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ABSTRACT ARTICLE HISTORY
A new neutron depth profiling (NDP) spectrometer has been Received 28 June 2019
designed and built for the use at a high intensity focused cold neu-  Accepted 14 October 2019

tron beam of the reflectometer MARIA at the Heinz Maier-Leibnitz KEYWORDS

Zentrum (MLZ, Germany). The extremely high neutron flux at the Neutron depth profiling; in
sample position of MARIA joined with the multiple charged particle situ; operando methods;
detectors allows less than 10 s sampling rate and paves the way to near-surface analysis;
study the kinetics of Li ions in thin-film microbatteries. The perfor- thin-film lithium batteries
mance of the spectrometer with standard calibration samples and

LiNbO3 amorphous thin films is presented; possibilities to operando

study the Li distribution inside thin-film rechargeable lithium batter-

ies are discussed.

1. Introduction

Neutron depth profiling is a non-destructive analytical tool to study near-surface distribu-
tions of some light isotopes with high neutron capture cross-sections (3He,% Li,'° B,'* N,?2 Na
and few more) in solid materials. The neutron-absorption results in nuclei decay with the
emission of a charged particle (a-particle, proton or triton) and a recoiling nucleus with
well-known initial energies Ey. These particles are emitted isotropically and before escap-
ing asample surface, each particle looses a certain amount of energy AE = Ey — E(x) mainly
because of the interactions with the atomic electrons of the host material. The amount of
energy losses AE defines the depth x at which the particle was created:

/Eo dE a
X = _—
E(x) dE/dX
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where dE/dx represents the stopping power of the host material for a charged particle. A
raw spectrum already depicts the concentration profile of the analyzed element. The spec-
trum can be unfolded taking the instrument resolution function and possible uncertainties
into account (7). By using measurements with a calibrated sample, the concentration depth
profile can be derived in absolute units.

The NDP technique was first reported by J. Ziegler, G. W. Cole and J. E. E. Baglin in
1972 as a non-destructive tool to study 10 impurities inside silicon substrates (7). Around
the same time and independently similar experimental approach was used by J. P. Bier-
sack and D. Fink (2). Later on, the technique was further advanced and a number of NDP
instruments appeared around the world (e.g. (3-5)). In the 1990s, the first up to our knowl-
edge NDP facility utilizing a cold neutron beam from a cold source was built at NIST
(Gaithersburg, Maryland, USA) (6). While a cold neutron beam has lower mean energy
of the spectrum, it results in stronger neutron absorption, thus, improving the sensitiv-
ity (minimum observable concentrations of the analyzed elements) and decreasing the
measurement time.

A further step, utilizing a cold neutron beam transported along a neutron guide, was
first realized by D.Fink and coworkers at HMI, Berlin, Germany (2). Guided neutron beam-
lines offer much better background conditions in comparison with the beamlines located
in the close vicinity of a research reactor and still deliver a high cold neutron flux. NDP
technique advances here a lot in sensitivity, in ability to measure fast, in exploring thicker
samples and in detection efficiency of low energy reaction products. During the last decade,
NDP facilities utilizing guided cold neutron beams have been built at two new research
reactor facilities — at HANARO (KAERI, Republic of Korea) (7) and at CMRR (INPC, CAEP,
China) (8).

For more details about the NDP technique, its history and applications, we refer the
reader to (2). AlImost all NDP references up to the present compiled by R.G. Downing can
be found at (https://sites.google.com/site/nistndp/home).

Recently, a demanding studies of lithium-ion batteries (LIB) created a new interest
in the NDP technique because of its sensitivity to isotope 6Li. NDP offers here a num-
ber of advantages. As NDP can be considered non-destructive, Li distribution inside a
battery cell can be studied operando during battery charging and discharging for many
cycles. After the data unfolding procedure, Li concentration is obtained quantitatively,
which is hardly possible for Li by other methods. The natural limitations of the NDP
technique, such as a limited range of charged particles in solids and sensitivity to sam-
ple roughness and homogeneity, limits the application mainly to thin solid-state planar
batteries. Only in this case, an Li profile through the entire battery cell can be derived
with high resolution by analysis of «-particle signal. Examples of NDP being applied
to operando study solid-state thin-film LIB can be found in (9, 70). The moderate neu-
tron flux and single charged particle detector available at the NDP facility (9, 70) made
10 min measurement time for a single NDP spectrum possible. To be able to get a sin-
gle spectrum faster, we proposed to perform NDP experiments on a focused cold neutron
beam with multiple charged particle detectors (77). Following this idea, we designed and
built a dedicated NDP spectrometer at the JCNS for the use at high-intense vertically
focused cold neutron beam of the reflectometer MARIA (72). In this paper, we are going
to report on spectrometer specifications and performance with standard as well as real
samples.
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2. JCNS NDP spectrometer
2.1. Neutron beamlines

