinity

of the material. X-ray photoelectron spectroscopy (XPS) and elastic recoil detection (ERD)

measurements were performed to analyze �lm composition. XPS was carried out on a Theta

Probe XPS instrument using monochromatic Al Kα rays (15 kV, 70 W) focused to a 0.3

mm diameter spot and under an incidence angle of 30° with respect to the surface normal.

The input lens of the concentric hemispherical analyser is at an angle of 50° with respect to

the surface normal and accepts electrons over a wide angular range (20°-80° with respect to

the surface normal). Depth pro�ling was done by etching the sample in an area of 4 mm2

using Ar+ ions (500 eV, 700 nA) under an incidence angle of 45°. No charge compensation

was used as the substrates were su�ciently conductive. Survey scans were acquired at 200

eV pass energy with a 0.5 eV step size, and detail scans were acquired at 50 eV pass energy

with a step size of 0.1 eV. Calibration for all spectra was performed using the CasaXPS soft-

ware22, positioning the adventitious C 1s peak at 284.6 eV. To perform the quanti�cation and

peak �tting, a Shirley background subtraction and a Gaussian/Lorentzian product function

GL(30) line shape was used. The full width at half maximum (FWHM) for each component

of the O 1s peak was constrained to <2.0 eV, and was kept constant across all components.

ERD measurements for lithium borate deposited at 125°C and 250°C were performed using

a 9.592 MeV 35Cl4+ ion beam, with a scattering angle of 40° and a sample tilt of 20°. Other
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samples were measured using a 8.013 MeV 35Cl4+ ion beam, a scattering angle of 40° and a

sample tilt of 15°.

Electrochemical characterization was performed with solid state cells and liquid cells

with thin �lm planar electrodes as a model system. All electrochemical tests were performed

in an argon-�lled glovebox to which the samples were transported without air exposure. For

solid state cell characterization, a Si/300 nm SiO2/10 nm TiO2/80 nm Pt - stack served

as the planar substrate for ALD, with the Pt layer being deposited via physical vapor de-

position (PVD). After ALD of 80 nm �lms and without air exposure, Pt dots of varying

size where sputtered onto the samples using a mask, resulting in a metal-ALD �lm-metal

structure. The prepared samples were mounted on a home-built stage, equipped with a

heater. Impedance spectroscopy measurements were conducted with a commercial poten-

tiostat (Metrohm Autolab PGSTAT302N). For liquid cell measurements, a home-built po-

tentiostat23 was connected to a three-electrode cell. A PTFE body �lled with electrolyte

(1M LiClO4 in propylene carbonate (99.7%, Sigma-Aldrich)) was clamped against the planar

working electrode. In addition to the above mentioned PVD Pt, coated LiMn2O4 �lms (a

Si/300 nm SiO2/10 nm TiO2/100 nm PVD Pt/90 nm PVD LiMn2O4/coating - stack)21 were

used as electrodes, with the coated side pointing to the electrolyte. Electrical contact was

ensured by connecting the bottom side of the electrode with copper foil using silver paste.

The surface area of the exposed working electrode is 1.05 cm2. Lithium strips were used as

counter and reference electrodes.
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3 Results and discussion

3.1 Lithium Borate Thin Films

3.1.1 Atomic layer deposition of lithium borates

In this work, we aimed to develop a new process based on the known lithium phosphate

process, LiHMDS - TMP, as reported by Hämäläinen et al24, where the direct combination

of LiHMDS and TMP leads to the formation of Li3PO4. Due to the similarities between

TMP and TMB as a precursor, a similar two-step process was initially attempted for the

deposition of a pure lithium borate, but showed no visible growth, as can be seen in �gure

1a) (black). This indicates that the reactivity between both the TMB and the LiHMDS is

too low, and that an additional processing step is required to boost the reactivity. In this

regard, pulsing an additional oxygen source is expected to hydroxylate the surface, providing

the necessary -OH groups to enhance the surface reactivity towards the methoxy ligands of

TMB15. In this work, the use of a water pulse between the LiHMDS and the TMB was

preferred over an oxygen plasma or ozone, because in combination with LiHMDS the latter

two can result in signi�cant Si incorporation in the �lm due to the dual-source behavior

of the LiHMDS precursor, shown by Werbrouck et al25 and Tomczack et al26. Even in a

three-step process, e.g. LiHMDS - O∗
2 - TMP, 22 at.% of Si was incorporated in the �lm25.

