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Abstract
Lithium metal is a promising anode material for the development of advanced all-solid-state batteries (ASSBs) with high 
energy density. Among the various solid electrolytes, lithium phosphorus oxynitride glass electrolyte (LiPON) is notable 
for facilitating stable Li plating-stripping reactions in ASSBs employing Li metal. The aim of this study is to examine the 
Li/LiPON interface, with a specific emphasis on the reductive decomposition of LiPON near this interface. We employed 
time-of-flight elastic recoil detection analysis (TOF-ERDA) to assess changes in Li concentration around the Cu/LiPON 
interface immediately prior to the Li plating reaction. Our electrochemical measurements indicate that critical decomposition 
of LiPON occurs when the voltage at the Cu electrode is reduced to 0.1 V vs. Li/Li+ at 25 °C, resulting in the in situ formation 
of Li3P operating at 0.7 V vs. Li/Li+ as an anode material. The TOF-ERDA findings reveal that this decomposition reaction 
results in a layer with partial decomposition (ranging from 5 to 25% on average) extending up to approximately 30 nm from 
the Cu/LiPON interface. This insight is vital for enhancing the design and performance of ASSBs.
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Introduction

All-solid-state rechargeable lithium (Li) batteries (ASSBs) 
utilizing inorganic lithium-ion (Li+) conductive solid elec-
trolytes (SEs) are gathering significant interest as a next-
generation battery. To enhance the energy density of ASSBs, 
employing a Li metal anode is crucial due to its substantially 
higher capacity (3860 mAh g−1) compared to conventional 
graphite anodes (372 mAh g−1). Among various SEs com-
patible with Li metal anodes, lithium phosphorus oxynitride 
glass electrolyte (LiPON) stands out as an especially promis-
ing material for stabilizing the Li/SE interface [1]. This is 

evidenced by the fact that thin-film-type ASSBs employing 
LiPON and Li metal anodes demonstrate stable charge–discharge 
cycles over 10,000 cycles without capacity degradation 
[2]. LiPON is typically prepared by RF magnetron sputter-
ing and is conventionally formed only on an electrode layer 
[3]. However, recent developments in creating self-standing 
LiPON films have expanded its potential applications 
in advanced ASSBs [4].

Regarding the Li/LiPON interface in thin-film ASSBs, it 
is observed that Li plating-stripping reactions occur stably. 
Yet, advanced analyses indicate the formation of a reaction 
layer at this interface. Cheng et al. utilized Cryo-STEM 
 analysis to investigate the Li/LiPON interface, revealing the 
generation of by-products like Li2O, Li3N, and Li3P within 
an 80 nm thickness range from the interface [5]. Similarly, 
Sicolo et al. conducted XPS measurements on the LiPON 
surface before and after Li deposition, confirming the for-
mation of a reaction layer immediately following Li layer 
deposition [6]. Theoretical calculations have suggested 
that LiPON reacts with Li metal, and the thermodynamical 
cathodic stability of LiPON is estimated to be 0.68 V vs. Li/
Li+ [7]. On the other hand, Schwietert et al. have reported 
that LiPON does not undergo reductive decomposition less 
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than 0.68 V by taking a metastable state because an acti-
vation barrier for the decomposition can retard reductive 
decomposition [8]. Clarifying this interphase phenomenon 
is essential for the development of ASSBs with Li metal 
anodes.

In this work, we explored the potential of time-of-flight 
elastic recoil detection analysis (TOF-ERDA) for investigat-
ing Li concentration changes around the Cu/LiPON interface 
[9]. TOF-ERDA needs no sample pretreatment for the detec-
tion of Li, and then it can effectively observe Li concentra-
tion changes induced by electrochemical reactions around 
the interface. We will show that a decomposed region of 
LiPON forms around the interface within 30 nm thickness 
when maintained at 0.006 V vs. Li/Li+ before the Li plating 
voltage at 0 V vs. Li/Li+. Electrochemical analysis suggests 
one of the decomposed materials to be Li3P [6]. These find-
ings basically align with TEM–EELS data, underscoring the 
utility of TOF-ERDA in analyzing Li concentration changes 
around interfaces.

