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ABSTRACT

Depth resolution and probing depth for Li in lithium thin film batteries achievable using different ion beam analytical techniques were investi-
gated. Experiments using protons for nuclear reaction analysis, He ions for time-of-flight (TOF) energy elastic recoil detection analysis
(ERDA) in transmission geometry, as well as He and Li ions for coincidence ERDA in transmission geometry are performed. Experimental
results are compared in terms of the obtained Li concentration in the separator layer. In coincidence ERDA experiments, significant loss of Li–
Li and He–Li coincidence counts was observed due to multiple scattering of recoiled/scattered particles in the battery sample. The ideal achiev-
able Li depth resolution was calculated for the ion beam techniques. A depth resolution of 750, 1030, 310, and 510 × 1015 atoms/cm2 could be
achieved in the Nb2O5 cathode by nuclear reaction analysis (NRA) using 2MeV H, TOF-ERDA using 8MeV He, and coincidence ERDA
using 8MeV He and 8MeV Li ions, respectively, upon optimization of the experimental setup. While a depth resolution of 120 × 1015 ions/
cm2 could be achieved for Li by conventional TOF-ERDA using an solid-state detector energy detector and light primary ions such as O under
gracing incidence, TOF-ERDA experiments are found to produce significantly higher beam damage in batteries than other techniques. The
beam damage in NRA and coincidence ERDA as performed in this study is estimated to be of the order of 10−4 dpa.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055963

I. INTRODUCTION

Methods capable of depth profiling light species are highly rel-
evant in research within plasma–surface interaction,1 on energy
materials such as metal hydrides,2 and within the steadily increas-
ing activities on high-density energy storage.3,4 Different from
present commercial Li ion batteries using organic electrolytes as a
separator, intensive research is focusing on all solid-state batteries.
This design is safer and, in the form of thin film batteries, offers a
promising option for powering wearable electronics, medical
implants, and integration to microelectronics. However, some chal-
lenges remain for thin film batteries to enter the commercial

market, in particular, high interfacial resistance at interfaces of elec-
trolyte and electrodes limiting power and rate performances.5,6 To
address this issue and subsequently improve battery design and
performance, in-operando monitoring of Li and other light element
mass transport through interfaces with nm scale depth resolution
are of vital importance.

Neutron based techniques have been used for in-operando
characterization of Li ion batteries. Neutron powder diffraction has
been used to study LixFePO4 cathode materials and metastable
phases of LixFePO4 have been studied in situ.7–9 In situ x-ray pho-
toemission spectroscopy has revealed the various decomposition
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products Li3P, Li3N, Li2O, and Li3PO4 from Li/LIPON interface
during battery operation.10 Also, microscopies, such as TEM, SEM,
and AFM, have been used for Li ion battery research,11 i.e., Liu
et al. have studied the composition of Al nanowires by in situ TEM
and found the formation of Al–Li–O glass during cycling.12

Recently, also various ion beam analytical techniques have been
used for the characterization of Li ion batteries. In situ nuclear
reaction analysis (NRA) and in situ elastic recoil detection analysis
(ERDA) were used for depth profiling Li in Li ion batteries.13–15

Using a coincidence ERDA approach, in-operando depth profiling
of a full battery stack using Li and He primary beams was demon-
strated.16 The coincidence ERDA technique can, in principle, be
applied for depth profiling of any light element in thin foils; also, H
depth profiling17,18 and C depth profiling19 have been reported by
measuring H–H and C–C scattering in coincidence experiments.

In this study, NRA, TOF-ERDA, and coincidence ERDA tech-
niques are compared in terms of achievable depth resolution, ion
beam damage, and penetration depth in thin film battery (TFB).
Depth profiles of Li are extracted by NRA, transmission ERDA by
TOF-E detector, coincidence ERDA by 8MeV 4He2+ ions, and
8MeV 7Li2+ ions in a thin film battery with a total stack thickness
of 3.6 μm. The experimental data are complemented by calculations
of the achievable depth resolution and resulting damage profiles.