Using a three-step process, LiHMDS - H2O - TMB, linear growth with a growth per cycle

(GPC) of 0.4 Å was observed at a deposition temperature of 250°C (�gure 1a) (red), al-

though with an initial inhibited growth of nearly 100 cycles. While the reason for this delay

was not further investigated, such inhibited growth regime is a common occurrence in ALD

processes7. Similar growth behavior was observed throughout a deposition temperature be-

tween 125°C to 300°C, shown in �gure 1b), with the GPC decreasing from respectively 0.5

Å to 0.35 Å . In decreasing the deposition temperature below 125°C, the condensation of a

white powder was observed on the samples.
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a)

c)

b)

Figure 1: ALD characteristics for the LiHMDS-H2O-TMB process. a) Linear growth at
250°C (red), compared to the process without water (black), where no growth is visible.
b) Temperature window. c) From left to right: Saturation behavior of LiHMDS, H2O and
TMB at a deposition temperature of 250°C. All data are obtained from in-situ ellipsometry
measurements on Si. Error bars in c) are obtained from repeated deposition experiments.

Focusing on the deposition temperature of 250°C, it can be seen that saturated ALD growth is

observed for all precursors, �gure 1c). It can be seen, however, that the saturation of LiHMDS

deviates from conventional saturation behavior with an initially high GPC which decreases

for longer dosing time. This e�ect has been reported by Kukli et al27 for the LaHMDS and

H2O process. They suggested that the decrease in growth is related to partial passivation of

the growing �lm due to inert SiMe3 surface sites formation from byproduct reactions with
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available -OH groups. Here, the GPC variation remains small, and it is expected that the

surface passivation by Si incorporation will be minimal. Saturation of H2O occurs quickly,

whereas TMB requires a longer saturation time, hinting at a slow reaction with available

-OH groups. For the continuation of this work, we established optimal conditions with pulse

times of 20 s for LiHMDS, 5 s for H2O and 20 s for TMB.

3.1.2 Thin �lm characterization

After optimization of the growth conditions, the composition and chemical state at di�erent

deposition temperatures (125°C, 250°C and 300°C) were analyzed.

Composition - To study the composition of each material, 60 nm thick �lms were deposited

on a Si substrate with native oxide for ERD analysis. As shown in table 1, the �lm deposited

at 125°C consists out of 23.5 at.% Li, 22.2 at.% B and 48.8 at.% O. Previous attempts to

produce other metal borates using TMB, such as aluminium borates, resulted in a low B

incorporation, typically below 10 at.%15,28, while in our �lms a higher B content is achieved.

The B/O ratio of 0.45 and the Li/B ratio of 1.06 at 125°C, closely resembles the known

structure of lithium metaborate (LiBO2), which has a B/O ratio of 0.5 and a Li/B ratio of

1. As the deposition temperature increases, the B content remains relatively stable, while

the Li/B ratio and B/O ratio increase to 1.37 and 0.53 respectively, at 300°C. At higher

temperatures, the deposited lithium borate is likely a mixture of LiBO2 and the slightly

more lithium-rich Li6B4O9, as the Li/B and B/O values fall between those of the individual

compounds. Although the exact reason for more lithium incorporation is not clear, it could

indicate alternative reaction pathways and/or partial decomposition of the LiHMDS precur-

sor at elevated temperatures.

It should be noted that C, Si, N and H contamination is observed in the �lms, with lev-

els increasing alongside the substrate temperature. This rise in contamination, combined
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with the increasing lithium concentration, suggests partial, but limited, decomposition of

the LiHMDS precursor at elevated temperature. While most contaminant levels are rela-

tively similar to those reported in literature related to other HMDS-precursors in thermal

ALD processes, the nitrogen contamination at temperatures above 250°C is notably di�er-

ent7,24,26,27,29,30, reaching almost 5 at.% at 250°C and 300°C and homogeneously distributed

throughout the �lms (�gure S1).

Table 1: ERD composition of lithium borate thin �lms deposited at 125°C, 250°C and 300°C.
The ERD depth pro�les are shown in �gure S1.

