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1. Introduction

Unveiling the structural and electrochemical
effects of Al,O3 incorporation within LiPON elec-
trolyte thin films by atomic layer deposition

llyass Ghandari, 2 *® Nicolas Gauthier,® Névine Rochat,? Sylvain Poulet,®
Lara Casiez,® Manon Letiche,? Violaine Salvador,® Hélene Coudert-Alteirac,?
Nicolas Vaxelaire,® Mikhael Bechelany 2 ® and Messaoud Bedjaoui*®

Thin film solid-state electrolytes (SSEs) have emerged as a key component in the development of microe-
nergy storage devices, offering improved safety, stability and compatibility with advanced electrode
materials. Among these electrolytes, lithium phosphorus oxynitride (LIPON) stands out as a relevant SSE
candidate for microsupercapacitor applications. As with most ionic conductors, a margin for improvement
always exists to enhance their overall performance. Within this scope, efforts to optimize LIPON through
doping have been extensively explored, primarily using Physical Vapour Deposition (PVD) to provide films
with relatively high thicknesses (500 nm—-1 ym) and superior ionic conductivity. In this study, the use of
Atomic Layer Deposition (ALD) for doping LiIPON thin films (<50 nm) was explored for the first time, by
inserting aluminum oxide (Al,Os) as a network former. Through the ALD supercycle approach, Al,Oz
doped-LiPON thin films were deposited at 330 °C, using lithium hexamethyldisilazide (LIHMDS) and
diethyl phosphoramidate (DEPA), while Al,Os traces were injected during the film growth via trimethyl-
aluminum (TMA) and water (H,O) pulses. The resulting amorphous films were depth profiled by Time
of Flight Secondary lon Mass Spectrometry (ToF-SIMS) and demonstrated a uniform distribution of
aluminium throughout the film's thickness for different doping levels. The incorporation of Al,Os is
intended to enable additional Li* transport pathways through modified bridging configurations, particu-
larly in oxygen and nitrogen environments. The Fourier transform infrared spectroscopy (FTIR) analysis
indicated a prevalence of Bridging Oxygen (BO) and divalent nitrogen (Ng) units upon doping. These
findings were further supported by X-ray photoelectron spectroscopy (XPS), underlining an increase in
the ratios of Bridging Oxygen to Non-Bridging Oxygen (BO/NBO) and divalent nitrogen to trivalent nitro-
gen (Ng/Ny along with higher lithium and lower carbon concentrations. The obtained structural
modifications were accompanied by a stimulated Li* ionic transport and a reduced activation energy,
while maintaining a good insulating property and an electrochemical stability over a wide voltage window
(upto 6 V).

powering wireless device networks deployed in diverse
domains, including industrial settings, environmental and

Nowadays, the rapid progress in integrated passive solutions is
driven by the growing quest for efficient energy storage devices
with enhanced performance and innovative functionalities." In
several domains ranging from medical wearable electronics to
IoT applications, efficient energy storage components, such as
micro-supercapacitors (MSCs), play a crucial role in stabilizing
power supplies, reducing noise and improving system
reliability."> As a result, MSCs become indispensable for
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health monitoring.? These components rely on efficient energy
storage to enable long-term operation and smooth operations
of sensitive electronic components, enabling real-time moni-
toring and excellent decision-making.*?

The growing demand for increased functionalities and
enhanced energy storage is calling for advanced solid-state
materials and novel technological approaches.®” In MSCs,
solid-state electrolyte (SSE) materials have garnered significant
interest due to their potential to optimize energy storage
systems. Unlike conventional liquid electrolytes, SSE materials
offer multiple advantages such as enhanced safety and stabi-
lity. In contrast to standard liquid electrolyte systems, SSE
materials and their solid-phase analogues require novel
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approaches in fabrication and integration.®® This necessitates
advanced microfabrication techniques that can precisely
deposit SSE materials within MSC structures."®

In this regard, lithium phosphorus oxynitride (LiPON)
appears as a promising SSE, offering excellent properties such
as high thermal stability (up to 500 °C) and chemical robust-
ness,"" minimizing problems at electrode-electrolyte interfaces
and improving device lifetime.'”> Moreover, its large potential
stability window (0-5 V vs. Li/Li") enables great suitability for a
variety of electrode materials, promoting its versatility in
device design."®

In the previous years, an intensive scientific research has
been achieved to widely investigate thin film deposition tech-
niques, examine suitable deposition conditions and study
efficient pathways to enhance LiPON’s electrochemical per-
formances."" Thus, several explorations on amorphous LiPON
films have focused on improving ionic conductivity. In this
context, doping and network rearrangements become well-
established approaches for improving lithium ion migration
pathways within the SSE films.'* Multiple cation dopings,
such as AI’", Ti**, Fe*" etc. have demonstrated interesting
pathways to generate rearrangements in LiPON’s structure
and facilitates Li" mobility."**® For example, the doping of
iron (Fe) in LiPON led to an excellent ionic conductivity
(~107 S em™"). The insertion of iron cations allowed local
alteration of the electron density in LiPON’s matrix and redu-
cing the energy barrier to Li' migration near the Fe-N
bridges.'® A previous research by Yurong Su et al'” has
explored structural comparisons between LiPON and Li(Si)
PON. They have shown that the incorporation of silicon
induced increased rearrangement in the chemical structure
of LiPON, with a significant improvement in the cross-linking
of oxygen environment, enabling an improved ionic
conductivity.”

Despite these extensive doping approaches on LiPON elec-
trolyte, most of these films were deposited by PVD (Physical
Vapor Deposition) and exceeded 1 pm thickness, which is lim-
iting their utility when applied to nanoscale devices and non-
planar architectures.'® This highlights a crucial technological
need for suitable doping strategies targeting LiPON ultra-thin
films (<50 nm) and compatible with complex geometries. In
this regard, ALD offers an unparalleled control over the film
thickness and the composition at the atomic scale, enabling
the deposition of ultrathin and highly conformal films on
3D microstructures.'®?® Hence, investigating ALD approaches
for doping LiPON films can open new possibilities for deposit-
ing nanoscale solid electrolytes and improving their ionic
conductivities.