II. EXPERIMENTAL DETAILS

The thin film battery employed for the experiments was pre-
pared by depositing LMO, LIPON, NbO, and Ti layers on a 2 μm
Ti self-supporting foil using magnetron sputtering.20 First, the
depth profile of 7Li in thin film Li ion battery was measured
by NRA. In NRA, 2MeV H ions were directed to the bottom
Ti substrate of TFB in normal incidence and the α particle from
7Li(p,α)4He nuclear reaction was recorded using a silicon solid-
state detector (SSD) with 30 keV energy resolution kept at 170°
scattering angle (Fig. 1). The NRA spectrum was simulated using
the SIMNRA7.02 software package to extract the 7Li depth profile
of sample.21 Next, the coincidence ERDA technique22 was
employed using 8MeV 4He2+ and 8MeV 7Li2+ ions for specific
detection of Li from the sample.23 In these experiments, circular
ion beams with 1 mm diameter were directed in normal incidence
on the Ti substrate side of the TFB. For a primary beam of 8MeV
4He2+, forward scattered 4He and recoiled Li were detected by
SSD1 and SSD2 kept at scattering angle of 60° and 45°, respectively,
as shown in Fig. 1. The angle of SSD1 and SSD2 was chosen from
trivial scattering kinematics.23 A coincidence time acceptance
window of 1 μs was used. The ion beam flux was set to approxi-
mately 5 × 1010 ions cm−2 s−1. For 8 MeV 7Li2+-ions as a primary
beam, scattered and recoiled Li was detected by SSD1 and SSD2
with the scattering angle of 45°. Again, a coincidence time accep-
tance window of 1 μs was used. The ion beam flux was set to
approximately 5 × 1010 ions cm−2 s−1. The detector resolution of
both SSD1 and SSD2 is approximately 30 keV for both He and Li.

The Li depth profile was also measured by TOF-ERDA.24 In
the TOF-ERDA experiments, 8 MeV 4He2+ primary ions were
again directed on the Ti substrate side and the time of flight and
energy of forward scattered He and recoiled particles were mea-
sured in coincidence using a time of flight telescope and a gas

ionization chamber (with 150 keV resolution for Li), respectively.
The whole assembly was kept at a scattering angle of 45° as shown
in Fig. 1. Energy and TOF coincidence events permit to discrimi-
nate Li from other scattered/recoiled particles and Li depth profile
was measured. Experimental Li energy profiles from Li–Li, He–Li,
and TOF-E coincidence ERDA spectra were simulated by
SIMNRA7.02 to quantify the Li depth profile. The achievable depth
resolution of Li in the NRA and coincidence ERDA experiments
was calculated using RESOLNRA,25 and the beam damage was esti-
mated from The Stopping and Range of Ions in Matter (SRIM)
calculation.26

III. RESULTS AND DISCUSSION

The nominal thickness and composition of the TFB-stack is
Ti(50 nm)/Nb2O5(90 nm)/Li3PO4−xNx(940 nm)/LiMn2O4(560 nm)/
Ti(2 μm), which is in very good agreement with results from
Rutherford backscattering spectrometry (RBS).16 The intended
composition is approximately x∼ 0.2 in Li3PO4−xNx. The NRA
spectra measured in the TFB are shown in Fig. 2. Counts from
alpha particles originating from the 7Li(p,α)4He nuclear reaction
can be identified in the spectrum at energies ranging from 6.5 to
7.5 MeV, virtually free from any background (the energy of 4He
from the nuclear reaction is 7.496MeV at the scattering angle of
170° in the laboratory frame of reference).27 Additional counts
from alpha particles originating from the 31P(p,α)28Si nuclear reac-
tion can also be seen at energies ranging from 2 to 3MeV on top
of a small contribution of pileup counts. In the SIMNRA7.02 simu-
lation, NRA cross sections from Refs. 27 and 28 were used for Li