Experimental

Figure 1a shows a schematic cross-sectional image of the 
electrochemical cell to investigate Li concentration change 
around the Cu/LiPON interface. The base SE layer is mirror-
polished Li+ conductive Li1+xAlxTi2−x(PO4)3 (LATP, LICGC 
AG-01: Ohara Inc. 150 µm in thickness). Both sides of the 
LATP were covered with LiPON film (thickness 2.5 µm) by 
RF magnetron sputtering (50 W, 3.2 Pa (N2 atmosphere), 
deposition for 15 h, deposited at room temperature), and 
multilayered SE sheets (MLSE: LiPON/LATP/LiPON) were 
fabricated [10, 11]. The surface composition of LiPON was 
determined to be Li2.0PO2.6N0.9 by X-ray photoelectron spec-
troscopy. Figure 1b shows a cross-sectional SEM image of 
the cell. As shown in Fig. 1b, LiPON film was uniformly 
formed on LATP. Although LATP is unstable against Li 
metal [10, 11], we have checked that this MLSE configura-
tion realizes Li plating-stripping reactions without decom-
posing LATP [12, 13]. One side of the MLSE was covered 
with Cu film (30 nm in thickness, 10 mm × 10 mm in area) 
for Li concentration analysis, and the Cu film was prepared 
by RF magnetron sputtering (30 W, 1.5 Pa (Ar atmosphere), 
deposition for 5 min, deposited at room temperature without 
exposing the MLSE to the air). The opposite side assembled 
Li film (2–3 µm, 5 mm in diameter) as Li source, which was 
prepared by vacuum deposition equipped inside an Ar-filled 
glove box (dew point: <  − 80 °C).

Electrochemical properties of the Li/MLSE/Cu cell were 
examined in an Ar-filled glove box (dew point less than − 80 
°C) at 25 °C. All the voltages notated in this paper are 
referred to as Li/Li+. Constant current and constant voltage 
(CCCV) measurements were carried out at 1 µA cm−2 in the 

range of 1.8–0.20 V or 1.8–0.006 V, and the cell voltage was 
maintained at each cutoff voltage for 60 min. Also, electro-
chemical impedance spectroscopy (200 kHz–30 mHz) was 
measured at 1.8 V and 0.006 V by applying an AC ampli-
tude of 0.005 V before and after the CCCV measurements 
at 1.8–0.006 V.

Figure 1c shows a schematic top-view image of the cell. 
This cell was mounted on plastic holder as shown in Fig. 1d. 
Here, the holder has a hole, and the cell was placed to cover 
the hole. Then, the cell edge was tightly sealed with Kap-
ton adhesive tape so as to protect Li film during the attach-
ment of the holder to the TOF-ERDA chamber in air. After 
the sample was placed in the chamber and connected to the 
electric cables, the chamber was evacuated to a base pres-
sure of 10−5 Pa. CCCV measurements were carried out in 
the evacuated TOF-ERDA chamber at room temperature 
(~ 19 °C) in the range of 1.8–0.006 V under the same condi-
tions as mentioned above. An ion beam (Cu5+, 9 MeV) was 
irradiated only at each cutoff voltage to Cu film (working 
electrode) on the cell so that the total number of irradiated 
ions equaled 2.3 × 1013 cm−2, where the beam current and 
irradiation time were 20 pA and 10 h, respectively. Among 
the various detected elements from the MLSE, this paper 
focuses on Li and P. The irradiation area was 1 mm × 4 mm 
(4 mm2) as shown in Fig. 1c, and the radiation position was 

Fig. 1   a Schematic cross-sectional view of the Li/MLSE/Cu cell. b 
Cross-sectional SEM image of the cell. c Schematic top view of the 
cell, where TOF-ERDA measurements were carried at three different 
positions in the same at 1.8 V (AP), 0.006 V, and 1.8 V(DS). d Sche-
matic image of the electrochemical holder for TOF-ERDA measure-
ments
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changed at each measurement inside the same sample to 
eliminate ion-beam radiation damage.

Results and discussion

Figure 2a shows the charge–discharge curve of the Li/
MLSE/Cu cell measured in a glove box, ranging from 1.8 
to 0.2 V. Hereafter, we define charging as a reductive reac-
tion and discharging as an oxidative reaction. The initial 
charging capacity at 1.8–0.2 V was 1.3 × 103 µC cm−2, 
while the discharging capacity was 4.3 × 102 µC cm−2. The 
capacity may be attributed to various sources such as the 
redox reaction of CuO [14, 15], formation of metastable 
state lithiated LiPON [8], and Cu-Li solid solution reac-
tion [16], although their individual contributions remain 
unclear in this study. Figure 2b shows the charge–dis-
charge curve of the cell at 1.8–0.006 V. During the first 
cycle, when the charging voltage was reduced to 0.006 
V, a voltage plateau appeared around 0.1 V. The reduc-
tive current continued to flow while maintaining the voltage 
at 0.006 V, resulting in a final delivery of 8.2 × 103 µC 
cm−2. At the discharging reaction, a new plateau emerged 