The reflectometer MARIA is facing a cold neutron guide NL5 that is fed by the cold neutron
source of research reactor FRM Il (13). The last part of the instrument neutron guiding sys-
tem is a vertically focusing elliptic guide that delivers the neutron beam from a 10% velocity
selector to the sample position. The maximum flux of 2.5 x 108 n/cm? /s is achieved for the
uncollimated beam with 5 Aneutrons (thermal equivalent flux of 0.7 % 10° n/cm?/s ). The
beam size at the sample position can be aslargeas 5 x 2 cm? (width x height). The beam can
be shaped horizontally by the two pairs of slits before and after a focusing guide that allows
precise collimation of the neutron beam in respect to the sample dimensions, allowing us to
avoid the over illumination of the sample and, thus, minimizing the background that could
be created after neutron-induced activation of the chamber and its internal parts. Neutron
beam monitors of MARIA can be used to calibrate each NDP measurement in respect to
reactor / cold source performance. The NDP chamber is placed with a stationary holder on
the MARIA sample table. To align a sample, the chamber is used in transmission mode with a
position-sensitive detector of MARIA. Horizontal and vertical scanning is defining precisely
the position of an absorbing sample in the beam. During NDP measurements, the beam-
stop made of ®Li-polymer shielding is placed between the chamber and detector arm of
MARIA. The schematic CAD drawing of the setup is shown in Figure 1.

For conventional (without fast kinetics) or preliminary measurements, the spectrometer
keeps the versatility to operate at the medium flux test reflectometer TREFF available in the
neutron guide hall of FRM Il, MLZ (74). TREFF is a high resolution reflectometer where beam
is cut from the lower part of a neutron guide NL5 with a double PG-monochromator (set
to 4.74 A primary wavelength). The maximum flux at the sample position including higher
orders of reflection from a monochromator reaches 10”7 n/cm?/s (width x height) for uncol-
limated beam. Two parallel monochromators create a neutron beam of the size of appr.
3 x 10m? that can be further shaped by two pairs of slits along the reflectometer colli-
mation. The procedure of alignment and measurements is similar to described above for
MARIA. The spectrometer installed at TREFF is shown in Figure 2.

L&

Figure 1. CAD drawing of the JCNS NDP chamber installed on the sample table of reflectometer MARIA.
Cut-view.
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Figure 2. NDP spectrometer installed at the sample position of the reflectometer TREFF.

2.2. Sample chamber

The NDP vacuum sample chamber is made from stainless steel and is equipped with 16
vacuum flanges. Four flanges are used to neutron beam entrance/exit at different heights
depending on the beamline (MARIA or TREFF). The flanges have an approximately 0.1 mm
thick aluminum alloy windows with 70 mm opening for a neutron beam. Rest of the ports
are used for detector electronics connection, motorized stages, vacuum pump connection
and reserved for future application. The chamber has a cylindrical shape, the inner dimen-
sionsare @ 600 x 500 mm - to have enough space for a multiple detector system, shielding
and to be able to house sample environment if required. The interior of the chamber can
be accessed via the top spherical stainless steel cap. The desired vacuum level of less than
1072 mbar is achieved in less than 5 min.