T (°C) Li (at.%) B (at.%) O (at.%) C (at. %) Si (at. %) N (at. %) H (at. %)

125 23.5 22.2 48.8 1.0 0.4 0.1 3.9

250 27.8 19.5 41.1 0.7 1.1 4.5 5.3

300 28.3 20.7 38.9 1.2 0.7 4.9 5.4

Chemical structure - In order to investigate the chemical structure, 15 nm �lms were

deposited and transferred without air-exposure from an Ar-�lled glovebox to the UHV-XPS

chamber. High-resolution scans with a pass energy of 50 eV were made to ensure proper

peak �tting. As all materials showed large amounts of adventitious carbon (> 20 at.%) and

traces of Li2CO3 at the surface, the analysis of the chemical state of the lithium borates was

performed after sputtering. All data shown in �gure 2 are after 400s of Ar+ ion sputtering

with a low beam energy of 500 eV, in order to minimize the sputter damage of the thin �lms.

Since we have sputtered only ∼1 nm of material, carbon is still present (∼10 at.%), but the

C 1s signal quickly disappears with continuous sputtering (�gure S2).

The Li 1s spectra, in �gure 2, show a Li peak at ∼55 eV, which corresponds closely with

the reported value of 55.2 eV31. The B 1s spectra show a broad peak at 191.5 - 191.2

eV, characteristic of a lithium borate structure31. The O 1s spectra can be �tted with 2

peaks. Based on prior experimental6,31 and computational32 studies on lithiated borates,
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Figure 2: XPS spectra for the lithium borate process at deposition temperatures of a) 125°C,
b) 250°C and c) 300°C. The O 1s spectrum can be divided into 2 peaks which correspond
with bridging oxygen atoms at ∼531.7 eV (blue) and non-bridging oxygen atoms at 530.4
eV (red). All data shown are after 400s of sputtering with an Ar+ ion beam energy of 500
eV. Note: Si is not indicated in the survey spectra for space and readability.

these peaks can be attributed to structures with bridging oxygen atoms (BO) at ∼531.7 eV

(blue) and structures with non-bridging oxygen atoms (NBO) at 530.4 eV (red), consistent

with previous lithium borate XPS studies6,31. The NBO:BO ratio increases from 0.9 at 125°C

to 1.4 at 300°C, indicating higher NBO contribution, which could be important as this has

been shown to impact ionic conductivity32.

Crystallinity - The same batch of samples used for ERD analysis was subjected to XRD

measurements. At all deposition temperatures, the lithium borate thin �lms were amor-

phous as-deposited. (Deposition temperatures 125°C and 250°C can be found in �gure S3,

deposition temperature 300°C in �gure 5c).)

Ionic Conductivity - From the above section, we have demonstrated the ability to pro-
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duce lithium borates with minimal contamination at low temperatures. As the deposition

temperature increases, both the lithium content and contamination level rise. To investigate

the in�uence of deposition temperature on the electrochemical properties, we focused on the

�lms deposited at 125°C and 250°C.

Through-plane impedance spectroscopy was used to obtain the ionic conductivity of lithium

borate �lms deposited at 125°C and 250°C. A Pt/80 nm lithium borate/Pt structure was

used, where the Pt top electrode consists of sputtered dots of varying size. Samples were

deposited in an ALD and PVD reactor connected to a glovebox and transported without

air exposure for electrochemical measurements. Nyquist plots with a semicircle at high

frequencies and a tail in the lower frequency region were obtained for both deposition tem-

peratures (�gure 3a) and b)). The equivalent circuit that could be �tted to these spectra is

R0(R1Q1)Q2, where the brackets indicate a parallel circuit. The �rst in-series resistance R0

can be attributed to the resistance of the cables. The resistance R1 in parallel to a constant

phase element Q1 can be assigned to the bulk resistivity against the di�usion of Li-ions and

the constant phase element Q2 in series corresponds to the charge build-up at the interface

of the electrode33.

