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Abstract
Lithium phosphorus oxygen nitrogen (LiPON) as solid electrolyte discovered by Bates et al in
the 1990s is an important part of all-solid-state thin-film battery (ASSTFB) due to its wide
electrochemical stability window and negligible low electronic conductivity. However, the ionic
conductivity of LiPON about 2 × 10−6 S cm−1 at room temperature is much lower than that of
other types of solid electrolytes, which seriously limits the application of ASSTFBs. This
review summarizes the research and progress in ASSTFBs based on LiPON, in the solid-state
electrolyte of LiPON-derivatives with adjustable chemical compositions of the amorphous
structure for the improvement of the ionic conductivity and electrochemical stability, in the
critical interface issues between LiPON and electrodes, and in preparation methods for LiPON.
This review is helpful for people to understand the interface characteristics and various
preparation methods of LiPON in ASSTFBs. The key issues to be addressed concern how to
develop solid-state electrolyte films with high conductivity and high-quality interface
engineering as well as large-scale preparation technology, so as to realize the practical
application of highly integrated ASSTFBs.

Keywords: LiPON, solid electrolyte, solid thin-film battery, interfacial property,
preparation method

1. The development of LiPON in ASSTFB

An all-solid-state thin-film battery (ASSTFB) is a kind of
solid-state battery in the form of a thin film whose total thick-
ness is at the micron level, which has high capacity, long cycle
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life, excellent mechanical strength, and good thermotoler-
ance. These advantages make it suitable for potential applica-
tions such as smart cards, microsensors, microelectronics, and
micromechanical devices as micropower sources that could
not be replaced by other chemical batteries [1–3]. It is com-
posed of thin films of the cathode, solid electrolyte and anode
constructed on a substrate in sequence, and the schematic of
the representative fabrication process for ASSTFB based on
lithium phosphorus oxygen nitrogen (LiPON) thin-film solid
electrolyte is shown in figure 1. Since the 1980s, a lot of
research on thin-film electrode materials and solid-state elec-
trolytes in thin-film batteries has been conducted, and has
obtained many satisfactory results (figure 2). There are two
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Future perspectives
Driven by the demand for future miniaturized low-power devices,
great efforts are being directed towards increasing the energy
density of ASSTFBs based on LiPON. Their potential advantage-
ously offers energy miniaturization and integration such as three
dimensions (3D) high-density integration of micro-batteries and
an energy integrated system with micro-photovoltaic cells, micro-
piezoelectric energy collectors, and so on. The development of
ASSTFBs should focus on the design of thin-film batteries based
on intelligent and 3D technology, the large-scale preparation tech-
nology suitable for high-performance LiPON derivative films, and
the perfect interface engineering between them and electrodes.

kinds of thin-film lithium batteries that have attracted much
attention for a long time. One is the thin-film battery assembled
with the polymer solid electrolyte, and the other is the thin-film
battery assembled with the inorganic solid electrolyte. How-
ever, the thin-film battery with polymer electrolyte has a nar-
row working temperature range, poor integration compatibil-
ity, and a lack of adaptability to various extreme environments,
which is quite different from that with inorganic thin-film
electrolyte. ASSTFB is constructed primarily by the physical
vapor deposition technique, which can be coupled with mod-
ern semiconductor processes. Therefore, this kind of ASSTFB
with a thickness of fewer than 10 µm is expected to be integ-
rated into semiconductor devices to realize the miniaturization
and integration of thin-film batteries.

Hitachi firstly reported on thin-film batteries in 1982 [4],
but it could not drive the electronic devices at that time due to
the low power of the thin-film batteries. In the past two dec-
ades, advances in semiconductor technology have led to many
kinds of low-power devices such as complementary metal-
oxide-semiconductor [5], ferroelectric random access memory
[6] and liquid crystal displays [7], and it is feasible to make
thin-film batteries work as power sources for these miniatur-
ized low-power devices. With the rapid development of micro-
electronic devices, the demand for the higher energy dens-
ity of thin-film batteries is increasing in recent years. Fortu-
nately, many commercial companies with ASSTFB are pro-
moting the practical application of thin-film batteries. For
example, Infinite Power Solutions has launched the active
radio frequency identification devices (RFID) composed of an
ASSTFB, an integrated chip, and a thin-film antenna. It can
receive radio frequency (RF) through the antenna to charge
ASSTFB, which provides the power source for active RFID
tags. Cymbet provides ASSTFB for microelectronic devices
as backup power. The thin-film battery integrates two parts
of energy storage and power management and is packaged
into a patch-type thin-film battery. The operation voltage of
the battery is 3.9 V with the capacity of 100 µAh, and the
attenuation of the capacity is less than 10% after 5000 cycles,
with the operating temperature ranging from −20 to 70 ◦C.
In addition, ASSTFB with flexibility and no cytotoxicity is a
key component of an integrated intra-oral light therapy device
that is installed in the humans dental arch in an adaptive
manner (figure 3) [8].

The concept of ASSTFBs was first proposed in the
1980s [4]. TiS2 prepared by chemical vapor deposition
(CVD) method was used as cathode material in this

Figure 1. Schematic of the fabrication process for all-solid-state
lithium batteries based on LiPON thin-film solid electrolyte.

Figure 2. The schematic illustration of the development of cathode
thin films and solid-state electrolyte thin films in ASSTFBs.

Figure 3. (a) Non-cytotoxic flexible batteries are integrated into
intra-oral phototherapeutic devices. (b) Optica images of the
micro lithium battery in the intra-oral device. Reproduced
from [8]. CC BY 4.0.

battery, Li3.6Si0.6P0.4O4 solid electrolyte and metal Li anode
were fabricated by RF sputtering method and vacuum
thermal evaporation, respectively [9]. In addition, WO3 and
0.63WO3–0.37V2O5 cathodes that had been synthesized by
reactive sputtering in the H2–Ar atmosphere were also integ-
rated into this kind of battery [10]. The first thin-film battery
has a size of 4 mm × 4 mm, and an overall thickness of
6–8 µm, including 1–3.7 µm of TiS2 cathode, 2–4 µm of
electrolyte, and 4 µm of Li metal anode. The reaction plat-
form of these batteries is at 2.5 V, the current density and the
capacity of which are 3–16 µA cm−2 and 45–150 µAh cm–2
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separately. Nippon Telegraph & Telephone also developed a
series of thin-film batteries fabricated by the RF sputtering
method, in which the Li3VO4–Li4SiO4 solid solution sys-
tem (Li3.4V0.6Si0.4O4 and Li2O–V2O5–SiO2) were employed
as the solid electrolyte, transition metal oxide (MnO2, WO3,

and MoO3) and evaporated Li metal was used as the cath-
ode and anode, respectively [11–13]. These kinds of batteries
are 1 cm2 in size, with a cathode thickness of 1–5 µm, an
electrolyte thickness of 1 µm, and a Li metal anode thick-
ness of 4–8 µm. In the 1980s, Eveready Battery Company
and Bellcore in the United States prepared thin-film batter-
ies containing sulfide glass electrolytes such as Li4P2S7 or
Li3PO4–P2S5, using TiS2 as cathode material and Li metal or
LiI as anode [14–16], whose voltage range is 1.5–2.8 V, the
current density is 10–135 µAh cm−2 and the cycle retention
can reach more than 1000 times. Besides, Bellcore fabric-
ated kinds of thin-film batteries with LiMn2O4 as the cathode
material, lithium borophosphate glass as the solid electrolyte
and Li metal as the anode, which can cycle more than 150
times between 3.5 and 4.3 V with 75% capacity retention
after cycling [17].