FIG. 1. Top view of a sketch of the experimental setup used for depth profiling
of Li in thin film battery stacks. Silicon surface-barrier detectors (SSDs) were
used for coincidence ERDA and RBS/NRA experiments. SSD1 and SSD2 were
used for He–Li coincidence ERDA. SSD2 and SSD1 at 45° (SSD10) were used
for Li–Li coincidence ERDA. Transmission ERDA data were recorded by a
TOF-E detector coupled with a gas ionization chamber. SSD3 was used to
measure RBS on the sample.
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and P, respectively. Non-Rutherford cross sections were employed
for an energy higher than 1.8 MeV for scattering from Ti. The RBS
signal from the Ti substrate was used to normalize the NRA spec-
trum. The resulting areal density of Li is 5880 ± 120 × 1015 atoms/
cm2 in the whole battery stack. The total Li areal density in the
battery sample is found to be conserved within the accuracy of the
methods when the battery is charged/discharged and the Li is
transported through different layers. The Li concentration is mea-
sured to be 14%–28% in LIPON layers which is less than the
nominal value of 37.5% due to overcharging and discharging.

Figure 3(a) shows the experimental coincidence ERDA spec-
trum measured by 8MeV Li ions in the battery sample. A well sep-
arated Li–Li coincidence signal is obtained. To compensate for
effects from small deviations from scattering/recoiling by 45°, the
energy of SSD1 and SSD2 is averaged (E1 + E2)/2, and the Li–Li
coincidence spectra are projected to average energy. The energy-

averaged Li transmission ERDA spectra are shown in Fig. 3(b).
In the simulation of the energy profile for recoiled/scattered Li,
Rutherford scattering cross sections are used as these values are
comparable to experimental Li–Li Mott cross sections observed by
Bachmann et al.,29 Pinsonneault and Blair,30 and Norbeck et al.31

in the relevant energy range. Results show, however, that the exper-
imental yield is around 17 times lower than those predicted from
the simulations. This loss of Li counts can be understood from the
significant influence of multiple scattering, which is significantly
deteriorating the likelihood of coincidence detection, for the
employed detector solid angle. Further, to illustrate the effect of the
angular spread of the analyzing ion beam, angular profiles of
8 MeV Li ions transmitted through a TFB as employed in our
experiments are simulated by SRIM and are shown in Figs. 4(a)
and 4(b). The full width half maximum (FWHM) of the angular
distribution of transmitted ions was calculated to be around 1°.

FIG. 2. Experimental and simulated RBS/NRA spectra of
thin film battery measured using 2 MeV 1H+ primary ions
in normal incidence to the sample surface. The NRA
spectrum is normalized using the yield of scattered parti-
cles from the Ti substrate.

FIG. 3. (a) Coincidence ERDA spectra of forward scattered/recoiled particles from two SSD detectors kept at 45°. (b) Experimental and simulated recoiled Li energy
profile by Li–Li coincidence ERDA. The simulated Li energy profile was fitted to the experiment by employing a multi-layer target model and fixing the total Li areal density
to the value obtained by NRA.
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This value can be compared to the acceptance angle of SSD1 and
SSD2 in our experiment being equivalent to 3.2°. Based on the
experimental geometry and the energy transfer in the close colli-
sion, even more pronounced angular straggling can be expected for
the outgoing scattered particles and recoils, and the observed loss
in the signal can be well understood. Thus, to fully quantify results
from coincidence ERDA, a quantification of the integral Li concen-
tration from, e.g., NRA is essential. A possible alternative would be
a full Monte Carlo calculation of the experimental geometry to esti-
mate straggling losses.32,33 Figure 3(b) shows the experimental
coincidence ERDA spectrum along with a simulation. For the

simulation, layer thickness and composition as obtained from RBS
were used and the Li concentration was adjusted for every layer in
a multilayer model to match the experimental data while the inte-
gral Li areal density was fixed in the whole battery stack to the
value determined from NRA. As a result, the obtained Li concen-
tration is found to vary from 23 to 40 at. % in LIPON layers, which
is in good agreement with expectations.

Coincidence ERDA was also performed by 8MeV 4He2+ ions
for comparison. The coincidence ERDA spectrum is shown in
Fig. 5(a). The spectrum has a well separated He–Li coincidence
signal. The He–Li coincidence ERDA spectrum shown in Fig. 5(a)

FIG. 4. (a) Lateral profile of Li ions with 8 MeV primary energy transmitted through the thin film battery. (b) Deflection angle of ions transmitted through a simulated battery
stack. The estimated full width at half maximum is around 1°.

