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It is widely believed that a space-charge layer (SCL) exists at the vicinity of a boundary between
a solid electrolyte layer and electrode layer in an all solid-state Li-ion battery due to the differ-
ence of their chemical potentials, although there are no direct experimental evidences. Here, the
Li concentration is predicted to decrease drastically in the SCL. In order to clarify whether SCL
exists or not, we have attempted to measure the 3Li S-NMR spectrum for a multilayer sample,
MgO(50 nm)/Li3PO,4(70 nm)/LiCo0O,(200 nm) as a function of implanted energy of ®Li. The res-
onance spectrum was fitted by a combination of two Lorentzians and one background signal. Fur-
thermore, the line width of the resonance signal from the Li;POy4 layer is found to become broad
towards the boundary with the LiCoO; layer. This is consistent with the presence of an SCL.
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1. Introduction

In order to improve safety and volumetric charge density of the current Li-ion batteries, an all
solid-state battery, which consists of a solid cathode, solid anode, and solid electrolyte, has been
heavily investigated. The most significant issue to overcome for realizing an all solid-state battery
was how to control the interface layer, which is newly formed during a charge and discharge reaction,
between electrode and electrolyte. In fact, based on electrochemical analyses and ex-situ composi-
tional analyses, such a layer, i.e. a solid-electrolyte interface (SEI), is known to exist in conventional
Li-ion batteries using a liquid electrolyte [1]. Moreover, a similar layer is likely formed even for an
all solid-state battery [2].

Very recently, the second issue was predicted by first principles calculations [3]. That is, the
formation of a space-charge layer (SCL) at the interface between cathode and electrolyte due to
the difference of their chemical potentials. In other words, Li vacancies are spontaneously formed
particularly in the electrolyte layer at the vicinity of interface. Furthermore, the vacancy concentration
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is expected to decrease with the distance from the interface and finally become negligibly small. Such
an SCL naturally increases the interfacial resistance, leading to the decrease in both the working
voltage and response time to rapid charge/discharge. For the worst case, an all solid-state battery
would not work due to the SCL.

At present, there are neither experimental information on the thickness of SCL nor direct evi-
dence its existence. However, it is empirically believed that SCL exists at the interface, because the
oxide buffer layer interposed between the LiCoO, cathode and the sulfide electrolyte significantly
reduces the interfacial resistance [4]. In addition, electric potential distribution measurements in an
all solid-state battery (LiCoOy/Lij4,1yAlyTiz,SiP3,012/Li) showed a potential gradient in the elec-
trolyte layer within approximately 1000 nm of the interface [5]. Nevertheless, more reliable or direct
evidence of the SCL is required to further improve the interface in an all solid-state battery.

In order to observe the SCL, we definitely need a nondestructive technique with a good depth res-
olution, since the attempt to fabricate the samples for cross-section-view observations alters and/or
destroys the potential gradient at the interface. Here, Li-NMR is one of the powerful tools to ob-
serve the Li-distribution in solids, but Li-NMR unfortunately lacks a depth resolution. We, therefore,
attempted to use a S-NMR technique with a polarized 8Li beam of TRIUMF, because the range of
8Li* is tunable by adjusting the implantation energy of SLi* (Eimp). In the SCL, the resonance line
is expected to become very broad due to the decrease in the Li concentration. Thus, we have mainly
measured the resonance spectrum as a function of Ejy,.

2. Experimental

A multilayers sample, MgO(50 nm)/LizPO4(70 nm)/LiC0o0O,(200 nm), was prepared on a sap-
phire substrate by laser ablation at Tohoku University [see Fig. 1(a)]. The details of the thin-film-
deposition conditions are published elsewhere [6, 7]. Here, the MgO layer is used for protecting
LizPOy4 from air, because Li3PO; is highly reactive with water.
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Fig. 1. (a) Cross section SEM observation view of the MgO/Li3PO4/LiCoO, multilayers sample grown on a
sapphire substrate, (b) The normalized stopping distribution (Nsp) of *Li with Ejy, = 17 keV in the multilayers
sample, and (c) The 3Li-NMR spectrum measured at 300 K with Eimp = 17keV and H = 6.55 T. In (b), the
distribution was simulated by a computer program SRIM [9]. In (c), a blue solid line corresponds to the signal
from LiCoO,;, while a green line from MgO and LizPOy.