The ionic conductivity can be calculated according to the formula:

σ =
t

R1A
(1)

where t is the thickness of the deposited �lm, R1 is the value of the parallel resistance ob-

tained from the �t and A is the area of the sputtered dots. During the measurements the

samples were heated from 30°C until 60°C, as shown in �gure 3a) and b). At elevated tem-

peratures, the diameter of the semicircle decreases, which corresponds to a lower resistance

R1 and, consequently, a higher ionic conductivity. This observation aligns with the Arrhenius
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c)

b)

a) 125°C

250°C

Figure 3: a) and b) Nyquist plots for lithium borate deposited at 125°C and 250°C, respec-
tively. For each sample, the temperature was increased from 30°C to 60°C in steps of 10°C.
At each temperature, multiple spectra were taken. For each measurement, the conductivity
σ is calculated from the �tted parallel resistance R1. This can be plotted as a function
of 1000/T. c) From the slope of the �t through these points, the activation energy can be
calculated. 80 nm thick �lms were deposited.

equation:

σ = σ0 · exp(
−Ea

kT
) (2)

with σ0 the preexponential factor, k the Boltzmann constant, Ea the activation energy and

T the absolute temperature. By plotting the logarithm of the calculated conductivity values

for di�erent dot sizes and temperatures as a function of (1000/T), the Arrhenius equation

can be �tted to these points, as shown in �gure 3c). The slope of this �t allows us to calculate

the activation energy Ea. Using the obtained activation energies, the conductivity values can

be extrapolated to room temperature. The lithium borate deposited at 125°C has an ionic

conductivity of 3.92 x 10−8 S cm−1 at 25°C with an activation energy of 0.43 ± 0.04 eV. At

a deposition temperature of 250°C, a more conductive �lm is obtained, with a conductivity

of 1.17 x 10−7 S cm−1 at 25°C and an activation energy of 0.58 ± 0.01 eV.
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A possible explanation for the increased activation energy could be found in the amount of

NBO to BO. According to the model introduced by Anderson and Stuart34, the activation

energy is the sum of the binding energy (Eb, the energy required to move an ion) and the

strain energy (Es, the energy required to distort the surrounding structure). As reported by

Martin35, an increase in the amount of NBOs can be related to an increase in Eb. As more

NBOs are introduced in the system, more anionic charge is localized on these oxygen atoms,

which imposes a larger Coulombic electrostatic force on the Li-ions. Thus, even though a

more disconnected structure enhances the mobility, it can also increase the energy required

for motion.

Despite the higher activation energy, the lithium borate deposited at 250°C exhibits higher

overall ionic conductivity. Based on the above discussion, one possible explanation could be

attributed to an increase in the pre-exponential factor σ0 in the Arrhenius equation (equation

2). The stronger electrostatic interactions between Li+ ions and NBOs directly in�uence the

vibration force constant, which leads to a higher frequency of Li+ jump attempts. Since σ0

is proportional to the jump-attempt frequency, a higher σ0 could potentially contribute to a

higher ionic conductivity35.

Figure 4 summarizes the Li-containing ALD materials reported in the literature. Certain

materials, like LiPON and Li3BO3-Li2CO3, still demonstrate superior ionic conductivities

compared to the lithium borate in this work. These materials achieve higher conductivities

because they are doped with nitrogen (N) or carbon (C), which in�uences their structure

and enhances their ionic transport properties6,36,37. Similarly, the higher ionic conductivity

observed for the lithium borate deposited at 250°C may also be partially in�uenced by the

increased N incorporation. While this work demonstrates an ALD lithium borate with very

good ionic conductivity, exploring the e�ects of doping remains a promising avenue for further

improvement.
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LiAlSiO

LZO

LLZO
Lithicone

Figure 4: Reported ionic conductivity values for Li-containing ALD �lms. References from
high to lower σ-value at RT: Li3BO3 - Li2CO3

6, LiPON (LiHMDS - DEPA)36, LiPON
(LiOtBu - DEPA)37, LixAlyS38, amorphous Li3PO4

7, LiAlSiO39, LZO (Li3ZrO3)9, LiAlO8,
LiNbO40, Lithicone41, Li3PO4 (LiOtBu)42, LiTaO43, LLZO44, LiSiO45, Li3PO4 (LiHMDS)33,
LiAlO10. Adapted from7. Copyright 2022 The Royal Society of Chemistry.

3.2 The E�ect of Phosphorus Incorporation in Lithium Borates

Since the electrochemical performance of lithium borophosphate materials depends on the

composition17,18, we investigated how the incorporation of P into the lithium borate af-

fects the electrochemical properties of the �lm. In an attempt to achieve di�erent lithium

borophosphate (LBPO) thin �lm compositions, a supercycle approach was used in which the

newly developed ALD process for lithium borates (LBO) and the existing ALD process for

lithium phosphates24 (LPO) were combined. The number of LPO subcycles (l) was varied

relative to the number of LBO subcycles (k). The cycle ratio (CR) for LBO is de�ned as

CRLBO = k / (k + l) and will be used in the discussion below. A CRLBO equal to 1 repre-

sents a pure lithium borate, whereas a CRLBO of 0 represents a pure LPO. In this work, we

studied the following CRLBO values, 1, 0.5 (k=1, l=1), 0.17 (k=1, l=5), 0.09 (k=1, l=10)
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and 0. We indeed focused on low values for CRLBO since literature indicates that the most

signi�cant changes in electrochemical properties occur for a lower borate incorporation17,18.