A landmark move is that Oak Ridge National Laboratory
(ORNL) used LiPON solid electrolyte for preparing thin-film
batteries in the 1990s [18–20]. LiPON thin-film solid electro-
lyte was prepared by RF sputtering a Li3PO4 target in the N2

atmosphere, which is very stable compared with other lithium
oxide and sulfide glass electrolytes and possesses moderate
ionic conductivity (about 2.3 × 10−6 S cm−1) and activated
energy (0.55 eV) [20]. The I–V curve of LiPON showed that
it has a wide electrochemical stability window whose range is
0–5.5 V (vs. Li/Li+). They reported some thin-film batteries
with LiPON solid electrolyte demonstrating excellent electro-
chemical performance, whose voltage range is from 2V to 5 V,
and the current density can reach 10 mA cm−2 and the cycle
can exceed 10 000 times. It is worth noting that Newdecker
et al reported a ‘lithium-free’ thin-film battery, that is, after the
film battery with LiCoO2 (LCO) as the cathode was charged
for the first time, a layer of Li metal anode was in situ plated
on the Cu current collector. This kind of method to prepare
thin-film batteries avoids the presence of low melting lith-
ium under the condition of welding reflow, which makes it
possible to integrate the thin-film batteries into electronic cir-
cuits [21]. LiPON is now considered as one of the normat-
ive solid electrolytes for thin-film lithium batteries and is used
by many research teams and several companies in the United
States, such as Jet Propulsion Laboratory [22, 23], Korea Insti-
tute of Science and Technology [24, 25], Cymbet, Excellat-
ron, etc. Baba and co-workers reported a new type of thin-
film battery with LiPON as the solid electrolyte. LixV2O5 or
V2O5 was used as anode instead of metal lithium to construct
V2O5/LiPON/LixV2O5 and V2O5/LiPON/LiMn2O4 thin-film
batteries. Since the metal Li is not used as the anode, this kind
of rocking chair battery has obvious advantages in the prepar-
ation process and the safety, but it needs to be charged before
the first use [26, 27]. This kind of battery experiences a dra-
matic increase in capacity to 10 µAh cm−2 at the first 20 times

cycle, which can be attributed to the gradual reduction of inter-
facial resistance between the electrode and solid electrolyte
[27]. Baba et al also prepared multiple cells on a single sub-
strate to increase the voltage and current density of batteries,
which can reach 3–6.5 V and 2 µA cm−2, respectively [28].
West et al fabricated ASSTFB by using high-voltage cathode
materials of LiyMn1.4Ni0.6O4 and LiCoPO4 as cathode, whose
discharge plateau can reach more than 4.5 V [22, 23].

Thin-film batteries have also been studied by Ribes’s group
in France since the 1980s, they focused on chalcogens com-
pounds as cathode materials, such as In2Se3, TeO2, GeSe5.5,
TiS2, etc [29–33]. Balkanski et al investigated the electro-
chemical properties of the thin-film batteries consisting of
In2Se3 or InSe cathode, Li metal anode and lithium borate
glass electrolyte, in which the cathode and electrolyte mater-
ials were prepared by flash evaporation and molecular beam
deposition techniques, respectively [31]. Creus et al prepared
Li/Li2S-SiS2/GeSe5.5 and Li/0.7(0.4Li2O-0.2B2O3-0.4P2O5)-
0.3LiCl/0.7V2O5-0.3TeO2 thin film batteries by RF sputtering
and flash evaporation. Menetrier et al developed a thin-film
battery using TiS2 as cathode material and B2S3-Li2S-LiI as
the vitreous electrolyte, whose open-circuit voltage is about
2.0 V and the capacity is 50–300 µAh cm−2 [30]. Kuwata
et al prepared a thin-film battery with LCO as the cath-
ode, Li6.1V0.61Si0.39O5.36 glass as the solid electrolyte, and
SnO as the anode material [34]. Each thin-film compon-
ent in this kind of battery was in situ fabricated by only
using the pulsed laser deposition (PLD) technique. The size
of the battery is about 0.23 cm2 and the thickness is about
2 µm. However, after the first charge, the SnO anode reacts
with the lithium-ion to generate Sn-Li alloy and amorphous
Li2O, resulting in a large capacity loss. Such a thin-film cell
was prepared by using micromachining technology, and its
cross-section image was primarily observed by scanning elec-
tron microscope (SEM). The recent literatures on microma-
chined thin-film batteries were reviewed and they will not be
introduced here [2, 35].

Although rechargeable lithium-ion batteries are strong can-
didates for high-performance flexible power sources, the com-
patible electrode material for bendable lithium-ion batteries
is limited, and the electrochemical performance of the flex-
ible battery is insufficient for application in flexible consumer
electronic devices such as the flexible display. In 2012, Koo
et al proposed the universal transfer approach to develop a
bendable thin-film battery regardless of the chemical proper-
ties of the electrodes (figure 4(a)) [36]. This approach could
transfer high-temperature annealed electrodes to the polymer
substrates for the high-performance thin-film battery. Such a
bendable lithium-ion battery can be integrated with a flex-
ible light-emitting diode (LED) to construct an all-in-one flex-
ible electronic device (figure 4(b)). Hallot et al prepared a
thicker LiMn1.5Ni0.5O4 (LNMO) layer for lithium-ion batter-
ies by using the stacking layers of Cr and Pt metal as the
current collector on aluminum oxide@Si wafer due to the
adhesion improvement between aluminum oxide and platinum
layers. When the thickness of LNMO film increases from
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Figure 4. (a) Schematic illustration of the process for the fabrication of flexible lithium-ion batteries, and the key operation is to use sticky
tapes to delaminate the battery from the mica substrate ((i) and (ii)). (b) The picture of a flexible LED system with a bendable lithium-ion
battery as the power source. Reprinted with permission from [36]. Copyright (2012), American Chemical Society.

Figure 5. Evolution of the surface capacity regarding the film
thickness and the type of current collector (Pt or Cr/Pt) and SEM
cross-section analysis of the 7.4 µm-thick LNMO film. Reprinted
from [37]. Copyright (2018), with permission from Elsevier.

150 nm to 7400 nm, the areal capacity of which is signific-
antly enhanced from 3 to 375 µAh cm−2, and new opportun-
ities seem to be opened for preparing thin-film batteries with
high energy density and ultra-high rate capability (figure 5)
[37]. Trask et al illustrated the electrochemical properties of
LCO textures [38]. The (003) plane (an unfavorable texture) is
a strong texture of LCO due to its lowest surface energy, and
the crystallization during anneal leads to the formation ofmore
favorable LCO textures such as (101), (104), and (110) orient-
ation (figure 6). The thin-film battery with texture-controlled
cathode exhibited a discharge capacity of 600 mAh cm−2 at
C/10 rate, and larger than 95% capacity retention after 100
times cycle at C/5 rate. The thin-film battery with the uncon-
trolled cathode (predominantly (003)) has a similar capacity,
but the cycling performance and rate capability of which are
severely diminished.

Up to now, ASSTFBs based on the LiPON thin-film solid
electrolyte have been fabricated by various preparation meth-
ods. Yamamoto et al prepared one layer of LCO cathode on
LiPON film by using the aerosol deposition method without
heating to construct an inverted-stack Li-free thin-film bat-
tery, which can stably cycle for over 100 times [39]. Tun-
nel structure LixMnO2 nanosheet arrays cathode material was
prepared by an essential interfacial reaction between MnO2−x

with LiPON for infusing Li+ ion into MnO2−x at a low

Figure 6. Illustration of the orthorhombic phase of LixCoO2. The
left image shows a favorable texture of LCO for the migration of
lithium ions because the driving force is parallel to the intercalation
planes, and the texture of LCO in the right one is unfavorable. Light
blue spheres are O, red spheres are Li, and dark blue spheres
are Co. Reprinted from [38]. Copyright (2017), with permission
from Elsevier.

temperature of 180 ◦C, and the ASSTFB LixMnO2/LiPON/Li
shows better rate and cycling properties than 2D MnO2−x

or traditional LiMn2O4 (LMO) thin-film batteries [40]. Ver-
tically aligned oxygen-deficient α-MoO3−x nanoflake arrays
were reported as cathode material for thin-film batteries with
LiPON as the electrolyte, which shows better performance
than the 2D cathode owing to the larger electrode/electro-
lyte interface area and shorter Li+ ion diffusion pathway [41].
Chen et al investigated the photonic methods for fast crystal-
lization of LMO cathode in LiPON-based thin-film batteries,
among which the xenon flash-lamp annealing is a promising
technique for preparing high electrochemical performance
electrode [42]. They also used the same method to prepare
LCO cathode on Al foil to fabricate flexible thin-film bat-
teries [43]. The in situ annealing LCO cathode on a 500 ◦C
substrate during the deposition process exhibits better crys-
tal structure and electrochemical performance than the post-
annealing one in thin-film batteries reported by Wang et al,
which illustrated the value of in situ annealing [44]. Zhang et al
used the RF magnetron sputtering method to prepare thin-film
batteries with lithium trivanadate (LVO) cathode and LiPON
electrolyte [45]. They found that the partially crystalline LVO
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performed better than the amorphous or the totally crystalline
one, and the rate-limited steps such as phase-transformation
reactions and ionic diffusion process during cycling of bat-
teries are associated with the level of crystallization and oper-
ated temperature. Yim et al prepared thin-film LNMO cathode
material on polyimide substrate by excimer laser annealing
process, which is a promising technique with minute dam-
age for polymer substrate, and the full cells are bendable and
have stable cycling performance [46]. The thin-film batteries
with Li4Ti5O12 (LTO) cathode prepared by using flame spray
pyrolysis technique on polymer substrate also demonstrated
great rate capability and stable cycling with negligible damage
of substrate [47].