The earliest ALD LiPON films were deposited in 2015 by
C. Kozen et al.>* and by M. Nisula et al.>> Meanwhile, different
thermal ALD processes have been developed to deposit the
amorphous LiPON films based on different combinations of
precursors such as lithium bis (trimethylsilyl)Jamide (LiHMDS)
or lithium tert-butoxide (LiO¢tBu) with nitrogen, oxygen and
phosphorus precursors such as diethylphosphoramidate
(DEPA) or tris(dimethylamino)phosphine (TDMAP).'33:3
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Nowadays, these prior efforts are providing solid foun-
dations on LiPON deposited via ALD, enabling us to initiate
further studies on modifying and improving LiPON’s internal
structure by incorporating complementary materials. In this
sense, the insertion of oxides is commonly recognized as
advantageous to the use of non-oxidized materials (e.g., sul-
fides, halides, noble metals) due to the ease of handling, the
chemical and electrochemical stability these oxide materials.>®
Additionally, the insertions of nanoscale fillers such as TiO,,
Si0,, WO; etc. have showed excellent ability to induce chemi-
cal substitutions and improve ionic conductivity in various
SSE.?”*® Among these materials, aluminum oxide (Al,O;)
holds a distinguished position in both SSE and ALD fields.

Al,O; has been widely employed as a protective coating for
Li anodes,* or as an interfacial layer with SSE in thin film bat-
teries,*® helping to suppress parasitic reactions and enhancing
the cycle life. Additionally, ALD-enabled phosphate-based
materials, such as aluminum phosphate (AIPO,)*" and alumi-
nophosphate oxynitride (AIPON),*> have shown significant
promise as Li-conducting materials due to their excellent
thermal stability and high resistance to corrosion. In other
applications, Hong Dong et al.** investigated the incorporation
of LiPON traces within Al,O; films via ALD, leading to an
enhanced dielectric constant thanks to the additional Li* mobi-
lity. This work also demonstrates the suitability of combining
LiPON and Al,O; within the same ALD process, particularly in
terms of deposition temperature and chemical compatibility,
as both materials can be deposited within a similar range
(~300 °C) without adverse interactions. However, the use of
Al,O3 in thin-film SSE synthesis remains relatively unexplored,
and Al,03-doped LiPON has not yet been explored as a thin
film electrolyte. Being a highly insulating material,** Al,O;
would be favorably integrated into the LiPON matrix without
compromising its electrical insulating properties. Moreover,
the incorporation of AI** cations can easily induce structural
rearrangements within the phosphate network,*® altering the
local electronic environment around lithium ions and reducing
their migration barriers. Furthermore the well-understood ALD
growth mechanism of alumina and its ability to form highly
conformal films on complex surfaces,>®*” makes it an ideal
candidate for doping films within 3D geometries and suitable
for the next generation of nano-energy storage devices.

The aim of our investigation was to study the chemical and
structural changes associated with the Al,O; incorporation
within LiPON matrix and establish deeper understandings on
the synergy between compositional factors and Li* mobility
within LiPON-doped thin films. For instance, we firstly aimed
to develop the optimal ALD conditions, enabling appropriate
insertion of Al,O; trace amount within LiPON without compro-
mising its ionic functionalities as a solid electrolyte. The
physico-chemical characteristics were systematically monitored
based on multiple complementary techniques, including X-ray
Photoelectron Spectroscopy (XPS), Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS), Fourier Transform Infrared
Spectroscopy (FTIR), and X-ray Diffraction (XRD). Furthermore,
the electrochemical behavior was evaluated through Cyclic
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Voltammetry (CV), Electrochemical Impedance Spectroscopy
(EIS) and Chronoamperometry (CA) to assess variations in
ionic conductivity, insulating behavior and electrochemical
stability window. The results revealed that aluminum insertion
significantly influenced the oxygen and nitrogen atomic
environments within the LiPON matrix while also increasing
the lithium content. These intrinsic rearrangements led to a
progress in ionic conductivity and decrease in activation
energy, without altering the insulating properties and the
electrochemical stability of the films.

2. Experimental section

2.1. Film deposition

The LiPON and LiAIPON doped films were deposited by atomic
layer deposition (ALD) on 200 mm silicon wafers using
PicoSun R200 Advanced reactor, from Applied Materials. The
deposition process used Lithium bis (trimethylsilyl) amide
(LiIHMDS, Sigma Aldrich purity 97%) as lithium source, and
Diethylphosphoramidate (DEPA, Sigma Aldrich purity 98%) as
phosphorus, oxygen and nitrogen source. Both precursors
were stored in stainless steel bubblers maintained at specific
temperatures: LIHMDS at 60 °C and DEPA at 90 °C, to reach
the required vapor pressure. The deposition process was
carried out at 330 °C, with argon used as both the carrier and
purging gas, flowing at a rate of 120 standard cubic centi-
meters per minute (sccm). The Al,O3; doping traces were incor-
porated by Trimethylaluminum (TMA) and water (H,0), which
were stored in stainless steel tank containers, set at room
temperature (25 °C). As illustrated in Fig. 1, the LiPON doped
films were grown using a supercycle approach to vary the con-
centration of Al,O; within the LiPON films.
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Fig. 1 Schematic representation of ALD supercycles used to modify the
LiPON films with Al,O3 doping element.
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2.2. Physico-chemical characterization