at 1.1 V with a total discharging capacity of 2.9 × 103 µC 
cm−2. In the second charging reaction, the reductive reac-
tion started at a higher voltage than the first charging reac-
tion, with a plateau of around 0.5 V. The total capacity in 
the second charging reaction decreased to 4.1 × 103 µC 
cm−2, which is 50% of the first charging reaction. On the 
other hand, the second discharging capacity was 2.4 × 103 
µC cm−2, maintaining 83% of the first discharging capac-
ity, with a voltage plateau again at 1.0 V. These results 
suggest that LiPON undergoes critical decomposition 
around 0.1 V, which is below the theoretically expected 
cathodic potential window of 0.68 V. The Coulombic effi-
ciency was 35% in the first cycle and increased to 59% 
in the second cycle. Additionally, the second discharging 
capacity decreased from 2.9 × 103 µC cm−2 to 2.4 × 103 
µC cm−2. These observations imply that the decomposed 
layer progressively grows with each charge–discharge 
cycle until a kinetically stable solid electrolyte interphase 
(SEI) layer forms, facilitating stable Li plating-stripping 
reactions [17]. When Li is deposited on the LiPON film, 
this reductive decomposition begins simultaneously from 
the Li/LiPON interface. [6]. The resultant by-product 
appears to undergo a redox reaction operating at 0.7 V 
in equilibrium. LiPON has been reported to yield Li2O, 
Li3N, and Li3P as decomposed materials in both experi-
mental analysis and theoretical calculations [6]. Li3N is a 
Li+-conductive solid electrolyte and oxidizes at 0.445 V 
[18]. Oxidation of Li2O has been reported to occur around 
3.0 V, and then Li2O is not responsible for this capacity 
[19]. Li3P is an anode material that operates at 0.7 V [20]. 
Therefore, the redox capacity observed in the first dis-
charging reaction in Fig. 2b is likely due to Li3P.

Fig. 2   CCCV curves of the Li/MLSE/Cu cells between a 1.8–0.2 V 
and b 1.8–0.006 V at 25 °C. Charge–discharge curves at first cycle is 
plotted as red, and the second one is as blue

Fig. 3   Nyquist plots of the Li/MLSE/Cu cell at 1.8 V (AP, red), 0.006 
V (blue), and 1.8 V (DS, green) measured at 25 °C
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Figure 3 shows the Nyquist plots of the Li/MLSE/Cu 
cell measured in a glove box at 1.8 V as-prepared state (1.8 
V(AP)), 0.006 V after the first charging reaction, and 1.8 V 
after the first discharging reaction (1.8 V(DS)). Each plot 
exhibits one semicircular arc in the high-frequency region 
(> 104 Hz), one smaller semicircular arc in the middle-fre-
quency region (103–104 Hz), followed by a straight line to 
the real axis in the low-frequency region (< 103 Hz). As 
shown in Fig. 3, the Nyquist plots did not show any volt-
age dependencies and maintained a 1.8 V(AP) state even at 
0.006 V and 1.8 V(DS). This indicates that reductive decom-
position does not result in the formation of a highly resistive 
reaction layer for Li+ conduction. Upon Li plating at the Cu/
LiPON interface, another semicircular arc newly appears in 
the low-frequency region, and the spectrum settles on the 
real axis due to Li plating-stripping reactions [21, 22]. How-
ever, the Nyquist plots at 0.006 V did not show such spec-
trum change, suggesting that Li was not plated at the Cu/
LiPON interface at this voltage. The decomposed material, 
Li3P, is likely to be fully lithiated at 0.006 V, thus, charge 
transfer resistance does not appear at this voltage [20].