The detector holder(s) and the sample holder are placed inside the chamber on a
20 mm thick PTFE plate, which is supported by 10 mm thick aluminum plate (see Figure 3).
The plates can be fixed at two different heights, providing flexibility for different beam-
lines. Holders for the sample and detector(s) are also made of PTFE to minimize possible
background caused by neutron-induced activation and to keep the detectors electrically
isolated from the chamber. Sample holders have thin PTFE wires for fixing a sample. Despite
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Figure 3. The interior of the NDP sample chamber with standard sample holder and single detector.
Radiation shielding is removed for visibility.

the extremely thin aluminum entrance window and PTFE interior, gamma background is
still produced and additional lead shielding of charged particle detectors inside is required
(not shown in Figure 3 for better visibility).

The spectrometer is at present equipped with up to 4 PIPS (© Canberra GmbH) charged
particle detectors, while more detectors are planned for the near future. The active area
of the standard detector is 50 mm?2. The detector(s) can be placed at different angles both
by rotating a sample with a rotation stage and by placing mechanically detector(s) at dif-
ferent angles. The distance between sample and detector can be changed between 35
and 150 mm, thus giving an opportunity to decrease/increase the solid acceptance angle
for a single standard detector up to eight times. Alternatively, larger (150 mm?) or smaller
(25 mm?) detectors can be used. All these options give a versatility for tuning the resolution
versus counting rate in each particular measurement.

2.3. Electronics

The schematic view of the readout chain, as well as the schematic representation of the
pulse height analysis procedure, are shown in Figure 4. The signals from charged particle
detectors are further processed in the charge-integrating preamplifier (CSP), main spec-
troscopy shaping amplifier with further fast analog to digital converter (ADC) to digitize
the pulses and multi-channel analyzer (MCA) to save the spectra and forward it into the PC.
MCA range can be preset to different values depending on the counting rate and resolution
requirements. By default, the range is 8192 number of energy channels. The preamplifiers

~ o N, N

Main
[ Detector ]-b[ csP ]-}[ aniplifies ]-}[ ADC ]-b[ MCA(MPA)}

Figure 4. A block diagram of the detector signal readout chain of JCNS NDP spectrometer.
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Figure 5. Spectrum collected from a 3 kBq mixed a-particle source (23 Pu, 241 Am,%** Cm) with 30 mm
sample to detector distance.

are fixed directly at one of the chamber ports while all further electronics is housed in a
stand-alone rack (see Figure 2).

We have tested the detector readout chain with 3kBq mixed «-particle source (" Am,
239 py, 24 Cm). The spectrum is shown in Figure 5. If we calculate the calibration parameters
between the most pronounced peaks of Cm (5804 keV) and Pu (5156 keV), it results in ~
1.1 keV per 1 MCA channel for a corresponding energy range, giving the energy resolution
of AE =~ 11keV in this energy range for the detection of a-particles. The obtained energy
resolution of 11 keV coincides with the value declared by the manufacturer of detectors.

3. Performance of the new NDP spectrometer with standard NDP samples
and SLiNbOs thin films.

To get the spectrometer characteristics during neutron measurements, NDP standard sam-
ples and specially deposited 6LiNbOs thin films have been measured at MARIA. Energy
resolution parameters were obtained from the measurement of standard reference material
sample SRM93a (NIST, USA). The sample consists of a 6 mm thick, 32 mm wide in diameter
piece of borosilicate glass (with 12.5%B,03 content) and can be used to perform energy-
channel calibration of NDP detecting system (7). The signal created after neutron capture
should have a uniform distribution with a steep edge for highest energies (particles from
a surface) of 1472 and 1776 keV (see Figure 6). Below the channel 480, the contribution
from y—signal coming from the sample itself (i.e. 480 keV y-rays produced after neutron
capture in '9B) appears. As the reaction cross-section for the first reaction channel is con-
siderably larger (counting statistics is correspondingly proportional) — the energy edge for
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Figure 6. Spectrum collected from SRM-93a borosilicate glass. Highest energies (particles from the
sample surface) are marked with dashed lines.

1472 keV is used to determine the resolution parameters. The 90 min measurement has
been performed with the sample to detector distance of 100 mm.

The smoothed first derivative of the energy edge for 1472 keV gives a bell shape curve
with FWHM of 11 keV (see Figure 7), that can be considered as the spectrometer energy
resolution for a-particles produced after '°B(n,* He)’ Li reaction.