Except for LiPON solid thin-film electrolytes, other kinds
of thin-film electrolytes used in ASSTFBs also have been
reported in recent years. Nishio et al fabricated a bottom-
current-collector-free thin-film battery with the high ordered
and crystalline LiNi0.8Co0.2O2 epitaxial thin film as cathode
material and Li3PO4 as the solid electrolyte, which shows
stable battery operation due to anti-phase grain boundaries
migration although the orientation of cathode thin film is unfa-
vorable for ionic transport [48]. They also studied the struc-
tural and electrochemical properties of NMC(001) epitaxial
thin film on the same electrolyte, which manifests low interfa-
cial resistance and stable cycling [49].

Our research group has also carried out relevant research
since 2000 and has made great progress. Many kinds of metal-
lic oxide, nitride, and fluoride electrode film have been pre-
pared effectively by PLD or RF magnetron sputtering such
as LiMn2O4, LCO, Ta2O5, TiO2, ZnO, NiO, Ag0.5V2O5,
MNx (M = Co, Fe, Ni, Mn), etc [50–57], all of which have
good electrical or electrochemical properties. Great improve-
ment has been made in the preparation of thin-film electro-
lytes, such as LiPON and Li–V–Si–O thin film was success-
fully prepared by PLD or electron beam evaporation [58–60];
Li/LiPON/V2O5, Li/LiPON/LCO thin-film batteries were sat-
isfactorily prepared by combining PLD with vacuum thermal
evaporation for the first time [59, 61]. The ‘lithium-free’ and
‘anode-free’ ASSTFB of stainless steel (SS)/LiPON/Ag was
first reported, in which the solid electrolyte worked as the lith-
ium source [62]. Lithium-ion was reduced at the anode (SS)
surface to form ametallic lithium layer when the voltage of the
battery was higher than 3.7 V, and a new phase Agx−1LiPOyNz

emerged at the cathode probably. At present, the ASSTFBs
with a kind of Prussian blue compound (LiFeFe[CN]6, PB) as
the cathode material were fabricated, in which the PB cath-
ode was prepared by coating technology (figure 7) [63]. The
LiFeFe[CN]6/LiPON/Li solid battery was made by the depos-
ition of LiPON on PB cathode by RFmagnetron sputtering and
consequent thermal evaporation of Li metal, whose thickness
and size were 16 µm and 10 cm2, respectively. The electro-
chemical performance of the batteries at the temperature range
of −30 ∼ 80 ◦C was studied for the first time, which indic-
ated that the discharge capacity of the third cycle at 60 ◦C is
82.5 mAh cm−2 and the battery can stably cycle 200 times.
These results provide the feasibility of assembling ASSTFBs
by combining coating technology with vacuum technology.

Figure 7. (a) Typical photo and (b) cross-sectional SEM image of
all-solid-state LiFeFe[CN]6/LiPON/Li battery; (c) film battery
lighting a blue LED. Reprinted with permission from [63].
Copyright (2018) American Chemical Society.

2. LiPON based derivatives and analogs

After the fruitful preparation of LiPON byBates et al at ORNL
in the 1990s, this kind of thin-film glass electrolyte has been
widely used to fabricate the thin-film batteries as mentioned
above. It is generally accepted that the incorporation of N ele-
ment in the amorphous Li3PO4 electrolyte could significantly
improve the ionic conductivity of LiPON [20]. The structure
of LiPON has been investigated by spectroscopic character-
ization techniques such as x-ray photoelectron spectroscopy
(XPS), inferred spectrum, Raman spectrum, and nuclear mag-
netic resonance (NMR). However, it is not clear for the key
issues to reveal the bonding mode of N atoms in LiPON. Pre-
viously, Bates et al hypothesized that there were two kinds of
N species in LiPON, which were double- (Nd) and triple- (Nt)
coordinated N, respectively [64]. One evidence to support this
hypothesis is that the N 1 s XPS spectrum from LiPON shows
two different kinds of N with the binding energy of 397.8 eV
(Nd) and 399.4 eV (Nt), respectively. Recently, Lacivita et al
put forward a different opinion according to the simulation
of neutron pair distribution function (PDF) that N atoms in
LiPON only form Nd and nonbridging apical N connecting to
P atoms (Na) (figure 8) [65]. They also proposed that the bind-
ing energy of Na is less than Nd and the signal at 399.4 eV
corresponds to the Nd or the surface contamination of LiPON.
With the increase of Li content, the amount of Nd is decreasing
while the amount of Na has an opposite trend, which is harm-
ful to the ionic conductivity due to tighter bonding between
Li+ ions with Na than Nd. To further improve the ionic con-
ductivity and electrochemical stabilities of LiPON electrolyte,
LiPON-based derivatives were studied and their chemical and
electrochemical properties were investigated.

To date, many different silicon-doped derivative electro-
lytes of LiPON with outstanding electrochemical perform-
ance have been well-prepared. Lee et al fabricated a silicon-
doped LiPON-based solid electrolyte LiSiPON by sputtering
Li3PO4-Li2SiO3 mixed target, which shows a higher ionic
conductivity (1.24× 10−5 S cm−1) in a certain Si:P ratio than
most of the LiPON-type solid electrolyte (about 10−6 S cm−1)
due to the ‘mixed former effect’. It is found out that the activa-
tion energy of Li+ ion conduction decreases with the increase
of Si content, leading to an increase in the conductivity of
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Figure 8. (a) Schematic of simulated Li2.94PO3.50N0.31 structure
from AIMD. Red atoms are O, blue atoms are N, green atoms are
Li, and light gray atoms are P. (b) Comparison of simulated
and experimental neutron PDF data of LiPON. Reprinted
with permission from [65]. Copyright (2018) American
Chemical Society.

the film [66]. They also fabricated the thin-film batteries com-
posed of LiSiPON electrolyte and the Si-V anode, whichmani-
fest stable cycling over 1500 times [67]. Su et al investigated
the mechanism of ionic conduction in LiSiPON thin-film elec-
trolyte and found that the introduction of Si in LiPON substi-
tuting the P atoms with the formation of cross-linked Si-O-P
and (P, Si)-N < (P, Si) structures is beneficial for the migra-
tion of Li+ ion [68]. Famprikis et al studied the amorphization,
mixed former effect, and nitridation effect on LiSiPO(N) elec-
trolyte prepared by sputtering a single-phase crystalline tar-
get of Li3+xSixP1-xO4 ((1–x)Li3PO4–xLi4SiO4), and reported
that mixed former and nitridation should be responsible for the
improvement of ionic conductivity of LiSiPO(N) [69]. They
also proved the existence of a minimum critical value of Li
content for efficient Li+ conduction. So far, composite electro-
lytes of LiSiPON-based inorganic polymer have beenwell fab-
ricated, however, they were not prepared for thin-film batteries
and thus no detailed introduction would be made [70–73]. Wu
et al prepared an amorphous LiTiSiPON thin-film electrolyte
by using the RF magnetron sputtering method, and they dis-
covered that the activation energy of this thin-film electrolyte
is related to the deposition temperature [74].