To investigate the changes in Li concentration around the 
Cu/LiPON interface before and after the critical decomposi-
tion of LiPON, TOF-ERDA measurements were conducted 
at 1.8 V(AP), 0.006 V, and 1.8 V(DS). The accuracy of esti-
mating Li amounts by TOF-ERDA was validated in a model 
ASSB, Fe2(MoO4)3/LATP/LiCoO2 [23]. It was concluded 
that the Li concentration change in the LiCoO2 electrode 
can be accurately measured by TOF-ERDA, with an accu-
racy of 10% [24]. Also, we measured the EIS spectrum of 
the Li/MLSE/Cu cell at 1.8 V(AP) after evacuation of the 
chamber (Supplemental Figure (SF.) 1) and checked that the 
EIS spectrum was almost consistent with that measured in 
the glove box. A slightly larger semicircular arc is probably 
because of a slightly lower temperature (~ 19℃) inside the 
chamber (Fig. 3).

Figure 4a shows the TOF spectra of Li in the Li/MLSE/
Cu cell at 1.8 V(AP), 0.006 V, and 1.8 V(DS), where each 
data is plotted by a 5-point average, and then the y-axis is 
displayed as normalized intensity (NI). On these spectra, 
the horizontal axis indicates the channel number (Chn), 
which corresponds to the time-of-flight of Li particles 
recoiled from the cell and provides information on the 
kinetic energy of the recoiled Li particles. The vertical axis 
indicates the NI of recoiled Li, which is proportional to the 
Li concentration in the cell. The background NIs in Fig. 4 
are lower than 10. The Li NIs decreased at higher channel 
numbers at 1.8 V(DS), but this trend was similarly observed 
for other elements, that is, P, O, N, and C (SF. 2). Thus, 
these trends are attributed to the slight differences in sam-
ple angle or beam position during the measurement, rather 
than a decrease in density or voltage-dependent diffusion 
of these elements [25]. The Cu surface and the Cu/LiPON 

interface positions were identified at 520 Chn and 570 Chn, 
respectively, using SIMNRA software [26]. The depth scale 
from the Cu/LiPON interface was evaluated using SIMNRA 
software as depicted on the upper horizontal axis of Fig. 4.

Figure 4b represents a magnified spectrum between 500 
and 650 Chn from Fig. 4a, focusing on the voltage-depend-
ent variable region surrounded by a dotted line in Fig. 4a. 
At 1.8 V(AP), there is a sharp increase in the Li NI around 
570 Chn, indicating this position as the Cu/LiPON inter-
face. Near the surface of Cu (520 Chn), the Li NI is about 
two orders of magnitude lower than around the Cu/LiPON 
interface in Fig. 1a, indicating an almost negligible presence 
of Li on the Cu surface in the 1.8 V (AP). At 0.006 V, the Li 
NI around the Cu/LiPON interface (570–610 Chn) slightly 
increases, indicating that Li accumulates in this Chn range. 
Furthermore, Li NIs are detected even around the Cu surface 
and inside the Cu film (520–570 Chn). It has been reported 
that Li forms a solid solution with Cu [16]. The higher Li NI 
near the Cu surface may result from side reactions between 
the Li-Cu alloy and residual gases in the chamber, similar to 
side reactions of electrochemically plated Li with the resid-
ual gases in SEM [12]. At 1.8 V(DS), the Li NI around the 
Cu/LiPON interface and inside the Cu film almost returns 
to the 1.8 V(AP) state. However, Li NIs are still observed 
near the Cu surface, probably due to unreacted Li remain-
ing. The trend of Li NI beyond 570 Chn remains similar 
without voltage dependencies. The P NI distribution was 
also examined using TOF-ERDA as summarized in SF. 2a. 
The TOF spectra of P at 1.8 V are nearly overlapped, but the 

Fig. 4   a TOF spectra of Li from the Li/MLSE/Cu cell at 1.8 V(AP), 
0.006 V, and 1.8 V (DS) at room temperature (~ 19 °C). The inset 
shows the schematic image of Cu5+ beam irradiation and recoiled 
Li detected at a given Chn. b Magnified TOF spectra around the Cu/
LiPON interface. c Li NI ratio at 0.006 V and 1.8 V(DS) against 1.8 
V (AP)  at a given Chn. d Magnified NI ratio of Fig. 4c 
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TOF spectrum of P at 0.006 V shifts to higher Chn compared 
to the spectra at 1.8 V as shown in SF. 2a. Because P has a 
higher stopping power than Li [25], the presence of a Li-rich 
layer not only around the Cu/LiPON interface but also near 
the Cu surface, and Li-Cu alloy formation will effectively 
reduce the recoiled P energy, leading to the energy shift. 
However, apart from the Chn shift, the highest peak intensity 
of P NI at 0.006 V was almost consistent with that measured 
at 1.8 V(AP) and 1.8 V(DS), suggesting that the P concen-
tration remains unchanged before and after the decomposi-
tion of LiPON, at least detectable levels by our TOF-ERDA 
measurements. This trend was also observed for O, N, and 
C with higher stopping power than Li (SF. 2b–d).