Thickness measurements were performed for LiPON and
LiAIPON doped films deposited on planar Si/SiO, using a
Woolam RC2 spectroscopic ellipsometer. A Cauchy optical
model was applied to extract the thickness of both undoped
and doped LiPON films after deposition. Spectroscopic ellipso-
metry was performed over a wavelength range of 210-2500 nm.
The error bars associated with the reported thickness values
arise from the propagation of uncertainties in the optical
model, resulting in a measurement accuracy between +0.5 and
+1 nm. A short air exposure was required during sample trans-
fer before the analysis. The film was additionally evaluated by
scanning electron microscopy (SEM) on TiN-coated Si 3D struc-
tures. The images were acquired using a ZEISS Ultra 55 at a
beam energy of (EHT = 3 kv, WD = 3.3 mm, magnification =
29.95 and magnification = 58). X-ray diffraction (XRD) was uti-
lized to highlight the microstructure of the films. XRD analysis
was carried out on LiPON, LiAIPON and Al,O; films (~30 nm)
deposited on planar Si/SiO,/TiN substrate, using a Panalytical
EMPYREAN X1 diffractometer with a Cu Ko X-ray source. The
measurements were performed in grazing incidence geometry
in order to maximize the diffraction signal from the thin
layers. Time-of-Flight Secondary Ion Mass Spectrometry
(ToF-SIMS) measurements were performed on LiPON and
LiAIPON doped films (~30 nm) deposited on planar Si/SiO,/
TiN substrates, using a ToF-SIMS 5 Instrument, from ION TOF
GmBH equipped with Bismuth-LMIG. To prevent air exposure,
all samples were transferred in an airtight vessel. For second-
ary ions analysis, the LMIG gun was tuned to deliver primary
Bi;" cluster ions energized at 30 kV and with a current of 6.2
PA currents. The analysis area of 75 x 75 pm?® is described in
128 x 128 pixels for positive and negative polarity secondary
ions. The depth analyses were carried out with an Argon Gas
Cluster Ion Beam (for etching): the surface was sputtered with
10 keV Ar,o3," clusters ions with an 8 nA current and a raster
size of 300 x 300 um?. Data treatment was carried out with the
SurfaceLab software. Attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy measurements were
performed inside an N,-filled environmental chamber. The
measurements were carried out using Vertex 70A spectrometer
on samples consisting of ~30 nm film thickness deposited on
Si substrate to reduce the SiO, substrate contributions. The
ATR accessory equipped with Ge crystal was used to record
ATR-FTIR spectra. The FTIR spectra were averaged over 200
scans with a spectral resolution of 4 cm™ in the
2800-600 cm™* region. X-ray Photoelectron Spectroscopy (XPS)
analysis was carried out on LiPON and LiAIPON doped films
(~30 nm) deposited on planar Si/SiO, with ULVAC-PHI Versa
Probe II spectrometer. To prevent air exposure, all samples
were transferred to the XPS tool in an airtight vessel (PHI
Transfer Vessel). Measurements were performed under ultra-
high vacuum (Pehampber < 5 X 1077 Pa) with a micro focused
(beam size diameter of 100 pm) Al Ko X-ray beam (photon
energy of 1486.6 eV), and a take-off angle of 45°. Argon gas
cluster ion beam etching (GCIB) was carried out in order to
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remove surface contamination without damaging the structure
and to have access to the bulk chemical structure. A cluster
size of 2500 atoms accelerated to 10 kV with a current of 5 nA
was employed. Peak fitting was carried out using the CasaXPS
data analysis software and the binding energies of all elements
were calibrated based on the C 1s peak set to 285.0 eV. We
note that due to experimental constraints and the specific
requirements of each characterization technique, substrates
were adapted. We expect that the LiPON composition is not
significantly influenced by the choice of substrate.

2.3. Electrochemical analysis

For the test vehicle fabrication, a 10 nm TiN layer was first de-
posited on planar Si/SiO, wafers by ALD using a Picosun
PICOPLATFORM system with titanium tetrachloride (TiCl,)
and ammonia (NH;) precursors at 400 °C. LiPON-based films
were then deposited by thermal ALD using a Picosun R200
tool. Finally, platinum electrodes were patterned by evapor-
ation (EVAP1005) through a shadow mask, preceded by a brief
Ar pre-cleaning (~10 s), forming rectangular electrodes with an
area of 2 mm?®. This process yields several identical in-plane
MIM structures, enabling multiple measurements and
ensuring  reproducibility.  Electrochemical = Impedance
Spectroscopy (EIS) measurements were performed using a
VMP3 multipotentiostat (Bio-Logic) coupled with the EC-Lab
software to measure the internal resistance and extract the
ionic conductivity of the films. Cyclic Voltammetry (CV) was
conducted using the same setup to determine the potential
stability window of the films. Additional EIS measurements
were performed on the deposited films samples at a range of
temperatures between 25 and 75 °C to determine the activation
energy. A temperature-controlled climatic chamber was
employed to bring the samples to the desired temperatures. It
should be noted that although all possible precautions were
taken to control and minimize air contact, LiPON films were
unavoidably exposed to air during handling and throughout
electrochemical measurements.

3. Results and discussion

3.1. ALD process development

The thermal ALD of LiPON is based on a bi-step process of
LiHMDS-DEPA at 330 °C, with the precursor saturation doses
of 4 s for LIHMDS and 2 s for DEPA, as established in our pre-
vious study of LiPON ALD.** The precursor cycling led to a
linear regime according to the self-limiting growth behavior
and resulted in a GPC of approximately 0.4 A per cycle (Fig. 2).
Additionally, aluminum oxide films were deposited using
cycles of TMA (0.1 s)-H,O (0.1 s) at 330 °C, resulting in a GPC
of 0.9 A per cycle (Fig. 2). To incorporate aluminum atoms
within LiPON films, a supercycle approach was employed, in
which (LIHMDS-DEPA) cycles were sequentially separated by
single injections of TMA-H,O. Through this approach, we
aimed to vary the aluminum concentrations by adjusting the
ratio of LiPON to Al,Oj; cycles within each supercycle.
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Fig. 2 The thickness progression as a function of ALD cycle number for
LiPON (blue dots) and Al,Os (orange dots) deposited at 330 °C.