Some sulfur-contained derivatives were also reported in
addition to Si-doped LiPON derivatives. Joo et al first pre-
pared the amorphous LiSON thin-film electrolyte by sput-
tering Li2SO4 target on nitrogen atmosphere, whose highest
ionic conductivity can reach 2 × 10−5 S cm−1 on a cer-
tain sputtering condition and electrochemical window can be
extremely wide (5.5 vs. Li/Li+) [75]. They also fabricated

LiBSO solid electrolyte, whose ionic conductivity can reach
2.5 × 10−6 S cm−1 and the electrochemical window is about
5.8 V [76]. The structure of LiSON was confirmed by experi-
mental and calculational method, which illustrated that the N
atoms introduced in the sputtering process replace the O atoms
and prevent the recrystallization of LiSON [77]. Kurzman et al
synthesized Li3SO3N which contains rare [SO3N]3− polyan-
ion by Brønsted acid-base reactions, but the ionic conductivity
of this compound is very poor [78]. Mascaraque et al synthes-
ized a kind of glass electrolyte LiPOSN by a melting process
or mechanical milling, which shows a higher ionic conduct-
ivity than phosphate and oxynitride phosphate glass electro-
lytes with the same preparation method due to the introduc-
tion of S element [79, 80]. The 2D 31P NMR spectra of this
LiPOSN electrolyte indicated that the phosphate groups con-
taining S element are integrated into the formation of the phos-
phate network rather than clusters. Michel et al first prepared
LiPSON solid electrolyte by RF-sputtering Li2SO4–Li3PO4

mixed target, in which the ratio of double-coordinated nitrogen
and triple-coordinated nitrogen (Nd/Nt) shows a great impact
on ionic conductivity of LiPSON electrolyte, and the highest
ionic conductivity of LiPSON is about 1.58 × 10−5 S cm−1,
that is comparable with the conductivity of LiSON electrolyte
[81]. They also investigated the interface between LiPSON
electrolyte and metallic Li, indicating that the production from
the interfacial reaction is less beneficial for ionic conductivity
[82]. The LiPSON thin-film electrolyte was used for all-solid-
state electrochromic devices by Lupo et al [83].

Although LiPON manifests excellent electrochemical sta-
bility, ionic conductivity and mechanical strength in thin-film
batteries, the change of oxidation state of P element dur-
ing cycling can cause the variation in electronic conductiv-
ity [84]. Several research groups confirmed that the oxida-
tion state of B is much more stable than that of P element
[84]. Thus, Kim et al made a LiBON solid electrolyte as one
of the LiPON analogs prepared by reacting sputtering under
nitrogen plasma, which manifests the outstanding ionic con-
ductivity of 2.3 × 10−6 S cm−1 [84]. The FTIR and XPS
analysis of LiBON illustrated that the N atoms substituted
the O atoms in the xLi2O–B2O3 target and were incorporated
into the Li–B–O matrix in the LiBON electrolyte. Addition-
ally, the increase of Li2O and the N-substitution in electro-
lyte caused the change of structure of borate from a ring-type
one (B2O3) to an open structure one (B-O(N)-B), which cre-
ates more free space for higher mobility of Li+. Dusszuae
et al used FTIR analysis and DFT calculation to investigate
the structural changes of LiBON after being prepared by the
sputtering method as well as its mechanism of improving Li+

conductivity [85]. It was found out that the nitrogen tends to
form only B–N–B bridge bonds between two triangular boron
units, which is opposite to the structure of LiPON with Nt and
Nd nitrogen bonds. The increase of ionic conductivity in bor-
ate glass after introducing N atoms may be due to the charge
delocalization within the B–N–B bridges and the reduction
of electrostatic interaction with Li+ ions. The LiBON thin-
film electrolyte prepared by sputtering the LiBO2 target in the
N2 atmosphere was also reported by Birke and Weppner [86].
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LiBON electrolyte was likewise synthesized by the solid reac-
tion fromLiNO3, Li2CO3, and B2O3 [87]. Song et al fabricated
flexible thin-film batteries LCO/LiBON/Li on mica substrates
with perfect mechanical properties on the bending condition,
which showed outstanding capacity retention of 90% on the
1000th cycle [88]. Wu et al fabricated the LiBPON solid elec-
trolyte by using the RFmagnetron sputtering method in the N2

atmosphere with the Li-B-P-O system as the target [89]. The
LiBPON electrolyte deposited on a high-temperature substrate
demonstrated higher ionic conductivity than that on a substrate
with room temperature. The ‘mixed former effect’ and incor-
poration of N crated more Li vacancy and more cross-link
structure for improving the mobility of Li+ ion. Yoon et al also
prepared LiBPON electrolyte by sputtering Li3PO4-Li3BO4

mixed target, and most of the B atoms introduced in LiPON
successfully replaced P sites [90]. Raman and XPS spectra
indicated that the Nt was dominant in the LiBPON electro-
lyte, indicating the difference different from the LiPON, in
which the amount of Nd atoms is more than Nt atoms, and the
ASSTFBs based on the LiBPON thin-film electrolyte mani-
fested excellent cycling performance and initial capacity.

Other nonmetallic elements doped into LiPON electro-
lytes were reported as well. LiPFON electrolyte was pre-
pared by doping fluorine into LiPON through a new melting
process, and the results illustrated that the substitution of O
by N or F atoms increases the ionic conductivity due to the
higher amount of Li in LiPFON through this synthesis route
[91]. Lately, our research group also reported a new carbon-
doped LiCPON solid electrolyte by RF magnetron sputtering
method [92]. The LiCPON electrolyte showed higher ionic
conductivity and air stability than the LiPON electrolyte. The
data from XPS, XAS, and PDF analyses illustrated that C
was successfully incorporated in the LiPON matrix film as
the mixed glass former effect, and the C–N bridge bonding
with the CO3

2− (CO2N3−) group is one of the major struc-
tural features. Furthermore, we also fabricated ASSTFBs of
LiFeFe[CN]6/LiCPON/Li with two unit cells externally con-
nected in parallel and series, respectively.

In addition to introducing non-metallic elements into the
LiPON electrolyte, LiPON derivatives doped with some
metal atoms are introduced. Jee et al prepared a kind of
tungsten-incorporated solid electrolyte of LiPWON by sput-
tering Li3PO4 with WO3, but it is not used in ASSTFBs due to
the potential short circuiting [93]. Chen et al prepared LiAl-
TiPO solid electrolyte by sputtering Li1.3Al0.3Ti1.7(PO4)3 tar-
get, and the higher temperature of the substrate during depos-
ition is conducive to the formation of the denser and smoother
LiAlTiPO electrolyte film, which could induce higher ionic
conductivity [94]. Tan et al firstly reported that the LiAlTi-
PON solid electrolyte was prepared by the sputtering method
in the N2 atmosphere, and the thin-film electrolyte showed the
highest ionic conductivity of 1.22 × 10−5 S cm−1 when the
substrate temperature was 500 ◦C in the deposition process
[95]. They thought that the substitution of N for O in elec-
trolyte creates more crosslinking structure and decreases the
electrostatic energy for Li+ migration. In addition, the mixed
structural effect of partial polycrystalline and amorphous
glassy electrolyte may be another reason for high ionic

conductivity. Luo et al introduced a small amount of La2O3

in LiAlPON solid electrolyte, in which the ionic conductiv-
ity of the electrolyte can be improved without obvious change
in the network [96]. The N-doped LAGP thin-film electrolyte
was prepared by magnetron sputtering method and an anneal-
ing process, whose ionic conductivity is 2.3 × 10−4 S cm−1.
The addition of N element into LAGP makes the PO4

3− tetra-
hedral units facilitate the facial Li+ diffusion [97].

Table 1 summarizes the structural diagram of these LiPON
derivatives mentioned above, in which the incorporation of
N, Si, B, S, C, F, and metal (M) elements into amorphous
Li3PO4 changes the distribution of the phosphate anion chains.
According to the substitution position of doped elements for
O in the structure of amorphous phosphate glass, these deriv-
atives can be divided into two categories. Similar to the substi-
tution of oxygen position by nitrogen, one is the substitution
of sulfur or fluorine anion for O. The other is the mixed glass
structure with C, Si, B, or M and P as the mixed glass former
effect. These doped elements are incorporated into LiPON
glass as nitrogen incorporation of the mixed glass with CO3

2−,
SiO4

2−, BO3
2− andMO3

2− (orMO4
2−) structure in the cross-

linked glass network of Li3PO4, respectively. Their chemical
formula, ionic conductivity, and activation energy are listed
in table 2. It is evident that most of these thin-film LiPON-
based derivatives exhibit higher ion conductivities than those
of LiPON. Undoubtedly, the investigation of these LiPON-
based derivatives provides valuable information on the rela-
tionship between structure and properties. More works are
still needed to develop LiPON-based derivatives for a suitable
structure desirably and higher conductivity.

3. Interfaces of LiPON with electrodes

The interfaces of LiPON between anode and cathode play a
critical role in the electrochemical performance of the bat-
teries [98]. Therefore, it is necessary to investigate the inter-
face property of LiPON before its large-scale application in
energy storage devices. ASSTFB is an ideal research sys-
tem to explore the electrolyte-electrode properties which have
compactness, homogeneity, and smoothness for both electrode
and electrolyte. This kind of battery system can simplify the
research due to its clear structure and the distinctiveness of
each component [99]. In all ASSTFBs, Li/LiPON/LCO is a
classic one that has been commercialized. It consists of lithium
cobalt oxide cathode, lithium metal anode, and LiPON solid
electrolyte. This ASSTFB can be used as a research object to
study the interface performance between the LiPON and the
electrode. In addition to LCO cathode, the interface between
other cathode materials and LiPON has been studied.