FIG. 5. (a) Coincidence ERDA spectra of forward scattered/recoiled particles from two SSD detectors kept at 45° and 60°. (b) Experimental and simulated Li depth profile
by He–Li coincidence ERDA. The simulated Li energy profile was fitted to the experiment by employing a multi-layer target model and fixing the total Li areal density to
the value obtained by NRA.
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is projected on the y axis and the scattered He spectrum is obtained
and shown in Fig. 5(b). Again, the experimental Li signal was
found lower than that expected from simulations. Note again, that
cross sections were assumed to be Rutherford in absence of known
published values. Moreover, also in He–Li coincidence measure-
ments, a similar loss in coincidence events is expected due to finite
angular spread of He ions and multiple scattering of scattered/
recoiled particles. Again, the experimental Li energy profile is simu-
lated assuming a target model using SIMNRA7.02. In the target
model, the composition of Li was adjusted in all the layers while
the total areal density of Li was fixed to the total areal density
obtained by NRA. The optimized simulation for the Li energy spec-
trum is shown in Fig. 5(b). In the simulation, LMO and LIPON
thin film layers in the sample were further divided into multiple
layers and again fitted to the experimental data by adjusting their
respective Li concentration. From this fitting procedure, the Li con-
centration was found to vary from 17% to 33% in the LIPON layer.

The TOF-ERDA spectrum obtained by 8MeV 4He2+ ions is
shown in Fig. 6(a). As apparent, in the TOF-ERDA spectrum, Li
recoils are well separated from He ions scattered in the TFB.
Additionally, the signal of N and O recoils from the battery can be
also seen. The Li depth profile was obtained by projecting the Li
signals to the energy-axis in the TOF-ERDA spectrum. Also, the
sensitivity for Li is found lower in the employed TOF-E ERDA
setup.34 One can normalize the TOF-ERDA spectra via the total Li
areal density obtained by NRA. The NRA-normalized experimental
and simulated Li depth profile is shown in Fig. 6(b). The resulting
concentration profile is similar to NRA but the limited depth reso-
lution is apparent. Figure 7 shows Li depth profiles derived from
the different ion beam analysis techniques reported here. A signifi-
cant amount of Li is present close to or in the Ti substrate that is
associated with overcharging the battery with +5 V and discharging
with −5 V, respectively. In all the measurements, Li depth profiles

look rather similar, in particular, when considering the method
dependent depth resolution, which we discuss in the following
paragraph.

The achievable depth resolution for Li-profiling at the Nb2O5

layer (with 200 × 1015 Li/cm2) was simulated for optimized detector
resolutions and is shown in Fig. 8. The achievable resolution is
750 × 1015 atoms/cm2 for NRA using 2MeV H ions with 45°
gracing incidence at the top Ti side. The best depth resolution
achievable is 310 and 510 × 1015 atoms/cm2 for coincidence ERDA

FIG. 6. (a) TOF-ERDA spectra of battery in transmission geometry measured by 8 MeV He ions. (b) Experimental Li energy profile obtained by TOF-E ERDA spectra and
the simulated Li energy profile. The simulated Li energy profile was fitted to the experiment by employing a multi-layer target model and fixing the total Li areal density to
the value obtained by NRA.

FIG. 7. Li depth profile in the target model derived from SIMNRA7.02 simula-
tions for the employed ion beam analytical techniques (i) NRA using 2 MeV H,
(ii) coincidence ERDA by 8 MeV Li, (iii) coincidence ERDA by He, and (iv)
TOF-ERDA using 8 MeV He ions.
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by 8MeV He ions and 8MeV Li ions, respectively. Despite the
higher electronic energy loss of Li in comparison to He ions in the
battery sample, the lower energy loss straggling of He ions results
in a better depth resolution for He compared to Li ions. The depth
resolution contribution from energy straggling is 220 and
430 × 1015 atoms/cm2 at Nb2O5 for 8MeV He and Li ions, respec-
tively. Assuming an optimized detector resolution of 120 keV for a
gas ionization chamber, the achievable depth resolution is
1030 × 1015 atoms/cm2 for TOF-ERDA in transmission geometry
using 8MeV He ions. Replacing the gas ionization chamber by an
SSD energy detector with 25 keV energy resolution for recoiled Li,
the depth resolution was calculated for the same transmission
TOF-ERDA experiment using 8MeV He ions to be similar to coin-
cidence ERDA by 8MeV He ions. Conventional TOF-ERDA can
feature very good depth resolution in the near surface region but
depth resolution in subsurface layers will be rapidly degrading, due
to the rather gracing incidence angle and/or detection geometry.35