Combining these two different materials within a super-
cycle approach, can lead to potential interferences in their
inherent growth behaviors.*>*® Hence, it is vital to assess the
compatibility of the supercycle method with the rule of mix-
tures (ROM), described mathematically as follows.*3°

Rule of mixtures:

Thickness = i x (m x GPCipon) + 7t X GPC(y,0,))

Here, GPC refers to the growth per cycle of the pure
materials (LiPON and Al,0;), i refers to number of super-
cycles, while m and n are the respective cycle counts for LiPON
and Al,O; in one supercycle.

To evaluate whether the growth behavior of the doped films
aligns with the linear combination expected by the ROM, we
measured the film thicknesses as a function of the supercycle
number. In Table 1, we summarized the number of LiPON and
Al,O3 cycles per supercycle, the total number of supercycles
and the measured thicknesses by ellipsometry. From Fig. 3(a)-
(c), the thicknesses measured by ellipsometry demonstrate a
linear evolution. For the 1: 20 supercycle sequence, the experi-
mental thicknesses are slightly higher than the calculated
values, while the 10:1 and 1:1 supercycles exhibit a good
agreement with the theoretical thicknesses. Overall, these
linear increases in thicknesses suggest that LiPON and Al,O;
growth are potentially independent from each other and the
insertion of Al,O; may not induce significant nucleation delay
or alteration during LiPON growth.*®

Table 1 Supercycle parameters and resulting film thicknesses for
LiPON and LiAIPON thin films

LiPON Al,O5 Super Thickness
Films cycles cycles cycles (nm)
LiPON 700 0 — 26
LiAIPONGg.1) 20 1 23 24
LiAlPON(10.1) 10 1 55 25
LiAIPON(,) 1 1 200 26

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Comparison of calculated (blue dots) and measured (green dots) thicknesses of LIPON doped films (on planar substrate) as a function of

supercycle number for (a) LIAIPON 20.1), (b) LIAIPON10.1) and (c) LIAIPONg.1).

200 nm
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Fig. 4 SEM imaging of the thin film deposited within a 3D structure
using a supercycle ALD process of LIAIPON 0.1y on TiN film (~10 nm). (a)
Micropillars of 5 um of high and 500 nm of diameter were employed. (b)
Image from top position (c) image from bottom position.

Complementary SEM imaging on 3D structures was per-
formed to gain additional insights into the film (Fig. 4). As an
example, the LiAIPON(,.;y process was performed on a 3D
microstructure (5 pum height, 500 nm diameter), previously
coated with a ~10 nm TiN layer (by ALD). The film demon-
strated globally a uniform and continuous coating across all
locations of the micropillar surfaces. Considering the
measured thicknesses at the top (~33.8 nm) and bottom
(~32.3 nm) of the 3D structure (Fig. 4(b) and (c)), the step cov-
erage is estimated to be ~95%. Such conformal coverage sup-
ports the potential integration of these films into more
complex geometries with higher aspect ratios required for high
power density applications.

3.2. Thin film characterization

The material microstructure was analyzed by GI-XRD to high-
light the amorphous nature of the thin films, verifying that the
Al,O; incorporation preserves a favorable amorphous structure,
which is a key characteristic for achieving excellent electro-

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Comparison of GI-XRD profiles on planar substrate for LiPON,
LiAIPON, and Al,O5 films.

chemical performance.*® The XRD patterns of the LiPON-based
film deposited at various doping concentrations are shown in
Fig. 5. The samples exhibit a typical bell-shape peak phase
around 20° assigned to the long-range disordered amorphous
structure of LiPON and AlL0;.*** Two additional diffraction
peaks were recorded around 37° and 42°, referring to TiN (111)
and TiN (200) reflections respectively from the bottom layer.**

Depth profile characterization, ToF-SIMS analysis. A
uniform distribution of doping agents in LiPON films is typi-
cally intended to create homogeneous chemical rearrange-
ments and optimize readjustments of the local electron
density in the amorphous network.'® By sequentially injecting
TMA-H,O0 pulses during LiPON growth, we expect an excellent
repartition of aluminum in the local structure of the film. To
explore the elemental distribution of atoms comprised across
the films, we performed a depth profiling by TOF-SIMS Fig. S1
(SI) on LiPON, LiAIPON(¢.1) and LiAlPON(y.,) films, with a
thickness of ~30 nm each, deposited on TiN thin film. We
focused our analysis on monitoring the negative ion fragments
of interest: °Li~, **0~, P7, Al™, and TiO™.

While no significant traces of aluminum fragments were
detected in LiPON (Fig. S1(a)), the presence of Al™ ions was
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noticed in the bulk of LiAIPON(y.0) film (Fig. S1(b)) and a
superior intensity level was observed for LiAIPON(;.;) film
(Fig. S1(c)). Furthermore, the aluminum signal displayed a
steady repartition within the entire thickness until reaching
the interface with the bottom layer (TiN). This reflects the
effectiveness of the super-cycle approach, to insert homoge-
neously Al,O; into the LiPON matrix. Additionally, the inten-
sity levels of phosphorus, lithium and oxygen showed a rela-
tively stable plateau within each film, supporting the uniform
distribution of LiPON elements within the film structure.

Chemical structure, FTIR analysis. The local structure of
LiPON, LiAIPON(;¢.;), LiAIPON(;.;y and Al,Oj; films, has been
studied by ATR-FTIR spectroscopy. Fig. 6 shows FTIR spectra
of the films deposited on Si substrates measured from
600 cm ™' to 2800 cm™" as shown in Fig. S2 (SI). The major
peak from each spectrum was deconvoluted using a Gaussian
fit with OriginLab software.** The reduced statistical coeffi-
cient (R?) values were close to 1 indicating good agreement
and that the regression line fits the data perfectly.