Interface impedance is one of the important interface prop-
erties between LiPON and the cathode. Iriyama et al explored
the charge transfer reaction and charge transfer resistance of
the LiPON/LCO interface in Li/LiPON/LCO batteries after
thermal treatment [100]. The thermal treatment after the form-
ation of the LiPON/LCO interface can improve the electro-
chemical reactivity of the ASSTFBs. According to the imped-
ance spectra and Arrhenius equation, the activation energy of
the charge transfer reaction remains unchanged before and
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Table 1. The structural characteristic of LiPON-derivatives.

LiPON LiBPON

LiSiPON LiPFON

LiPSON LiPCON

LiWPON (M = Al, Ti, W, etc)

after heating treatment, but the charge transfer impedance
decreases. Then the N1s XPS spectra of LiPON with and
without thermal treatment show the ratio of Nt/Nd increased
after thermal treatment. It implies that the crosslinking struc-
ture of the N atom in LiPON has changed after thermal treat-
ment. The atomic rearrangement in this structural change
increases the number of electrochemical active centers at the
LiPON/LCO interface, resulting in the improvement of battery
reactivity. Jeong et al studied the modified interface between
LiPON and LCO [98]. One thin layer of aluminum oxide
(Al2O3) as the interface layer was prepared by using RF mag-
netron sputtering technique. The composition characterization
structure of the LiPON/Al2O3/LCO interface by Auger elec-
tron spectroscopy reveals that the thickness of aluminum at
the interface after heat treatment is greater than that in the as-
deposited alumina, indicating that aluminum atoms are mixed
with LCO to form a kind of solid solution LiCo1−yAlyO2,
which has very good ionic conductivity. Therefore, the intro-
duction of the Al2O3 layer and heat treatment can optimize the
interface of LiPON/LCO for the improvement of the electro-
chemical performance battery. The effect of LiPON coating
on the surface of LCO on the electrochemical performance
and thermal stability of LCO cathode has been studied, which
proves thermally stable LCO/LiPON [101].

The LiPON/LCO interfacial property in ASSTFB of Li/
LiPON/LCO after a long cycle under high temperature was
investigated by Wang et al [99]. An additional interface layer
between LiPON and LCOwas observed by the cross-sectional

TEM image of the battery (figure 9(a)), whose structure and
composition are different from bulk LCO. It is a highly dis-
ordered structure and is composed of lithium oxide and cobalt-
ous oxide by electron energy loss spectroscopy (EELS) ana-
lysis. After thermal treatment, a thicker disordered interface
layer was observed in the cross-sectional TEM image of the
LCO/LiPON interface (figures 9(b) and (c)), implying that
the main mechanism of battery failure is the thermal effect
rather than electrochemical activation. Jacke et al investig-
ated the growth mechanism of LiPON on LCO cathode and
their interface reaction by in situ XPS [102]. They found that
some new nitrogen-containing species of NO2

− and NO3
−

were formed before the formation of stoichiometric LiPON
during the deposition process of LiPON on the surface of
LCO at different temperatures. The ratio of Nt/Nd at the
LiPON/LCO interface is higher than that in bulk, which indic-
ates that the interface between LiPON and LCO is not an
ion-conductive layer.

It is known that the redistribution of carriers will hap-
pen on the interface when two kinds of materials contact
each other due to the difference in their chemical potential.
It can form a space charge layer and establish an electric field
which can cause band bending on the interface and the change
of conductivity [103]. The work completed by Schwöbel
et al revealed the energy level alignment on the interface
of LiPON/LCO, which is obtained by in situ XPS measure-
ment (figure 10(a)) [104]. The binding energy of each element
was got according to the XPS spectra during the deposition
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Table 2. The chemical formula, ionic conductivity, and activation energy of LiPON-derivatives.

Preparation method Chemical formula
Ionic conductivity (S cm−1

at room temperature)
Activation
energy (eV) Reference

Si-doped LiPON-derivatives
Rf magnetron sputtering Li2.3Si0.2PO1.4N1.1 5.65 × 10−6 0.500 [66]

Li1.9Si0.28PO1.1N1.0 8.86 × 10−6 0.491 [66]
Li2.9Si0.35PO1.5N1.26 1.00 × 10−5 0.487 [66]
Li2.9Si0.45PO1.6N1.3 1.24 × 10−5 0.479 [66]

Rf magnetron sputtering Li3.9Si0.08PO1.69N1.52 5.4 × 10−6 0.47 [68]
Li4.2Si0.39PO2.75N1.76 6.6 × 10−6 0.45 [68]
Li6.2Si0.93PO3.22N2.14 9.7 × 10−6 0.41 [68]

Rf magnetron sputtering Li0.94Si0.30P0.70O2.17 1.49 × 10−6 0.57 [69]
Li0.97Si0.59P0.41O2.19 2.00 × 10−7 0.56 [69]
Li2.40Si0.88P0.12O2.28 4.09 × 10−7 0.51 [69]
Li0.54Si0.26P0.74O1.38N0.76 1.31 × 10−8 0.58 [69]
Li0.56Si0.56P0.44O1.22N0.72 2.81 × 10−8 0.58 [69]
Li1.35Si0.79P0.21O1.98N0.98 2.06 × 10−5 0.45 [69]

Rf magnetron sputtering Li0.89Ti2Si0.32P3.8O10.9N2.52 9.2 × 10−6 0.29 [74]
S-doped LiPON-derivatives

Rf magnetron sputtering Li0.29S0.18O0.53 2.6 × 10−6 N/A [75]
Li0.29S0.11O0.60 5.3 × 10−6 N/A [75]
Li0.29S0.28O0.38N0.05 1 × 10−5 N/A [75]
Li0.29S0.28O0.35N0.09 2 × 10−5 N/A [75]

Rf magnetron sputtering LiBSO 2.5 × 10−6 0.51 [76]
Solid-state reaction Li3SO3N ∼10−14 1.03 [78]
Melting reaction Li1.62PO2.84S0.11N0.32 2.95 × 10−7 0.64 [79]
Solid-state reaction LiSPON 1.4 × 10−8–6.8 × 10−7 N/A [80]
Rf magnetron sputtering LiSPON 1.58 × 10−5 N/A [81]
Rf magnetron sputtering LiSPON 3.23–9.75 × 10−6 0.23–0.53 [83]

B-doped LiPON-derivatives
Rf magnetron sputtering Li0.9BO0.66N0.98 4.3 × 10−9 N/A [84]

Li3.09BO2.53N0.52 2.3 × 10−6 N/A [84]
Li3.51BO3.03N0.52 2.6 × 10−7 N/A [84]

Rf magnetron sputtering LiBPON 3.5 × 10−6 0.53 [89]
Rf magnetron sputtering Li2.65B0.11P0.89O3.00N0.15 6.88 × 10−7 0.653 [90]

Other kinds of LiPON-derivatives doped with the nonmetallic element
Melting reaction LiPFO 1.26 × 10−7–6.61 × 10−8 0.69–0.71 [91]

LiPFON 1.95 × 10−7–5.74 × 10−8 0.66–0.68 [91]
Rf magnetron sputtering Li3.25C0.03PO3.87N0.21 3.06 × 10−6 0.43 [92]

Metallic element (M) doped LiPON-derivatives
Rf magnetron sputtering Li3.426PW0.008O2.091N0.364 1.5 × 10−7 0.51 [93]
Rf magnetron sputtering Li-Al-Ti-P-O 0.34−2.46 × 10−5 0.32–0.33 [94]
Rf magnetron sputtering Li-Al-Ti-P-O-N 1.22 × 10−6–1.22 × 10−5 0.44–0.63 [95]
Melting reaction Li-La-Al-P-O-N 1.47 × 10−5 0.54 [96]
Rf magnetron sputtering Li-Al-Ge-P-O-N 2.3 × 10−4 0.374 [97]

process (figure 10(b)). The core level of LCO shifts 0.3 eV
to higher binding energy with time, implying that the LCO/
LiPON has a downward band bending of 0.3 eV. According to
the binding energy of the valence band maximum (VBM) of
LCO and LiPON and their core level before and after LiPON
deposition, the difference in their VBM can be calculated and
the value of ∆EVBM is 1.26 eV. The change of work function
∆Φ is 0.25 eV and has a good agreement of the band bend-
ing, which indicates that the no large interface dipole is at the
LCO/LiPON interface.