The theoretically achievable depth resolution in NDP analysis can be estimated accord-
ing to (15):

cosf

Ax = AE. ,
X dE/dx

(2)

where 6 is the angle between the detector and sample normal, dE/dx represents stopping
power of host material, AE - uncertainty in measured energy loss. For calculating AE, we
have taken the following parameters into account (75): energy resolution, uncertainty of
6 within the solid acceptance angle of the detector, effects from energy struggling and
nuclear scattering. We have estimated the achievable depth resolution for a typical thin-
film LIB component LiCoO; electrode film as a function of the angle 6 (see Figure 8). The
resolution for standard geometry (detector surface is perpendicular to the sample surface
normal) exceeds 35 nm, while resolution for glancing angles geometry (74° < 6 < 84.5°)
is less than 10 nm (the estimate is given with the assumption of 100 nm thin sample and
3.5g/cm? density, the stopping power was calculated with SRIM software' and was taken
to be constant for simplicity).

For unfolding of the measured raw data, the determination of the detector energy
response function is required. Any measured spectra S(E) is a concentration profile of
an analyzed isotope C(x) convoluted with the detector response function fge(E, x) that
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Figure 7. Inverted first derivative of the energy edge 1472 keV. Represents energy resolution of the NDP
detectors system.
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Figure 8. Achievable depth resolution for the 100 nm LiCoO; thin film.
includes possible uncertainties in measured energy and background (76-19):
S() = /C(x) - fyer (E, x) dx, (3)

the response function fge:(E, x) here gives a probability of a particle emitted from depth
x being detected with energy E. The response function can be simulated (77-179) or it can
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Figure 9. a-signal collected from 15 nm thick SLiNbOj3 thin film (circles) and a fit (solid line).

be derived for particular isotope and sample from the measurement. To derive one for a-
particles® emitted after Li(n,3 H)* He reaction, we have been using 15 nm thick °LiNbOs
(95% SLi) amorphous thin film deposited on a silicon substrate. For a standard geometry,
the layer of 15 nm is less then theoretical resolution with a-particle for ®LiNbOs thin film
(which is &~ 30 nm for 100 nm film with 4.65 g/cm3 density), so we assume that 15 nm thin
film acts as a ‘single’ layer and the measured spectrum represents a pure detector response.
The measured a-signal and the fit are shown in Figure 9. As a fitting function, we used a
Gaussian function for the main peak and power law on the left tail of the peak by the analogy
with (20):

N[—=
ey
x
Qll
&
N———
N
SNS—
>
\
><\
=

a ex
y=14° 2 P
b
(xo —x)*'

where x’ is set manually to the channel number 3038. The left tail is produced mostly due
to incomplete collection of charge generated by a-particles in the detector. The peak form
which is nearly Gaussian with FWHM = 11 keV (in accord with the spectrometer resolution
mentioned above) represents the response function for particles emitted from a ‘single’
layer or the sample surface. For the particles emitted from the sample interior, the width of
the response function will increase due to contributions from statistical fluctuations in par-
ticle energy loss (multiple scattering, energy straggling, etc.). As well the response function
can be also affected by the geometrical arrangement of an experiment (e.g. for glancing
angle geometry).
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Figure 10. Unfolded NDP spectrum of SRM-2137 collected on MARIA in roughly 14h. Solid line -
certified values, dots — as measured.

Consequently, NDP calibration standard SRM2137 (NIST) has been measured (Figure 10).
The sample consists of boron implanted into a silicon wafer. The Boron depth distribu-
tion is certified by NIST after performing several secondary ion mass spectrometry (SIMS)
measurements. The unfolded depth profile after NDP measurement and comparison to
the certified Boron distribution are shown in Figure 10. The unfolding procedure has been
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Figure 11. a-peak region of the smoothed spectrum collected for multilayer thin-film sample
61iNbO3 /Si/™LiNbO3.
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performed using the software developed in (76, 27). Small deviations on the right shoulder
are caused by the above-mentioned asymmetry in detector response function while the
available software operates only with symmetric Gaussian response.