For LiPON film (Fig. 6(a)), a major absorbance band is
observed between 900 and 1300 cm™ ", which corresponds to
phosphate-based groups.*® This band is resolved within three
distinct peaks P-O-P/P-N=P (950-1000 cm™'), PO,
(1050-1100 cm™) and P=0O (1150-1200 cm™').***® An
additional peak with low-intensity is recorded between the
750-850 cm™ ", corresponding P-O-P sequences.*®

Furthermore, pristine aluminum oxide was analyzed to
reveal characteristic functional groups present in Al,O; thin
film (Fig. 6(d)). The main IR-band appeared between 600 and
1000 cm™*. This band displays three peaks around 700 cm™
and 800 cm™' which are assigned to Al-O and Al-O-H

-
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groups.”” The more intense peak observed between 850 and
1000 cm™" mainly originates from Al-O and O-H deformation
vibrations.*””*® By incorporating Al,O; into LiPON, the PO; and
P=0 peaks in LiAIPON(,.) appear relatively unaffected
(Fig. 6(b)), while an increase in the right shoulder of the phos-
phate band indicates enhanced content of P-O-P/P—=N-P lin-
kages. However, no distinct aluminum-related peak was
noticed, possibly due to the low concentration of aluminum
atoms in this configuration. At higher doping ratio,
LiAIPON(y.1y (Fig. 6(c)), a clearer peak originating from alumi-
num species (Al-O-P/Al-O) emerges between 700-800 cm ™,
indicating an effective insertion of aluminum within the
LiPON matrix. In contrast to LiAIPON(y.1), the P-O-P/P=N-P
peak in LiAIPON(.;) film has diminished, which indicates a
possible inverse structural rearrangement trend at higher
Al,O; concentrations. R. Blomme et al.*® have observed com-
parable structural variation in aluminum phosphate films,
where the right shoulder of the main phosphate band
decreased for high Al,O; content. The variation of P-O-
P/P=N-P linkages indicates that the presence of Al,O; within
the LiPON bulk has effectively influenced the local environ-
ment of phosphate groups. Hence, the chemisorption of TMA
and H,0 molecules, can favorably stimulate the formation of
new crosslinks and enhances the presence of P-O-P and Al-O-
P sequences within the LiPON matrix.*>*® To gain greater
insights, we investigated the atomic environments of each
element (Li, P, O and N) of LiPON using XPS analysis.

Local chemical environments, XPS analysis. Fig. S3 (SI) pre-
sents the XPS survey spectra for each experimental condition,
highlighting the presence of all major constituent elements of
the films (Li 1s, O 1s, P 2p, N 1s, and C 1s). To investigate the
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Fig. 6 ATR-FTIR spectra of LiPON, LiPON doped films and Al,O3 concentrations: (a) LIPON, (b) LIAIPON0.1) (c) LIAIPON.1) (d) Al,O3.
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effects of Al,O; insertion in LiPON, the binding environments
of each element were systematically monitored and presented
as a function of doping ratio in Fig. 7.

The presence of Al dopants in LiPON, introduced through
TMA-H,O0 pulses, was confirmed by the Al 2p spectrum shown
in Fig. S4 (SI). At doping ratios of 1:20 and 1:10, the Al 2p
signal was only marginally detected at 73.6 eV (+0.1 eV),
whereas at a 1:1 ratio the peak became significantly more
intense, indicating an excess of Al,O; within the LiPON. The Al
2p peak in the doped LiPON films is slightly shifted toward
lower binding energy upon doping. This shift may indicate a
modification of the Al chemical environment relative to Al,Oj,
consistent with the formation of Al-phosphate/oxide bonding
environments within the doped LiPON matrix.*!

From the C 1s spectrum in Fig. S5 (SI), the peaks at 285,
286, 287.5, and 290 eV are assigned to C-C/C-H, C-O, C=O0,
and CO;>7, respectively.”’ The C-C/C-H components mainly
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originate from precursor by-products and atmospheric impuri-
ties,>” while the CO;>~ peak indicates the formation of lithium
carbonate (Li,COj3) on the film surface.>” Upon Al,O; incorpor-
ation, a decrease in C-C/C-H content is observed, potentially
due to the increased H,O pulse that facilitates removal of the
carbon fragments.>'”> However, an excessive H,O exposure
may also enhance surface reactivity, promoting lithium car-
bonate formation,” which is particularly noticed at the
highest doping ratio.

The Li 1s spectra are symmetrical, positioned around a
binding energy of 55.3 eV (0.1 eV) and composed of a unique
singlet>® with minor variations in shape and binding energy
upon doping. The P 2p peaks are constituted of two spin-orbit
components closely spaced by 0.9 eV.'” The P 2p;,, component
is located around 132.7 eV (x0.1 eV), while the P 2p,;,, com-
ponent is around 133.6 eV (+0.1 e€V) and the binding energies
of the two components seem to be practically unchanged with
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Fig. 7 High-resolution core-level XPS spectra (columns) of LiPON and LIAIPON doped films (dotted lines correspond to the measured spectra and
solid lines to the fitted envelop. Coloured lines refer to the assigned environments).
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doping. The first (P 2ps),) corresponds to PO,*~ phosphate
groups, similar to those present in Li;PO,,"” while the second
component (P 2p,,,) is attributed to cross-linking environ-
ments such as P-O-N and P-O-P within the amorphous
LiPON network.**

While the phosphorus and lithium environment seemed to
be non-influenced by Al,O; insertion, O 1s and N 1s exhibited
some variations. Based on the previous studies on alkali phos-
phate glasses,"” the O 1s core peak can be deconvoluted into
four main environments composed of oxide species (Li,O) at
528.5 eV (0.1 eV), non-bridging oxygen(ir) (NBOy) (P=0) at
530.1 eV, non-bridging oxygen(1) (NBO() (P-O™---Li") at 531.2
eV (x0.1 eV) and bridging oxygen (BO) (P-O-P) at 532.5 eV
(0.1 eV).