The formation and evolution of the LCO/LiPON interface
before and during annealingwere investigated by Fingerle et al

by way of XPS technique [105]. With the increase in anneal-
ing temperature, the interfacial reaction products (LiNO2,
Li2O, etc) between LCO and LiPON disappear. According
to the species change at the interface during the annealing
process, the chemical potential of elements can be derived
with other additional data. The chemical potential of O ele-
ment in LCO is higher than that in LiPON, as well as the
Li element (figure 11(a)). The chemical potential of N ele-
ment has maximum value around the LCO/LiPON interface
because the N in LiNO2 is bound to LiPON after annealing.
The band bending in the LCO cathode is attributed to the form-
ation of electrostatic potential gradient and the band bending

9



Mater. Futures 1 (2022) 032101 Topical Review

Figure 9. The cross-sectional TEM images of the (a) pristine LCO/LiPON interface, (b) the one was cycled at 25 ◦C, and (c) the one was
cycled at 80 ◦C. Reprinted from [99]. Copyright (2016), with permission from Elsevier.

Figure 10. (a) XPS spectra of Co 2p, O 1s, P 2p, and the valence band at the LCO/LiPON interface with increasing LiPON coverage;
(b) Change of the core levels of the LCO and the P 2p level of the LiPON layer with time. Reprinted from [104]. Copyright (2016), with
permission from Elsevier.

has no change after annealing (figure 11(b)). The difference
in electrochemical potential of Li-ion between LiPON and
LCO causes the Li-ion to divorce from LCO and insert into
LiPON, which results in the formation of Li-vacancies in LCO
and Li-interstitials in LiPON. Both of them accumulate at the
interface in their own phase, forming the space charge layer.
The space charge layer influences the formation of other ele-
ment defects, such as the O-vacancies. The defect formation
energy is essential to understand the ionic properties and ionic
structure, which can be identified by the difference of chem-
ical potential to the relative energy level. The energy level gap
reveals the difference in defect formation energy. The Li-ion
energy level diagram can be drawn by calculating the defect
formation energies and the diagram illustrates the presence of
the space charge layer at the interface.

The interface between LiPON and other kinds of cathode
materials was investigated. LiPON was coated on the surface
of cathode material as an artificial interface layer to modify its

surface. Lv et al investigated the cycling performance and rate
capability of high-voltage LNMO cathode with and without
LiPON coating layer [106]. The LiPON coated LNMO shows
better capacity and rate capability and less interfacial resist-
ance than the pristine LNMO electrode. It was found that
the ratio of content of Mn4+/Mn3+ in LiPON coated LNMO
is higher than that in pristine LiPON, indicating the forma-
tion of space charge layer between LiPON and LNMO and
the oxygen vacancy moving from LiPON to LNMO. Yada
et al studied the modification by dielectric material BaTiO3

(BTO) of the interface between LiPON and 5 V-class cathode
LiCr0.05Ni0.45Mn1.5O4−x (LNM) [107]. Previous studies have
shown that Li/LiPON/LNM cannot be charged and discharged
at 3.0–5.3 V, which is attributed to the huge charge transfer
resistance at the LiPON/LNM interface. It may be related to a
huge electric potential difference between two materials. BTO
nanoparticles can change the interfacial electric potential dis-
tribution and induce the Li-ion distribution at the interface,
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Figure 11. (a) Structure and composition of LCO/LiPON interface and its evolution during annealing. (b) Valence band bending, inner
electric potential profile and Li-ion electrochemical potential at LCO/LiPON interface. Reprinted with permission from [105]. Copyright
(2017) American Chemical Society.

which leads to the formation of the ‘Li-ion pathway’ for charge
transfer reaction and reduction of interfacial resistance by four
orders of magnitude.

The interface characteristics between LiPON and cathode
were found related to the preparationmethod and experimental
conditions. West et al delved into the electrical properties of
thin-film LiPON prepared by the PLD method (LiPON-PLD)
from a crystalline Li2PO2N target and by RF magnetron sput-
tering [108]. The LiPON-PLD layer displays lower charge
transfer resistance with a higher amount of triply coordinated
nitrogen and a relatively lower amount of doubly coordin-
ated nitrogen. Cherkashinin et al made an investigation of
the interfacial chemical composition and electronic properties
when LiPON was deposited on the 5 V LiCoPO4 (LCP) and
LiNiPO4 (LNP) cathodes [109]. The preparation method of
cathode material has a great influence on the electronic prop-
erties of the interface between LiPON and cathodes, and a suit-
able preparationmethod is one of the possible ways to improve
the interfacial stability.

Lithium metal is one of the most ideal anodes in solid-
state batteries because of its extremely high theoretical capa-
city (3680 mAh g−1) and low reduction electrode potential
(−3.040 V vs. Standard Hydrogen Electrode) [110]. There-
fore, it is of great significance to study the interfacial reac-
tion and interfacial chemical composition between LiPON and
metal lithium. Schwöbel et al investigated the interface form-
ation and related reaction between LiPON and metal Li by
in situ XPS [111]. After the evaporation of Li metal, some
products on the surface of LiPON can be detected, such as
Li2O, Li3N, Li3P, and Li3PO4, indicating a chemical reac-
tion between LiPON and Li metal to form new chemical spe-
cies. The ratio of bridging oxygen and non-bridging oxygen
(Ob/Onb) decreases after Li deposition, as well as the tendency
of the ratio of Nt/Nd. This evidence indicates the LiPON net-
work structure at the interface is destroyed after Li deposition
due to the interface reaction between LiPON and Li metal.

However, they believe that the product of the interface reac-
tion forms a passivation layer, which is thin enough to sup-
port the transfer of lithium ions. Hood et al utilized in situ
electron microscopy to study the electrochemical stability and
composition of the LiPON/Li interface [112]. They found that
the interface reaction between Li metal and LiPON leads to
the volume expansion of LiPON and the wetting of metal Li
on the surface of LiPON. EELS elemental mapping shows two
sublayers in the distribution of interface reaction products at
the LiPON/Li interface. One is the O-rich and P-Free inter-
face layer directly connected with Li metal, and the other is the
P-rich interface layer directly connected with LiPON. Among
the binary products of Li2O, Li3N, and Li3P, Li3P is the only
one with ionic and electronic conductivity. Its separation from
Li metal inhibits the side reaction and improves the stabil-
ity of the LiPON/Li interface. These binary products can the-
oretically enhance the electrochemical window and stabilize
the interface. Xiao et al investigated the LiPON/Li interface
properties in the ASSTFB, in which amorphous V2O5−x with
many oxygen-vacancy sites was used as the cathode [113].
They utilized the facing target sputtering method which can
prevent the film from plasma damage, to fabricate a uniform
ultrathin Al2O3 (UT-AO) film with low roughness between
LiPON and Li anode. The interfacial evolution of LiPON/Li
with and without UT-AO (1 nm) additional layer before and
after two cycles was investigated by time-of-flight secondary
ion mass spectrometry (TOF-SIMS). The TOF-SIMS depth
profile shows the interfacial reaction between LiPON and Li,
resulting in the consumption of Li metal and the formation
of Li2O and Li3P by-products. However, there is no signal
change at the interface with the presence of the UT-AO (1 nm)
layer, which demonstrates the UT-AO layer suppresses the
interface reaction and improves the stability of LiPON. The
ab initio molecular dynamics (MD) simulations were used
to study the interfacial interaction between LiPON and Li.
The simulation results illustrate that the by-products from the
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Figure 12. Complete energy band diagram of the LCO/LiPON/Li battery. Reprinted from [104]. Copyright (2016), with permission
from Elsevier.

interfacial reaction, except Li2O, have a strong chemical con-
nection with Li metal, which is supported by the SEM spectra
of the battery’s cross-section. On the contrary to the interface
without UT-AO, the lithiated Al2O3 layer is thermodynamic
and increases the stability of the Li/LiPON interface.