To improve the statistics during the NDP measurements, deposition of the samples
with enrichment of neutron-absorbing isotopes should be considered. For example, for
SLi-enriched samples a gain factor of up to 13 in comparison with natural ®Li-abundance
samples (7,5%) can correspondingly reduce the minimum time required to get a desired
spectrum. To prove thisidea, a thin film LiNbO3 sample, having 6Li-enriched layers, has been
measured. The structure of the sample is as follows: three 6LiNbO3 layers, two ("#Li)NbOs
layers and 4Si spacer layers in between, The Li isotope fraction of the 5LiNbO3 and
nat| iNbOs layers is 0.95 and 0.07, respectively. The thicknesses of the LiNbO;3 layers and
Si spacer layers are 45 nm and 95 nm, respectively. All LINbOs3 layers have an amorphous
structure. The measured spectrum is shown in Figure 11. As expected, ®Li-enriched lay-
ers are giving 13 times stronger signal with respect to absorbing isotope abundance. For

operando studies of thin-film batteries, the deposition of samples with SLi-enriched layers
is certainly of advantage.

500 —— | v v v v | v T T ' | ‘'t Tt Tt Tt | T T T T ] T T T
| | + LTO-450 nm LPO
LTO-LPO 450 nm/440 nm 3
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Figure 12. Smoothed spectra collected on MARIA in 90 minutes for thin films — single film LisTisO1;
(LTO) and double layer films LisTisOq, /LizPO4 (LTO-LPO).
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4. Test measurements with lithium thin-film batteries.

The next step in exploring the capabilities of the new spectrometer were the mea-
surements of thin-film Li-ion battery samples in their as-deposited state. Thin-film
half cell battery samples of different thicknesses — comprising single electrode film
Li4Ti5012(450 nm) and electrode/electrolyte films LisTisO1(190 nm, 450 nm, 900 nm) —
Li3PO4(180 nm, 440 nm) were deposited on silicon substrates by metal-organic chemical
vapor deposition method (MOCVD). Spectra collected for 90 min from LisTisO1,(450 nm)

Concentration, rel. units

T I T 1 T 1 T I T 1 T I T I T T T I T I
0 100 200 300 400 500 600 700 800 900 1000
Depth, nm

Figure 13. Unfolded Li depth profile (in relative units) of LigTisO1, /LizPO4 film.

Energy, keV

Figure 14. Smoothed spectra collected on MARIA for LizTisO12(190 nm) — LizPO4(180 nm) sample
(LTO-LPO).
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and LigTisO12(450 nm, 900 nm) — Li3PO4(440 nm) films are shown in Figure 12. The exam-
ple of unfolded spectrum for the thickest sample is shown in Figure 13. All samples in
this section were deposited with the natural abundance (not exceeding 7.5%) of neutron-
absorbing isotope SLi.

The counting time that will be required for reliable measurements of a battery-
type sample can be estimated using the result of 10 min measurements of thin-film
LigTi5O012(190 nm) — LizPO4(180 nm) (see Figure 14). Despite of short measurement time,
the statistical errors are still sufficiently small and do not mask the observed features - the
difference in Li concentration between electrode LisTisO13 and electrolyte LizPOg4. The use
of fully ®Li-enriched samples and 8 detectors of charged particles will result in 13 and 8
times increase in the number of collected charged particles, respectively. Indeed, in such
case, the same counting statistics will be achieved within the data collection time of less
than 10 s. Such an extremely fast operando NDP studies of LIB during charging and dis-
charging have been never realized before and should give a clearer picture of the battery
chemistry evolution in time.

5. Conclusions

A new neutron depth profiling spectrometer has been designed and made operational
at the focused cold neutron beam of the JCNS reflectometer MARIA. The spectrometer
has been tested and characterized with standard NDP samples and different amorphous
("9tLi,° Li)NbOs3 thin films. The measurements of thin-film LIB samples in as-deposited state
provided the information on the achievable rate for operando studies — single meaning-
ful NDP spectrum can be obtained for a ®Li-enriched thin-film LIB in less than 10s. Further
steps to improve the spectrometer performance, such as using a 2-D focused neutron
beam, increasing the number of charged particle detectors and further reduction of the
background, are planned for the near future.

Notes

1. http://www.srim.org.
2. Inthis paper, we focus only on a-particle part of spectra for Li(n,3 H)* He products, as signal from
a-particles provides significantly higher depth resolution than 3H-signal.
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