This BO peak can also be related to X-O-P moieties (such
as X = Al, Si, C),"”*>>*% suggesting that aluminum has been
effectively incorporated into LiPON in the form of Al-O-P
sequences which is consistent with our FTIR data, in which
the P-O-P/P=N-P peak (950-1000 cm ') increased for
LiAIPON(;o.1) configuration compared to pure LiPON. The
insertion of aluminum ions is expected to effectively improve
the cross-linkage between phosphate groups by creating silica-
like structural units, where NBO(y (P=0) bonds tend to be
progressively substituted by Al-O-P bonds.*>*® In the O 1s
spectra, we indeed observe a gradual decrease of the peak
intensity of NBO(;) accompanied by an increase in the BO con-
tribution, supporting the substitution of P=0 groups by newly

5T— : : —5
Il Na/Ng
41 [ BO/NBOqy r4 -8
(=] ©
-n h
g 31 3 E
%zﬂ H B z
4 | 3
17 r1 A
i R =,

LiPON (20:1) (10:1) (1:1)
(LiPON : Al,0,) precursor pulsing ratio

Fig. 8 Ng/N;and BO/NBOy, ratios extracted from XPS data for LIAIPON
films with varying Al,Oz content.
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formed Al-O-P linkages. A similar trend has been reported on
silicon-doped LiPON films, where Si has replaced phosphorus,
resulting in a higher cross-linkage density by the prevalence of
(Si-O-P) bonds over P=0."7 The N 1s spectra highlight two
distinct chemical environments at approximately 397 eV (+0.1
eV) and 399 eV (x0.1 eV), generally assigned to divalent nitro-
gen (Ng) and trivalent nitrogen (N,) states, respectively.'”
Similarly to the O 1s spectra, the insertion of Al,O; has
induced a rearrangement in the nitrogen environment.
Notably, the divalent nitrogen peak has become predominant
over the trivalent nitrogen peak, leading to an increased Ng/N;
ratio (Fig. 8).

It is commonly assumed that the coexistence of Ng and N,
in the LiPON matrix is primarily influenced by the originating
distribution of oxygen, specifically (NBO) and (BO).”’
R. Marchand et al. have explored these synergistic variations
between oxygen and nitrogen environments.”” Their studies
denote that an increase in Nyq (-N=P) groups can be coupled
with the breaking of NBO(y) (P=0) groups. Comparable trends
have been observed in the study of V. Torres et al.,”® where the
presence of N promoted the formation of more NBOy sites.
In our case, considering phosphorus as a pentavalent element
within PO;N units, we can reasonably suggest that loss of P=0
bond is simultaneously compensated by generating new -N=P
bonds resulting in a rise of the Ny/N ratio.

By further increasing the alumina concentration
LiAIPON(;.1), beyond the optimal doping ratio of 10:1, the
positive trend of Nyg/N; and BO/NBOqy ratios is inverted
leading to lower values. This transition reasonably originates
from the excess of aluminum atoms in the local structure,
potentially disrupting LiPON network. This finding is sup-
ported by FTIR analysis of LiAIPON(;.;y configuration which
displayed significant decrease in P-O-P/P=N-P peak
intensity.

Elemental composition, XPS analysis. The binding energies
and atomic concentrations (at.%) of the different chemical
environments identified by XPS are reported in Table S1 (SI).
To gain further insight, Table 2 summarizes the LiPON compo-
sition variations upon Al,O; incorporation.

When increasing the insertion of Al,O3, a gradual rise in
aluminum and oxygen content was observed, denoting that
the injected (TMA-H,0) monocycle successfully generated
trace doping amounts of Al,O; and possibly intrinsic
rearrangements during film growth.**2°° Accordingly, a par-

Table 2 The chemical composition obtained from XPS quantitative analysis for LIPON and LiPON Al-doped films

Atomic composition (%)

Films Li P (o) N Al C Composition”
LiPON 27.1 12.2 34.5 13.1 0 12.3 Li, ,PO, N
LiAIPON(z0.1) 28.9 12.6 34.6 13.1 0.3 9.6 Li, 5 (Al o) PO, /N
LiAIPON(10.1) 31.3 11.5 35.1 12 0.6 8.4 Lis (Alg.o5) PO;N
LiAIPON(; . 24.1 8.9 40.7 8.6 2.7 8.3 Liy (Algs) PO, sN

% Composition relative to P excluding C.
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allel decrease in phosphorus and nitrogen concentrations was
noticed, suggesting a potential substitution of phosphorus by
aluminium and the formation of new Al-O-P sequences. The
overall carbon content has decreased upon doping, due to the
removal of precursors by-products during the H,O pulses.”"

For lithium content, it displayed an increase as a function
of Al,O; insertion, evolving from LiPON to LiAIPON(q.q).
Accordingly, M. J. Pieters et al.®® have reported that LIHMDS
favorably chemisorb on hydroxyl groups (-OH). Thus, we
expect that injecting water molecules during Al,O; insertion,
would provide superior concentration of OH-active sites on the
surface, enabling an improved chemisorption of LiHMDS
molecules and resulting in enhanced lithium content.

However, at the highest doping ratio (LIAIPON(y.y)), a signifi-
cant increase in aluminum and oxygen concentrations was
observed, accompanied by a drop in phosphorus, nitrogen,
and lithium contents. This is likely due to the formation of a
larger Al-phosphate/oxide bonding environments within the
doped LiPON matrix. This is evidenced by the intense peak at
73.5 eV in the Al 2p spectrum in Fig. S4 (SI). This outcome
could suggest that LiPON structure begins to be altered at
higher Al,O; incorporation.

3.3. Electrochemical investigation

Ionic conductivity, EIS analysis. The ionic conductivity at
room temperature was measured for pure LiPON films and its
doped homologues using electrochemical impedance spec-
troscopy (EIS). From Fig. 9(a), the resulting Nyquist plots
display a semicircle in the high-frequency region and a straight
line at low-frequency region. The semicircle is associated with
the resistive properties of the solid state electrolyte, while the
sloped line is attributed to the blocking electrode, displays the
polarization at the electrode-electrolyte interface,’’ which is
typical of thin film ionic conductors.