When used to depth profile parts of a TFB, conventional
TOF-ERDA employing 36MeV iodine primary ions may be
capable of depth profiling approximately 1.3 μm with very limited
depth information from deeper structures. With an appropriate
choice of primary ions, primary ion energy, and angle of incidence,
the depth resolution and penetration depth can, however, be
improved. For conventional TOF-ERDA with SSD detector, the
best achievable resolution, according to RESOLNA, is around
60 × 1015 atoms/cm2 at Nb2O5 layer for 5MeV O with 67.5°
gracing incidence. The penetration depth, however, is limited to
700 nm but could be used to depth profile Li at the LIPON/Nb2O5

interface. However, with increasing primary O ion energy, for
example, to 30MeV, the whole battery stack can potentially be
probed by conventional TOF-ERDA. The achievable Li depth reso-
lution is 120 × 1015 atoms/cm2 at the Nb2O5 layer (shown in
Fig. 8), which is better than the coincidence ERDA by 8MeV Li

ions (310 × 1015 atoms/cm2). Note that the present calculations do
not account for the deteriorating effect due to geometrical strag-
gling, which is expected to lead to a rapidly degrading depth resolu-
tion for larger depth associated with the non-normal incidence.
Furthermore, the beam damage due to 30MeV O is nearly ten
times higher than that of 8MeV He and Li ions used in coinci-
dence ERDA (see Fig. 9 and the discussion in Sec. IV). Finally, the
time-of-flight telescopes commonly employed for TOF-ERDA
feature small solid angles24,36,37 requiring long time irradiation and
high integral fluences to get analyzable statistics of Li recoils.
Altogether, the TOF-ERDA experiments using 30MeV O ions
create deteriorating effects in samples due to beam damage and
heating and make them unsuitable for in-operando experiments.

Considering the lateral resolution, the present experiments
were performed using circular ion beams with typically ∼1 mm
diameter, and imaging is not feasible. Smaller beams have been
employed ex situ on cross sections of thin film batteries.38 If a
micro- or nanobeam is used in the approach discussed here, 3D
mapping of the Li concentration in a battery could be performed
with micro/nanometer resolution.

In general, the use of ion beams as probes may cause battery
degradation due to, e.g., ion implantation, beam heating, or direct
beam induced damage. However, in NRA and coincidence ERDA
experiments, degradation due to ion implantation is considered to
be rather negligible as most of the probing ions are transmitted
through the samples. As an accessible parameter, structural deg-
radation or defect formation will be clearly associated with dis-
placements of atoms from equilibrium sites. To calculate the
displacements per atom (dpa) values, the ion beam damage was
simulated using full cascade SRIM calculations26 with a displace-
ment threshold of 25 eV for all atoms, and the number of atomic
displacements due to ion beam was calculated for identical ion
fluence of 1016 ions/cm2 for comparison and shown in Fig. 9.

FIG. 8. Depth resolution for Li achievable in the battery stack by NRA, He–Li
coincidence ERDA, Li–Li coincidence ERDA, and transmission TOF-ERDA
using a gas ionization chamber. Li depth resolution for transmission TOF-ERDA
coupled with an SSD detector using 8 MeV He ions and conventional
TOF-ERDA by 30 MeV O ions is shown for comparison.