After using in situ XPS technique to investigate the proper-
ties of the LCO/LiPON interface, Schwöbel et al use the same
method to reveal the energy alignment at the interface of Li/Li-
PON [104]. The initial XPS spectra of each element in LiPON
illustrate that all the peaks shift about 1.5 eV to higher bind-
ing energy, which is related to the charge effect. The binding
energy of Li 1 s XPS at 53.4 eV is observed on the surface
of metallic lithium, which is lower than the reference value
(54.9 eV), indicating the presence of a space charge layer and
band bending at the Li/LCO interface. The binding energy of
VBM shifts 0.5 eV to lower binding energy, which illustrates
band bending is 0.5 eV to upwards direction. The difference
in the binding energy of VBM (∆EVBM) between Li metal
and LiPON is calculated to be 4.1 eV. Combining the data of
both the LCO/LiPON and Li/LiPON interface can draw a total
energy band profile of ASSTFB of Li/LiPON/LCO (figure 12).
The difference in Fermi level between LCO cathode and Li
anode is the cell voltage, which is calculated to be 2.76 eV
and is close to the experimental value (2.8 eV). Moreover, the
electron chemical potential makes a major contribution to the
cell voltage and only 11% of voltage attributes to the Li-ion
chemical potential.

Sicolo et al conducted an investigation into the interfacial
instability and side reactions at the interface of LiPON and
Li by using surface science techniques and quantum compu-
tation methods [114]. The interface model of LiPON/Li was
established by quantum simulation and the Li atom can dif-
fuse from bulk metal Li to the LiPON without barriers, lead-
ing to the breaking of the network structure of LiPON and
atomic rearrangement at the LiPON/Li interface. The thermal
stability of the LiPON/Li interface is calculated and the res-
ults illustrate that the LiPON can be spontaneously reduced by
Li metal in thermodynamics and the products include Li2O,
Li3N, Li3P, and lithium phosphate. These byproducts form
a passivation layer on the Li/LiPON interface and prevent
from further reaction of LiPON with Li metal. UPS and XPS

spectra also prove the formation of these chemical species.
You et al used ab initio MD simulations to study the local
structure of the interface of amorphous-LiPON/Li(100) and
crystalline-Li2PO2N(100)/Li(100) and the diffusion property
of Li-ion at the LiPON/Li interface [115]. The atom at the ori-
ginal LiPON/Li interface diffuse to each other to form a new
interfacial layer. The calculation results indicate that the dif-
fusion of Li-ion at the LiPON/Li interface is faster than that in
the bulk LiPON, which is related to the structural change at the
interface. According to the simulation results, there is about
20% of Li-ion forming the tetrahedral structure like Li[O2N2],
Li[O3N], and Li[O4] in bulk LiPON. In the tetrahedral struc-
ture, Li is located at the center of the structure thus the dif-
fusion of Li-ion is difficult and the ionic conductivity of Li-
ion is very low. However, at the interface layer, the amount
of these kinds of tetrahedral structures are less than those in
bulk LiPON, as well as the decrease in the average coordin-
ation number of Li–O, Li–N, P–O, and P-N bond. Li-ion is
less affected by the ionic bond of O and N due to the change
in interfacial structure and coordination number, which results
in the diffusion of Li-ion being less hindered. The conductivity
of Li-ion at the interfacial layer is higher (2–3 orders of mag-
nitude) than that of the bulk LiPON, which indicates that the
interfacial layer has some positive effect on the performance
of batteries.

The interface properties of LiPON with electrodes are
essential to the performance of batteries. In ASSTFB, LiPON
is considered to be one of the best solid electrolytes to build
better interfaces with representative LCO and metal lithium,
respectively. Many spectroscopic characterization methods
such as in situ SEM, TEM, XRD, and EELS were used for
studying the composition and structure of the interface layer
due to their reaction between LiPONwith electrodes. Besides,
some special equipment is also utilized for investigation, such
as DAISY-BAT (Darmstadt’s Integrated System for battery
Research) [102, 105, 111, 114]. Some strategies were taken to
improve the properties of the interface layer, such as thermal
treatment and the addition of other layers between LiPON
and electrode. The gap in the energy level between LiPON
and electrode derives from the difference in electrochemical
potential of Li-ion in different materials. The equilibrium of
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the electrochemical potential of Li-ion leads to the rearrange-
ment of ions at the interface, which causes the formation of
a space charge layer at the interface and the establishment of
the internal electric field. This kind of electric field changes
the conductive properties at the LiPON-electrode interface.
Therefore, besides interesting aspects of the complex interface
chemistry of the LiPON/electrode system, it is a great chal-
lenge to realize a perfect interface engineering for high per-
formance of thin-film batteries. It needs to optimize electrode
materials and preparation methods, preparation conditions,
ultra-thin interface layer construction, and post-treatment.

4. Preparation methods for LiPON

The preparation and synthesis of LiPON are generally con-
sidered as the insertion of N atoms or replacing O atoms with
N atoms into the amorphous or polycrystalline structure of
Li3PO4. However, the chemical activity of N2 is not enough
to insert into the structure composed of the P−O bond. N
plasma is induced by physical preparation methods such as
magnetron sputtering, PLD technology, or nitrogen plasma-
assisted deposition of electron beam evaporation as shown in
figure 13, in which the plasma emission plume in the depos-
ition process of LiPON thin films is produced by these meth-
ods. The bridging Nd and non-bridging apical Na connect to
P atoms are proposed for the possible pathway for the nitrid-
ation of Li3PO4. The electrochemical and physical properties
of LiPON are reported to be strongly dependent on their pre-
paration methods. They are briefly introduced as follows.

RF magnetron sputtering is the most commonly used pre-
paration technique. In a typical magnetron sputtering equip-
ment, Li3PO4 is used as the target, and N2 is used as the react-
ive gas [116]. Amixed target of Li3PO4 and Li2Ohas also been
attempted to increase the ionic conductivity of the deposition
film [116]. In addition to pure nitrogen, mixtures with other
gases such as argon and helium are also used [58]. Its depos-
ition parameters such as substrate temperature, substrate-to-
target distance, reactive gas pressure, sputtering power, and
sputtering time determine the deposition rate as well as the
properties of the LiPON film, including but not limited to
the microstructure of the film and LiPON’s electric properties
[117]. For example, studies have shown that the islet micro-
structure may emerge accompanied by the elevated support
temperature [117]. Compared with other preparation meth-
ods, the LiPON film obtained by RF magnetron sputtering has
relatively higher ionic conductivity. However, the deposition
rate of this method is relatively slow and the deposition area
is usually limited. The former is determined by the mechan-
ism of magnetron sputtering, and the latter is bound by the
substrate-to-target distance and the size of the target [60]. As a
physical deposition technique, it is difficult to obtain a highly-
conformal step-coverage film onto the patterned surface with
a high aspect ratio [118].

In contrast, PLD has a higher deposition rate. This tech-
nique contains a rotating holder to load the Li3PO4 target.
As for the substrate, it is mounted opposite the target, just a
few centimeters apart. The most critical part is the ultraviolet

laser beam focused on the rotating target at a certain angle of
incidence. According to the previous research, the fluence of
the ultraviolet laser beam and N2 pressure can significantly
affect the ionic conductivity of LiPON film. First, increasing
the laser fluence can improve the quantity of N atoms incor-
porated into Li3PO4 within limited, which is beneficial for
higher ionic conductivity of LiPON electrolyte. However, the
laser fluence has a certain threshold beyond which the ionic
conductivity is probably saturated. Besides, higher N2 pres-
sure within limited is favorable for increasing the ionic con-
ductivity of LiPON, but excessive pressure can also be negat-
ive to the preparation of LiPON due to the contraction of the
plume region. Similar to RF magnetron sputtering, substrate-
to-target distance in the PLD technique is also influential to
the surface roughness of LiPON electrolyte [58]. In addition
to higher deposition rates, the PLD technique has other advant-
ages, for example, the film can be deposited in ambient gases
and the thickness of deposition film is relatively easy to con-
trol. However, the coagulated droplets would be present during
the deposition process, which is unfavorable for the prepara-
tion of homogeneous LiPON electrolyte without roughness on
the surface. At the same time, the deposition area of PLD is
limited, and the nitridation efficiency is unsatisfactory.