The EIS spectra were fitted with an equivalent circuit shown
in Fig. S6(c) (SI). The ionic conductivity (o;) is calculated based
on the following formula®':

6; = d/(Rpui X A)

where d is the film thickness, Ry, is the electrolyte resistance
and A is the electrode’s geometric area.

To study the interplay between the film’s composition and
ionic mobility, all samples were prepared with a thickness of
30 nm. The incorporation of aluminum atoms within LiPON
structure induced a gradual decrease in the film resistance
leading to a progress in ionic conductivities. Hence, for pure
LiPON and the optimally doped LiAIPON(y.y) films, the
measured ionic conductivities at 25 °C, were 1.8 x 107® S cm™*
and 8.8 x 10°® S cm™" respectively. This increase aligns well
with XPS data showing a rise of Ng/N; and BO/NBOy ratios as
well as an enrichment in lithium content and a decrease in
carbon content upon Al,O; incorporation. This suggests that
ionic conductivity might be closely linked to lithium and
carbon concentrations, along with the local nitrogen and
oxygen bonding.

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 (a) Nyquist impedance plots of LIPON and LiAIPON.1o) films at
different doping concentrations at 25 °C (Solid lines correspond to the
fitted curve and dots to the measured spectra). (b) Arrhenius plot of
ionic conductivity versus 1000/T of LiPON and LiAIPON;.1).

The increase of bridging oxygen (P-O-P and Al-O-P) con-
centration is intended to enhance the cross-linking within the
LiPON matrix, thereby contributing to improved ionic conduc-
tivity.'"” Upon doping, the formation of (BO) sequences
appeared to be at the expense of NBOy) sequences. These non-
bridging oxygens are known to hinder Li" mobility due to their
localized negative charge.’*°>®> Hence their decrease would
further facilitate the lithium-ion transport.

From nitrogen side, studies by A. K. Landry et al.,** denoted
that trivalent nitrogen (N,) does not significantly contribute to
Li" transport mechanisms and their presence may reflect an
unstable nature of LiPON surface. Therefore, the gradual pre-
dominance of N4 over N, species upon doping can also have
additional influence, supporting the ionic conductivity.
Accordingly, studies by V. Lacivita et al.°* highlighted that diva-
lent nitrogen (Ng) can effectively reduce electrostatic inter-
actions, thereby stimulating Li* ion mobility.

Furthermore, the increase in lithium content is intended to
enhance the number of mobile Li" charge carriers available for
transport,®* contributing to higher ionic conductivity. In paral-
lel, the lower carbon content can also reflect the limited pres-
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ence of carbonaceous species in the bulk, promoting a cleaner
LiPON network.

When alumina concentration exceeds the optimal doping
ratio of (10: 1), the ionic conductivity has significantly dimin-
ished to approximately 1.42 x 10~ S cm™". This drop of ionic
conductivity after the optimum coincides with a rise of Ng/N,
and BO/NBO(y) ratios, as well as an increase in carbonate
content, which is indicative of reversible local structural altera-
tions, potentially leading to enhanced electrostatic interactions
with Li" ions.>

Before delving into further comparative trends, it should be
noted that the measured ionic conductivity was unexpectedly
lower than usual values of LiPON films.*' This discrepancy
mainly originates from the formation of residual resistive
interphases (i.e. Lithium carbonate species) induced by air
exposure of LiPON prior to MIM fabrication and during
electrochemical measurements.®®®® Such interphases have
been reported to attenuate LiPON’s ionic conductivity (~2 x
107% S em™").%° LiPON thin films are known to degrade rapidly
in ambient air,>***°” and although considerable attention was
given to minimizing exposure, the formation of a metastable
surface cannot be completely excluded,?” potentially contribut-
ing to additional interfacial impedance. Nevertheless, the
primary goal anticipated from Al,O; doping effect is preserved
and clearly evidenced by the progress in ionic conductivity, the
concurrent reduction of activation energy and the structural
rearrangements. Hence, an optimization of surface protection
and the use of an argon atmosphere during analysis, are
expected to yield higher ionic performance,® for both pristine
and Al,O;-doped LiPON films.

Activation energies. Temperature-dependent EIS measure-
ments (Fig. S6(a) and (b) (SI)) were conducted to assess the
activation energy of Li" transport in the films. Fig. 9(b) exhibits
a gradual increase in ionic conductivities as temperature rises,
reaching 3.1 x 1077 Scm ™" and 6.2 x 1077 S em™ " at ~75 °C for
LiPON and LiAIPON(y,.1) respectively. Thus, activation energies
(E,) of both electrolytes were evaluated based on the linearized
Arrhenius equation:*

oT = coe” P2/ T)

where (kg) is the Boltzmann constant, (o,) is the pre-exponen-
tial factor, (E,) is the activation energy and (7' is the absolute
temperature. Hence, (E,) is extracted from the fitted slope of
the linear curves (log(c) vs. 1000/T). The values indicate an
activation energy value of 0.55 eV for LiPON, which is within
the expected range as previously reported for LiPON films
(from 0.5 to 0.6 eV),?>°>°® suggesting that when thermally acti-
vated, LiPON can exhibit the usual ion-transport character-
istics. When Al,O; is incorporated, the slope has diminished,
leading to a lower activation energy of 0.41 eV. This indicates
that the Al-induced structural rearrangements reduce the
energy barrier for ion motion, thereby facilitating Li"
migration.®”*

Characteristic frequencies. In Fig. 10, we observe the evol-
ution of the imaginary part of the capacitance. The curves took
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Fig. 10 Frequency dependence of the imaginary part of the capaci-
tance of LiPON and LiAIPON0.3) at 25 °C.