A CR ≪ 0.5 resembles doped materials20, so we included both an extremely low B doping

level (CR = 0.09) and a moderately low level (CR = 0.17). Additionally, CR = 0.5 was

included to investigate a potential homogeneous LBPO material.

3.2.1 Process development and thin �lm characterization

The LiHMDS - TMP ALD process for lithium phosphates shows proper �lm growth only

between 275°C and 325°C24, therefor, a deposition temperature of 300°C was chosen for the

deposition of the LBPO thin �lms during this work. At 300°C, a saturated GPC for LPO

of 0.7 Å and according to ERD data, an Li2.7PO3.9 composition was obtained, which is in

agreement with the work of Hämäläinen et al24.

According to the rule of mixtures, the growth per supercycle should be a weighted average of

the GPCs of the individual processes20. Figure 5a) shows that the GPC for di�erent CRLBO

values lies between 0.6 Å and 0.5Å , with a general downwards trend, however slightly

deviating from what is expected. This deviation suggests that interactions between the LBO

and LPO processes might be a�ecting the growth rates in a more complex manner than a

simple weighted average would predict.

Composition - ERD data of 60 nm �lms for di�erent cycle ratios are summarized in table

2. For all cycle ratios, both B and P were successfully incorporated. At low cycle ratios, a

B-doped Li3PO4 material is obtained, whereas at higher CRLBO, a more B-rich material is

observed. Since the change in B and P incorporation is not linear, we simulated the expected

composition using the rule of mixtures20 with the following equation:

fraction of LBO =
ρLBO ·GPCLBO · CRLBO

(ρLBO ·GPCLBO · CRLBO) + (ρLPO ·GPCLPO · CRLPO)
(3)
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a) b) c)

Figure 5: a) GPC values as a function of the cycle ratio, obtained with in-situ ellipsometry
on Si substrate. b) The measured B fraction (red) and P fraction (green), together with
the calculated values in dashed lines. c) XRD data of the as-deposited samples, with the
markers indicating the peaks corresponding to a crystalline Li3PO4 structure46. Lower CR
values correspond to a lower amount of lithium borate subcycles (CRLBO = 1: lithium
borate, CRLBO = 0: lithium phosphate).

where ρLBO ≈ 2.1 g/cm3 and ρLPO ≈ 2.5 g/cm3 represent the densities of the deposited LBO

and Li3PO4, as determined by X-ray re�ectivity measurements. As shown in �gure 5b), low

CRLBO values follow this rule, indicating that the amount of B incorporation in the mate-

rial is as expected. However, at CRLBO = 0.5, the measured atomic percentages were 13.6%

for B and only 2.6 at.% of P, despite expecting nearly equal B and P content of about 7 at.%.

The non-linear behavior can possibly be explained by the nucleation delays between the

LBO and LPO processes. In an experiment where a lithium borate �lm was grown and

monitored using in-situ ellipsometry after each subcycle (�gure S4), signi�cant nucleation

delays were observed for the LiHMDS - TMP process when deposited on top of the lithium

borate surface. This could explain the unexpectedly low P incorporation with increasing

LBO subcycles (e.g. with a CRLBO of 0.5), as the more frequent LBO cycles disrupt LPO

growth. The complex interplay of nucleation e�ects between the LPO and LBO processes,

along with the low reactivity of TMP and TMB, likely cause the composition and GPC of

the mixed lithium borophosphate �lms to deviate from the expected rule of mixtures.

Additionally, the ERD data also reveal that combining the LBO and LPO cycles results in
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a decrease of C contamination as the CRLBO increases. This suggests that more frequent

LBO cycles or H2O steps, corresponding to higher CRLBO values, play a role in reducing

the C contamination. We propose that the H2O step removes physisorbed LiHMDS/HMDS

to form hydroxyl groups, and also removes residual methyl groups from the TMP molecule.