To obtain better nitridation efficiency, ion beam assisted
deposition (IBAD) is used to prepare LiPON thin film. In a
typical IBAD system, in addition to the regular Li3PO4 tar-
get and substrate, it additionally contains two ion sources, one
of which provides a kind of ion beam to control the sput-
ter atoms from the target, and the other one provides another
ion beam to bombard the target. With the adjustment of the
flow ratio of the reactive gas and the process gas, the nitro-
gen content of LiPON can be effectively adjusted [119]. Cor-
respondingly, the hardness, elastic modulus, and the residual
stress of LiPON film also change over the flow ratio. Research
has shown that as the flow ratio of reactive gas and process
gas increases within a certain range, the residual stress will
decrease while the hardness will increase [119]. It is worth
mentioning that in the IBAD system, the substrate is spatially
separated from the sputter plasma, which is believed to help
reduce the formation of an interfacial reactive layer [116]. The
biggest disadvantage of IBAD is that the process is complic-
ated and the deposition area is small. To obtain a larger depos-
ition area, LiPON film can be also prepared using e-beam
evaporation. The core component of the equipment employed
in this technique is the e-beam evaporator, which is attached
to an inductively coupled plasma reactor and other regular
parts [60]. The larger deposition area, as well as the higher
uniformity of the film, originate from the long substrate-to-
target distance up to 40 cm. While having a faster deposition
rate, this method is less efficient in nitriding. Likewise, same
as RF magnetron sputtering and PLD, e-beam evaporation is
limited to planar substrates because of shadow effects and film
rupture may occur because of thermal tensile stress coming
from the temperature difference between the substrate and the
deposited film [120].

The target-based format dictates that all kinds of LiPON
film obtained by the methods above are planar. However,
in the application process, researchers prefer to conformally
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Figure 13. Plasma plume photos of (a) radio frequency magnetron sputtering; (b) pulsed laser deposition; (c) ion beam assisted deposition.

Figure 14. The flow chart of atomic layer deposition for LiPON. Reprinted with permission from [121]. Copyright (2015) American
Chemical Society.

coat high aspect ratio nanostructures with thin, uniform lay-
ers, atomic layer deposition (ALD) and metal-organic CVD
(MOCVD) can meet this requirement. On the one hand,
these two methods can deposit a kind of homogeneous and
highly-conformal film on highly structured substrates. On the
other hand, they also get rid of the shackles of lithium phos-
phate and even nitrogen. That is to say, as long as there are pre-
cursors that can provide P element and N element, they may
be used to prepare LiPON thin films.

In a typical quaternary ALD process (figure 14), four pre-
cursors including lithium tert-butoxide (LiOtBu), deionized
H2O, trimethylphosphate (TMP), and plasma N2, are used to
deposit the LiPON film [121]. First, the argon carrier gas is
used to transport LiOtBu into the ALD chamber. Then H2O
is introduced to participate in the reaction, thereby obtaining
smaller LiOH units on the substrate. The third step is to add
TMP to get surface-bound methyl phosphate species. How-
ever, the phosphate species obtained at this time are separated
from each other, to cross-link themwith each other, it is neces-
sary to add the core precursor, i.e. plasma N2 [121]. That is, in
this step, the N content in the final LiPONfilm can be regulated

by changing the duration of the N pulse. Atomic-scale thick-
ness controllable thin film deposition can be achieved by
setting the number of cycles or reaction time. As for the
precursors that do not participate in the reaction and reaction
by-products, they can be blown out of the reaction chamber
with the inert gas. Unfortunately, the deposition rate in the
ALD method is relatively slow [120], and the ionic conduct-
ivity of the LiPON film is slightly lower than the film based
on lithium phosphate and nitrogen. To improve the ionic con-
ductivity, ALD processes using different precursors are being
developed [122]. At the same time, in order to control depos-
ition rates and film properties, ALD requires a specialized
apparatus [71], which is not conducive to the popularization of
this method.

In a classicMOCVD case (figure 15(a)), lithium dipivaloyl-
methane (Li(DPM)), triethyl phosphate (TEP), and NH3 are
used as precursor materials to prepare LiPON thin film [123].
During the process flow, the vaporized Li(DPM) and TEP are
brought into the reaction chamber by nitrogen [123]. Vapor
deposition is achieved by regulating the flow rates of the
three precursor gases. With the increasing temperature of the
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Figure 15. (a) Schematic illustration of metal-organic chemical vapor deposition equipment. Reprinted from [123]. Copyright (2013), with
permission from Elsevier. (b) Schematic diagram of the effect of metal-organic chemical vapor deposition.

Figure 16. Reaction equation for preparing LiPON by polymer
precursor method. Reprinted with permission from [71]. Copyright
(2020) American Chemical Society.

substrate, while the deposition rate increases, the ratio of Nt

to Nd also increases, which helps to improve the ionic con-
ductivity of LiPON film. The main purpose of using metal
organics as precursors is to maintain a low growth temperat-
ure, thereby effectively reducing the defect density in the film.
The constituent elements of the film enter the reaction cham-
ber in the form of gas, and the composition of the film can be
controlled by the mass flow meter and the switch. At the same
time, various properties of the epitaxial layer can be controlled
by precisely controlling the flow of various gases. This method
can obtain better thin-film samples on many amorphous sub-
strates, which is mainly due to the lower reaction barrier,
which reduces the orientation requirements of the substrate.
Most importantly, MOCVD is an industrial-oriented method
suitable for large-area thin film growth and mass production.
Adducts are formed within a certain temperature range and it
is a big problem because the deposition rate can be restricted
by the presence of adducts, and the gas line may be blocked.

What makes matters worse is that carbon-containing poly-
meric by-products can severely reduce the conductivity of the
prepared film [123].

All the methods described above require specific and com-
plex instruments to complete gas phase deposition. In fact, sat-
isfactory LiPON film can also be prepared by simple chemical
reactions. For example, one of the simplest structures of the
LiPON has been prepared by the following reaction equation
through a high-temperature solid-state reactionmethod [124]:

Li2O(s)+
1
5
P2O5 (s)+

1
5
P3N5 (s)Li2PO2N(s)

In the product, the planar P-N-P-N backbone is stabilized
by the N 2p π states, which contributes to its stability at high
temperatures as well as in the ambient environment [124].
In another example, the polymer precursor method is also
used to produce LiPON film (figure 16) [71]. First, phosphor-
amide OP(NH2)3 is obtained by ammonolysis of OPCl3. Step-
wise condensation reactions are then completed before the
Li source is added for lithiation to obtain LiPON. This syn-
thesis route permits the control of Li contents by varying the
degree of lithiation, which is difficult to achieve using other
methods, especially for gas-phase-based techniques. Mean-
while, the ratio of N content and P content is higher and
the electrochemical stability window is wider. The above
advantages enhance the ionic conductivity of the obtained
LiPON film [71].

5. Conclusion and outlook

ASSTFBs have become one of the most efficient, reliable,
clean, and sustainable energy storage devices. LiPON is one
of the key components for perfecting the overall properties
of ASSTFBs. In this review, we summarily introduced the
recent development of ASSTFB based on LiPON and its
applications. Due to the low conductivity of LiPON (far lower
than that of liquid electrolyte), it is difficult to achieve high
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energy densities of ASSTFBs, which limits its practical applic-
ation. To improve the ionic conductivity and electrochem-
ical stability of LiPON, the electrical properties and phys-
ical characteristics of various derivatives doped with B, C,
F, Si, and other elements in amorphous structure are high-
lighted in this review. In addition, the morphology, compos-
ition, and electronic structure of the interface layer between
LiPON and cathode materials as well as lithium metal anode
are summarized, respectively. The thermodynamic stability
and the decomposition kinetics of the LiPON/electrode inter-
face layer were revealed. These investigations on the interface
between LiPON/electrodes provide very important inform-
ation for exploring high-quality interfaces. Further explor-
ation of LiPON derivatives with higher ionic conductivity
has the potential to improve their chemical stability and thus
the electrochemical performance of ASSTFBs. Over the past
ten years, advanced technologies were employed for the pre-
paration of LiPON, such as ALD, CVD, and polymer pre-
cursor methods. Their own characteristics are described in this
review. Among these methods, magnetron sputtering techno-
logy has been widely accepted as the most suitable prepara-
tion for LiPON thin film in fabricating these ASSTFBs. The
low efficiency and high cost of these technologies is the main
obstacle in these technologies for the large-scale preparation
of LiPON thin film presently. Thin-film lithium batteries can
generally be constructed into micron-sized thin-film batter-
ies through a micromachining process to realize the so-called
micro-battery. Thin-film batteries should be the best choice to
realize energy miniaturization and integration such as three
dimensions high-density integration of micro-batteries and
an energy integrated system with micro-fuel cells, micro-
photovoltaic cells, and micro-piezoelectric energy collectors
for the self-generating and energy storage. The application
of ASSTFBs within these devices is hopeful to revolutionize
thin-film batteries.
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