on a characteristic bell-shapes, with a characteristic frequency
identified at the peak of the curves. These maximum values
reflect the transition between the capacitive and resistive be-
havior of the microsupercapacitor, and are used to calculate
the relaxation time (z), which refers to the duration required to
charge/discharge the MSC.”>”" In standard MSC systems, the
relaxation time is generally influenced by the Li" mobility
within the electrolyte layer, leading to a reduced charge/dis-
charge duration due to elevated ionic conductivity.®'

(a) LiPON

Current density (pA.cmn-2)

0 1 2 3 4 5
Potential (V)

[o)}

Current density (pA.cm2)

0 1 2 3 4 5 6
Potential (V)

Fig. 11 Cyclic voltammograms of (a) LiPON and (b) LIAIPONy0.1) doped
thin films in the voltage range of 0—6 V at the scan rate of 100 mV s™%,
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Accordingly, at 25 °C, the characteristic frequency for LiPON is
Jfriron = 100 Hz, while with doping (LiAIPON(,,.1)), it increases
to frialpon = 631 Hz. This increase in cut-off frequency results
in a corresponding decrease in the relaxation time constant
(calculated as 1/f), which shifts from 7 ipon = 10 mS tO Tyiapon
= 1.5 ms at 25 °C. These improvements are in agreement with
previous reports for thermally activated LiPON, which exhibi-
ted relaxation times ranging from 1 to 5 ms at 35 °C."?

Electrochemical stability window. To assess the potential
window stability and evaluate the existence of redox processes
between LiPON-based films and electrodes,”>”* cyclic voltam-
metry was performed over the 0-6 V range, at a scan rate of
100 mV s~ . Fig. 11(a) shows that the pure LiPON film exhibits
a stable electrochemical response across a wide potential
window, with a quasi-ideal double-layer behaviour.**
Additionally, the structural rearrangements from doping may
plausibly influence the voltammogram response or the electro-
chemical stability of LiPON.'>”* Nevertheless, the quasi-rec-
tangular CV shape remains well preserved after incorporating
Al into the film (Fig. 11(b)), with no noticeable cathodic or
anodic peaks even at elevated voltages. This indicates that the
Al insertion does not hinder the highly reversible charge-dis-
charge processes and effectively preserves a wide potential-
window stability. At 6 V, a rise in current density is noticed at
the high voltage boundary, which may indicate the beginning
of a redox activity."
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Fig. 12 DC polarization curves of (a) LIPON and (b) LIAIPONy0.1) doped
thin films under a 1.5 V polarization voltage.
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The electrochemical stability window of conventional
LiPON is generally reported to reach values of around 5.5
V.">® To further examine possible degradation effects, CV
measurements were extended to higher voltages (>6 V) (Fig. S7
(SD)). As expected, both films exhibited signs of alteration near
7 V, which can be attributed to electrolyte decomposition.®*

Electronic leakage analysis. We carried out chronoampero-
metry to determine the DC leakage current, as shown in
Fig. 12(a) and (b). A DC voltage of 1.5 V was applied and the
current density was monitored over time. The j-t responses
exhibit the typical relaxation behavior for a LiPON-based
capacitor.®® The leakage current was then extracted from the
average value of the plateau during the final stage of the
measurement."”

Slight fluctuations were observed in the response of the
doped LiPON film. These minor noise (as illustrated in the
inset of Fig. 12(b)) may originate from the modified structure
of LiPON."® However, the steady-state current density section
of LiAIPON(;0.) remains well below 0.1 pA em™, showing the
expected insulating property of the film.'®** The corres-
ponding electronic conductivities of the films were deter-
mined, yielding values of 6, & (6.2-6.6) x 10~'> S cm™", which
is in agreement with ALD-LiPON studies.>*>® The electronic
conductivity is approximately four orders of magnitude lower
than the Li" ionic conductivity values, indicating that the films
behave predominantly as ionic conductors.”

4. Conclusion

In this work, we explored the potential of atomic layer depo-
sition to rearrange the structure of LiPON thin films (<50 nm).
A multidisciplinary study was conducted to generate and inves-
tigate LiAIPON films as solid-state electrolytes for microsuper-
capacitor applications. An ALD super-cycle method was
implemented to modulate Al,O; concentrations and fine-tune
film growth during the doping process. The resulting amor-
phous films demonstrated good conformality on the 3D struc-
tures, making them a promising candidate for next-generation
device architectures. Using TOF-SIMS depth profiling, we
demonstrated a homogeneous distribution of aluminum
throughout the bulk underlining the efficiency of the super-
cycle approach. Furthermore, FTIR and XPS analysis enabled
us to relate Li" conductivity trends and showed that multiple
factors can contribute to the improved performance of doped-
LiPON including: (i) the enrichment in lithium(u) the reduced
carbon content (iii) the increase in the bridging oxygen (BO) to
non-bridging oxygen (NBO) ratio (iiii) and the higher preva-
lence of divalent nitrogen (Ng) units. These structural
rearrangements are intended to enhance the network cross-
linking while reducing the electrostatic confinement effect on
Li" ions, thereby improving their mobility. We then demon-
strated the elevation of ionic conductivity upon LiPON doping,
with unexpectedly attenuated values. This weakening mainly
originates from the high surface sensitivity of LiPON before
and during analysis, particularly at such reduced thicknesses
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(<50 nm). These findings have opened a new perspective for
future studies aimed at exploring degradation mechanisms of
LiPON-ALD under air exposure. Nevertheless, the beneficial
effect of Al,O; incorporation is maintained, leading to a lower
activation energy (0.41 eV) compared to pristine LiPON (0.55
eV), faster charge/discharge response and maintaining a wide
electrochemical stability window.

Although this study is primarily focused on LiPON electro-
lyte, from a more general viewpoint, it provides an initial step
toward transitioning LiPON doping, from PVD to ALD con-
figuration, while also opening new pathways for enhancing
several ALD-grown ion-conducting polyphosphazenes (i.e.,
NaPON, KPON).
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