Supporting this, in-situ ellipsometry data show that H2O signi�cantly decreases the thick-

ness of the deposited material (�gure S4). It would be interesting to investigate whether an

intermediate H2O pulse within the LiHMDS-TMP process could similarly reduce C contam-

ination; however, this is beyond the scope of the present study.

Table 2: ERD composition for di�erent values of the CRLBO. Lower CR values correspond
to a lower amount of lithium borate subcycles (CRLBO = 1: lithium borate, CRLBO = 0:
lithium phosphate). The ERD depth pro�les are shown in �gure S5.

CRLBO Li (at.%) B (at.%) P (at.%) O (at.%) C (at.%) Si (at.%) N (at.%) H (at.%)

1 28.3 20.7 - 38.9 1.2 0.7 4.9 5.4

0.5 27.5 13.6 2.6 41.1 2 1 3.9 8.3

0.17 28.7 0.9 10.4 43.9 4.5 0.6 0.6 10.3

0.09 29.7 0.1 9.8 45.5 4.4 - 0.3 10.2

0 28.7 - 10.5 40.4 9.3 0.5 0.7 9.9

Crystallinity - The same samples deposited for ERD analysis were also used for XRD mea-

surements. At 300°C, the LiHMDS - TMP results in a crystalline Li3PO4 structure, shown

in �gure 5c). Interestingly, the LBPO thin �lm with a B doping of 0.1 at.% and 0.9 at.%

result in a more crystalline structure than the pure LPO. Further increasing the B doping

decreases the crystallinity until the �lms become entirely amorphous. This is opposite to

what Werbrouck et al7 have reported as they doped Li3PO4 with 1 at.% of Al by using the

LiHMDS - TMA - TMP process, which resulted in an amorphous lithium phosphate. A

possible explanation for a more crystalline �lm in the case when mixing with borates could

be found in the amount of carbon impurities being present in the doped �lm. For the case of

the amorphous Li3PO4 by Al doping, the C doubled in amount with regard to the original
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deposition process. In our case, the C decreases by half, from 9.3 at.% to 4.4 at.%. Further-

more, a report on ALD of TiO2 has shown that fewer C impurities lower the crystallization

temperature47. This is an interesting result, as it allows to control the crystallinity of Li3PO4.

In�uence on the electrochemical performance - To evaluate the electrochemical per-

formance of both the pure and mixed coatings on cathode materials, planar LiMn2O4
21 was

selected as a model system, on which 10 nm LBPO coatings were deposited. The thicknesses

of the coatings were determined via in-situ ellipsometry on a Si substrate placed next to the

LiMn2O4 substrate in the ALD reactor. The electrodes were cycled between 3.5 V and 4.5

V vs Li+/Li, where both the uncoated and coated samples displayed the characteristic peak

pair in the 4.0 V vs Li+/Li region, as shown in �gure 6a). This indicates that the LBPO

coatings do not exhibit a severe blocking nature, unlike Al2O3, where even a 1 nm layer can

suppress electrochemical activity48. While there is minimal variation in peak current and

position between the uncoated and coated samples, the coated electrodes with higher CRLBO

values (B-rich coatings) display slightly sharper peaks, suggesting improved electrochemical

kinetics compared to the uncoated electrodes.

However, the C-rate performance, as seen in �gure 6b), shows that at 1C, the capacity of

the coated samples remains comparable to the uncoated LiMn2O4. Above 5C, the capacity

of the P-rich coatings declines more rapidly than that of the uncoated LiMn2O4, while the

B-rich coatings maintain similar capacity to the uncoated material up to 100C.

There appears to be an optimal value in B/P ratio, with the lithium borate containing a

small amount of P (CRLBO = 0.5) showing the best coating kinetics. It is important to note

that protective coatings on 3D electrode particles typically require only a few ALD cycles in

order to maintain ionic conductivity and ensure optimal electrochemical performance3. In

this work, however, relatively thick 10 nm coatings were used to better observe the e�ect
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a) b)

Figure 6: Electrochemical performance of the uncoated and 10 nm ALD coated LiMn2O4

electrodes. a) Cyclic voltammogram cycled between 3.5 V and 4.5 V vs Li+/Li at a scan
rate of 1 mV/s. b) Lithiation capacity densities at di�erent C-rates, cycled between 3.5 V
and 4.5 V vs Li+/Li with a current density of 6 µA/cm2 corresponding to 1C. (CRLBO = 1:
lithium borate, CRLBO = 0: lithium phosphate)

of the layers on the electrochemical properties, making comparisons among ALD coatings

easier. While the coating thickness may contribute to the lower capacity values observed

at higher C-rates, they do not signi�cantly impede Li-ion transport, as the visible LiMn2O4

peak pair suggests. This is, as mentioned earlier, already a signi�cant improvement over the

kinetics of the typical inert coatings proposed in current literature. Further optimization of

the coating thickness could still improve both the kinetics and the overall performance of

the coated electrodes48.