The B-NMR spectra were measured using the 8Li beam produced at the Isotope Separator and
Accelerator (ISAC) at TRIUMF in Canada. The nuclear spin is polarized using a collinear optical
pumping method, producing a spin polarized 3Li* beam with about 70% polarization. The implanted
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beam energy (Ei‘?) was changed from 6 keV to 20 keV, for which the 8Li stops at an average depth
from about 30 nm to 130 nm. The details of setup and experimental procedure of S-NMR are de-

scribed elsewhere [8, 10—13].

3. Results and Discussion

Figure 1(c) shows the resonance line in the
multilayers sample recorded at 300 K with Ejy,, =
17 keV and H = 6.55 T. Here, H is applied par-
allel to the initial 8Li spin polarization. The reso-
nance line is fitted by a combination of the fre-
quency independent baseline determined by the
spin-lattice relaxation rate (1/77) [14], and two
Lorentzians. Although the SRIM simulation [9]
suggests the contribution from the three layers to
the resonance spectrum [Fig. 1(b)], it is challeng-
ing to fit with more than two Lorentzians, presum-
ably because the resonance frequency (f;) of MgO
is very close to that of Li3POy. It should be much
narrower than in the LizPO4 layer, given the lack
of nuclear moments.

Figure 2 shows the resonance parameters as
a function of Ejy,, at 300 K, — namely, the two
amplitudes (A1, A2), resonance frequencies (f;1,
f2), and full width at half maximum (FWHMI1,
FWHM?2) of the Lorentzian signals, together with
a baseline. According to the temperature depen-
dence of 1/T; in LizPO4, FWHM of the LizPOy4
layer is motional narrowed at 300 K due to Li-
diffusion. In addition, FWHM of the LiCoO,
layer ranges around 5.8 kHz due to the appearance
of localized moments [15,16].

Therefore, we attribute the Al signal at
Eimp >~ 16 keV to 8Li stopped in the LiCoO,
layer. Furthermore, f;2 and FWHM?2 are almost
independent of Ej, particularly in the Ejy,, range
below about 16 keV. Meanwhile, A2 decreases
roughly monotonically with Ejy, up to 15 keV.
This suggests the A2 signal at Ej,p < 15 keV cor-
responds to the signal from the MgO layer.

As aresult, the Al signal at 10 keV < Ej,, <
15 keV and the A2 signal at Ejy,, > 15 keV are as-
signed as the signal mainly from the Lis POy layer.
In this Ejnyp range, the FWHMI-vs.-Ejy,, curve is
found to show a local maximum at Ejy,, = 13 keV
at 300 K. This probably corresponds to the SLC,
as expected.
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Fig. 2. The Ejy, dependences of the (a) amplitudes
(A), (b) resonance frequencies (f;), (c) full width at
half maximum (FWHM), and (d) baseline of the 8Li
B-NMR at 300 K. The data were obtained by fitting
the resonance spectrum with two Lorentzians and one
E;mp-independent baseline signal [see Fig. 1(b)]. Bro-
ken lines roughly represent the boundaries.

Since the baseline is known to be decreased with increasing 1/7 [14], Fig. 2(d) means the in-
crease in 1/T with Ejpyp up to 15 keV. Then, 1/T is likely to slowly decrease, or eventually level off
to a constant value, with further increasing Ejnp in the LiCoO, layer. This would also suggest that
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1/T, increases in the SLC probably due to the decrease in the Li content towards the boundary to the
LiCoO; layer.

However, in order to confirm the existence of the SLC, further information on the Li distribution,
via B-NMR, is required, particularly for the data at low temperatures. This is because Li* ions are
naturally immobile at low temperatures, and as a result, the distribution of Li in the SLC is expected
to strongly depend on temperature.
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