FIG. 9. Damage produced by beams of 2 MeV H, 8 MeV He, and 8 MeV Li
ions with normal incidence for identical ion fluence of 1016 ions/cm2. The
damage produced by 30 MeV O and 36 MeV I ions incident under 67.5° inci-
dence angle with respect to the sample normal is shown for comparison.
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The ion beam damage was also calculated for conventional
TOF-ERDA using 36MeV I and 30MeV O ions and shown in Fig. 9
for comparison. The average ion beam damage, in LIPON layer, for
1016 ions/cm2 of 2MeV H, 8MeV He, and 8MeV Li ions are 2.5, 5.5,
and 26 × 10−4 dpa, respectively, nearly three orders of magnitude
lower than for 36MeV I ions (3.7 dpa). For comparison, the average
beam damage in the LIPON layer is 2.5 × 10−2 dpa for 30MeV O ions
with gracing incidence of 67.5°. Thus, in the present coincidence,
ERDA experiments, using 8MeV He or Li primary ions, the integral
number of atomic displacements during ion beam irradiation is small
in the battery, comparable to values from NRA. Still, during operation,
the displaced atoms may cause, to a certain extent, postirradiation deg-
radation of the battery. However, coincidence ERDA combines the
advantages of moderate damage and superior depth resolution. Thus,
analysis by coincidence ERDA ion beam appears attractive for
in-operando quantification of Li and other light elements in TFB.

In the experiments of He–Li coincidence ERDA, the energy
resolution could be affected due to angular deviations of transmit-
ted ions and the finite acceptance angle of detectors. However, in
Li–Li coincidence ERDA, the small angular deviations are partially
canceled due to energy averaging of each coincidence event. Thus,
Li–Li scattering has advantage of having a low effect on Li depth
resolution due to small angular deviations. The solid angle of detec-
tors could be increased in Li–Li and He–Li coincidence ERDA
which, as an additional benefit, would further reduce the beam
damage. For quantification from stand-alone coincidence ERDA,
Monte Carlo programs, which account for depth-resolved coinci-
dence losses due to multiple scattering, could be used. To the best
of our knowledge from commonly available programs, only
CORTEO33,39 would be capable of simulating coincidence ERDA
spectra. However, this program is limited exclusively to symmetric
coincidence measurements, with limited possibilities for the end
user to modify many necessary parameters.

IV. SUMMARY

We demonstrate depth profiling Li by NRA, coincidence
ERDA by 8MeV He and Li ions, and TOF-ERDA by 8MeV He
ions in a 3.6 μm thick Ti/LMO/LIPON/NbO/Ti battery. Loss of

coincidence counts was predicted in transmission TOF-ERDA and
coincidence ERDA experiments with 8MeV 7Li2+ and 8MeV
4He2+ ions due to angular deviations of incidence ion beams and
multiple scattering. Thus, integral Li concentrations should be mea-
sured prior to TOF-ERDA and coincidence ERDA experiments.
TOF-ERDA and coincidence ERDA spectra were normalized by
total Li areal density measured by NRA, and Li was quantified in
LIPON layers by simulating the experimental Li energy profile. The
NRA, TOF-ERDA, and coincidence ERDA experiments predict
comparable Li concentrations in LIPON and other layers of battery
within experimental uncertainties (shown in Fig. 7). Ion beam
damage and achievable depth resolution were calculated and com-
pared (shown in Table I). The damage is of the order of 10−4 dpa
in all the methods; thus, it may produce only postirradiation degra-
dation during operation. The depth resolution of 310 and
510 × 1015 atoms/cm2 could be achieved by coincidence ERDA
using 8MeV He and 8MeV Li ions upon optimization of the
experimental setup. For comparison, conventional TOF-ERDA
with gas ionization detector has poor Li depth resolution but could
be improved to 120 × 1015 atoms/cm2 depth resolution by using a
SSD energy detector and 30MeV O ions under 67.5° gracing inci-
dence. However, to get analyzable statistics in TOF-ERDA experi-
ments in transmission/reflection geometry, beam damage is worse
in battery even with He ions due to small solid angles and poten-
tially poor sensitivity of time-of-flight detectors for light species.
On the other hand, the coincidence ERDA experiment features
good sensitivity with high Li depth resolution and low beam
damage to the battery. Thus, the coincidence ERDA experiments
provide promising pathways for in-operando depth profiling for Li
and other light elements in thin film batteries. To further assess the
capability of the investigated methodology, detailed studies of the
flux and fluence dependence of detection limits, achievable time
resolution, and sample degradation are highly desirable.
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