To study the protection against cathode-electrolyte interphase formation at elevated poten-

tials more in-depth, 10 nm coatings were deposited on Pt substrates and cycled up to 6 V

vs Li+/Li. Carbonate-based electrolytes, such as PC, decompose at potentials above 4 V vs

Li+/Li, which can be seen in �gure 7, where an increase in current density is visible for the

uncoated Pt electrode from 4.1 V vs Li+/Li. This increase in current density corresponds to

the onset of electrolyte breakdown, which forms a decomposition layer on top of the cathode,

degrading the electrode's performance. When an LBPO coating is applied, the increase in
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current density is signi�cantly reduced and the onset of decomposition is shifted to higher

potential values, indicating enhanced protection. The pure lithium borate coating provides

the best stability, showing no increase in current density up to 6 V vs Li+/Li. On the other

hand, materials with higher P content (CRLBO = 0, 0.09 and 0.17) exhibit slightly reduced

stability with decreasing CRLBO value in comparison with the pure lithium borate. This

could be due to changes in crystallinity or compositional variations and contamination.

a) b)

Figure 7: Stability of the uncoated and 10 nm ALD coated Pt electrodes. The cells were
cycled from OCP value to 6 V vs Li+/Li at a scan rate of 1 mV/s, with �gure b) a zoomed-in
version of �gure a). (CRLBO = 1: lithium borate, CRLBO = 0: lithium phosphate)

Based on the above results, it appears that the performance of the lithium borate coat-

ing can be altered by incorporating P into the borate structure. The addition of a small

amount of P (CRLBO = 0.5) o�ers the most optimal coating kinetics when a 10 nm coating

is used, and signi�cantly suppresses the cathode-electrolyte interphase formation at elevated

potentials. It should be noted that electrochemical stability measurements were performed

at room temperature. Phosphate materials have a very good thermal stability5, so more

research should be conducted to investigate the stability at elevated temperatures. It could

for example be that, while the kinetics of the coating slightly decrease with increasing P

content, the stability at elevated temperatures might be signi�cantly improved. Overall,
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these �ndings highlight that lithium borophosphate materials provide excellent protection

at elevated potentials and, combined with their promising kinetic performance, demonstrate

potential for use as arti�cial interfacial layers in advanced battery systems.

4 Conclusion

In this work, we successfully developed a novel ALD process for lithium borate materials.

The three-step process, LiHMDS - H2O - TMB, results in linear growth with a GPC of ∼0.4

Å. We demonstrated that the deposition temperature in�uences both the composition and

ionic conductivity of the �lms. At all temperatures, LBO was deposited with minimal carbon

contamination (∼1 at.%). Higher deposition temperatures led to increased lithium content

and a higher NBO:BO ratio, and an enhanced ionic conductivity, reaching 1.17 x 10−7 S/cm

at 25°C for a lithium borate deposited at 250°C. Additionally, we combined the lithium borate

process with a lithium phosphate ALD process to study the in�uence of P incorporation.

Notably, we observed considerable deviations from the standard rule of mixtures, likely

linked to a nucleation delay of lithium phosphate on a lithium borate surface. Furthermore,

an impact on the crystallinity was observed at low levels of B-doping in Li3PO4. Pure

lithium phosphate was less crystalline compared to B-doped lithium phosphates, likely due

to reduced C contamination. Finally, we demonstrated the e�ectiveness of these materials as

interfacial layers for lithium-ion battery cathodes, showing only very limited hindrance to Li-

ion transport in a LiMn2O4 model system using 10 nm thick (mixed) coatings, with stability

maintained up to 6 V. These results highlight the potential of these lithium borophosphate

coatings as promising interfacial layers for next-generation batteries, providing improved

stability and preserving overall performance.
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