Figure  4c displays the Li NI ratio at 0.006 V and 
1.8 V(DS) compared to 1.8 V(AP). At 0.006 V, the NI 
ratio increased to 1.25 around the Cu/LiPON interface and 
gradually decreased to 1.0 within a 30 nm thickness from 
the interface. This pattern aligns with TEM–EELS analy-
sis, which shows that the decomposed region extends 76 nm 
from the interface, similar in scale to the Li-rich region for-
mation detected by TOF-ERDA analysis. The composition 
of the LiPON used in this study, as estimated by XPS, was 
Li2.0PO2.6N0.9. Based on previous reports, when LiPON fully 
decomposes into Li3N, Li2O, and Li3P, the following decom-
position reaction can be anticipated [6].

Li2.0PO2.6N0.9 + 8.9 Li+ + 8.9e–→2.6 Li2O+Li3P + 0.9 
Li3N

When this reductive decomposition reaction occurs 
within a thickness of 1 nm, the Li NI is expected to increase 
by 5.5 times, resulting in a calculated charging capacity of 
approximately 2.2 × 103 µC cm−2. Assuming that the total 
charging capacity measured in the TOF-ERDA chamber at 
0.006 V (3.5 × 103 µC cm−2, as shown in SF. 3) is consumed 
by this decomposition reaction, it suggests that LiPON 
undergoes reductive decomposition to a thickness of about 
1.6 nm [6]. However, as observed in Fig. 4b, this decomposi-
tion appears to be distributed within a 30 nm range from the 
interface. The average Li NI ratio exceeding 1.0, observed 
within the 30 nm from the Cu/LiPON interface (between 
570 and 605 Chn), is estimated to be 1.11, based on the 
area shown in Fig. 4d. This ratio corresponds to a partial 
decomposition of approximately 2.7% in this region. The 
charging capacity required for this partial decomposition is 
calculated to be 1.8 × 103 µC cm−2. This value accounts for 
roughly 50% of the total charging capacity (3.5 × 103 µC 
cm−2). The remained capacity will be utilized for reactions 
such as Cu-Li alloying as detected in Fig. 4a, and potentially 
for the charge–discharge reaction of metastable LiPON as 
well as Li insertion/extraction in CuO.

These findings indicate that partial decomposition of 
LiPON occurs over a relatively wide range in the depth 
direction from the Cu/LiPON interface. This decomposi-
tion reaction will occur very slowly at 25 ℃. In fact, once the 

charge–discharge reactions were carried out at 60 ℃, the pla-
teau at 0.7 was observed during the initial charging reaction 
(SF. 4). Thus, this decomposition reaction will be kinetically 
retarded probably because of the presence of an activation 
barrier for the decomposition [8]. The decomposition region 
is distributed sparsely around the interface, and then Nyquist 
plots will not detect newly formed resistive sources even 
after the decomposition. However, this widespread decom-
position likely determines the limit of LiPON thickness in 
thin-film ASSB. Although the ionic conductivity of LiPON 
has been successfully measured at thicknesses as low as 
15 nm [27], thin-film-type ASSBs (e.g., Si/LiPON/LCO) 
exhibit rapid self-discharging when the LiPON thickness is 
below 100 nm [28]. Therefore, suppressing the growth of 
the decomposed area is a key factor in developing advanced 
ASSBs, especially using thinner layers of LiPON desirable 
for high-power ASSB.

Conclusion

The thermodynamical cathodic potential window of lithium 
phosphorus oxynitride glass electrolyte (LiPON) has been 
reported to be 0.68 V. However, our findings indicate that 
critical reductive decomposition of LiPON occurs at a lower 
potential of approximately 0.1 V at room temperature. This 
decomposition occurs in a region within 30 nm or less of the 
electrode interface at the first charging reaction at room tem-
perature, characterized by partial decomposition (ranging 
from 5 to 25%, where 25% at Cu/LiPON interface and 5% at 30 nm 
from the interface) of LiPON. This trend was consistent with 
the past work investigated by TEM–EELS [5]. TOF-ERDA 
has proven to be an effective method for measuring these Li 
concentration changes, providing valuable insights into the 
stability and behavior of LiPON under varying electrochemi-
cal conditions.
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