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Abstract—Experimental samples of solid-state thin-film lithium-ion batteries (STLIBs) of the
LiCoO,/LiPON/Si@O@Al electrochemical system are manufactured using traditional mask technology by
radio frequency magnetron sputtering of both the electrodes and electrolyte. The obtained samples have a
specific capacity corresponding to the modern published data on industrial STLIB samples. The developed
STLIB samples are capable of long (about 1000 cycles) cycling with an acceptable loss of capacity, provided
that the charging voltage is limited to 3.7 V. Exceeding the charging voltage leads to an increase in the
charging capacity, but to a noticeable acceleration of degradation during cycling. At cycling currents over
20 uA/cmz, the inverse proportionality between the current and the discharge capacity is observed, which is
determined by the delayed solid-phase diffusion of lithium. With a decrease in the cycling current, the dis-

charge capacity approaches the theoretical capacity.
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INTRODUCTION

Recently, the demand for portable and wearable
electronics such as smartphones, smart cards, RFID
tags, wrist gadgets, transdermal patches, and implants,
has grown significantly. The only possible power
sources for these devices are still lithium-ion batteries
with the required dimensions and specific capacity.
However, conventional lithium-ion batteries with a
liquid electrolyte are no longer sufficiently miniatur-
ized for wearable electronics and too unreliable for
implants. Therefore, in the past decade, there has been an
increased demand for solid-state thin-film lithium-ion
batteries (STLIBs) [1—6]. Manufacturers of battery prod-
ucts are aiming to develop thin (less than 1 mm thick)
STLIBs. The battery size is reduced through the use of
the thin-film (1—3 microns) electrodes and solid electro-
lyte, the thickness of which does not exceed 1 micron.

Reducing the size of batteries entails a decrease in
their specific energy consumption. The main reasons
for the decrease in energy consumption are the contact
phenomena at the solid-phase boundaries of the func-
tional layers and the higher resistivity of a solid elec-
trolyte compared to a liquid one. Therefore, when
developing a technology for manufacturing STLIBs,
the main task is to improve the adhesion of the func-
tional layers and reduce the thickness of the solid elec-
trolyte. Below we describe the laboratory technology
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for manufacturing experimental STLIB samples of the
LiCoO,/LiPON/Si@O@Al electrochemical system
and the results of measuring their charge-discharge
characteristics. The technological parameters affect-
ing the discharge capacity of the STLIB experimental
samples are discussed.

Experimental STLIB samples of the LiCoO,/
LiPON/Li electrochemical system were described
at the end of the last century [7, 8]. Replacing lithium
metal with a silicon composite leads to a significant
simplification of the STLIB fabrication technology.
Silicon composites are characterized by a high specific
capacity. Electrodes based on the Si@O@AIl compos-
ite were developed and investigated earlier [9, 10].

1. PRODUCTION OF EXPERIMENTAL
STLIB SAMPLES

All the experimental STLIB samples had the same
structure (Fig. 1) and differed only in the order of the
arrangement of the anode and cathode relative to the
substrate.

Batches of experimental samples were prepared by
radio frequency magnetron sputtering on an SCR 651
Tetra setup using mask technology. For this, masks
were made of steel and copper with a thickness of 0.5 to
0.8 mm. The lateral size of the masks was 100 %< 100 mm?,
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Fig. 1. The structure of the STLIB experimental samples.

while the masked windows had different sizes, which
made it possible to create experimental STLIB sam-
ples of different areas. The constructive base of all the
investigated STLIBs was made of titanium foil 10 um
thick. The substrate was preliminarily treated in an
aqueous solution containing 5% sulfuric and 4%
hydrofluoric acids with the formation of a surface
relief to improve the adhesion of the substrate to the
functional layer. Immediately before the application of
the functional layer, the substrate was subjected to
cleaning by ion bombardment. The SiI@O@AI com-
posite layer was deposited using two targets: from the
Si—Al alloy (9 : 1) and pure aluminum; in this case,
argon with an admixture of 0.3% oxygen served as the
working gas.

Solid electrolyte (LiPON) was applied using Li;PO,.
The target was made of Li;PO, powder by the method
of gradient pressing followed by annealing. To prevent
cracking, the target was fixed in a copper holder,
which ensured the uniform temperature distribution
and efficient heat dissipation during sputtering. The
working gas in this case was nitrogen. The technology
of solid electrolyte deposition is described in detail in
[11, 12].
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Fig. 2. Scheme of galvanostatic tests.

RUSSIAN MICROELECTRONICS

An LiCoO, layer was applied using a commercial tar-
get manufactured by OOO Girmet (Russia). An argon-
oxygen mixture (4 : 1) served as the working gas.

2. TESTS OF EXPERIMENTAL STLIB SAMPLES

A freshly prepared STLIB sample is in the dis-
charged state. This makes it possible to evaluate its
characteristics both in the transient and practically
stationary modes. The galvanostatic cycling of the
STLIB samples with different currents and different
voltages of the end of the charge and discharge was
carried out using an automated AZRIVK 0.05A-5V
charge-discharge measuring and computing complex
manufactured by NTC Booster (Russia). Since the
thickness of the active material of the positive and neg-
ative electrodes is the same (1 wm), and the specific
capacity of the SI@O@AI composite is more than an
order of magnitude higher than the specific capacity of
LiCo0,, the samples under study were cathode-limited.

Figure 2 shows the typical cyclic test setup. The
current cycling is shown here. It can be seen that at the
very beginning of the tests, the charge and discharge were
carried out with a sufficiently low current, so that the
total state of the charge of the sample in the first 25 cycles
was insignificant and, at the same time, increased from
cycle-to-cycle. This stage of research corresponded to
the transitional regime. In the last cycles (60—120),
the state of charge of the STLIB was close to the lim-
iting one, and this stage can be considered as station-
ary. The surface area of the electrodes in this STLIB
sample was 2.64 cm>.

2.1. STLIB Characteristics in the Transient Mode

It has already been indicated that the positive elec-
trode was the limiter of the capacitance in the investi-
gated STLIB samples. The current-generating reac-
tion on the LiCoO, electrode is known to have the
form

LiCoO, <> Li, ,CoO, + xLi" + xe. (1)

Extracting all lithium when charged (x = 1) corre-
sponds to the theoretical specific capacity of 273 mAh/g.
However, with such a full charge, irreversible struc-
Vol. 50
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Fig. 3. Charging and discharging curves for the first five cycles. The cycle numbers are shown in the figure.

tural changes occur, and in reality the charge is carried
out up to values x = 0.5, and the real reversible capacity
does not exceed 150 mAh/g [13]. In the considered
STLIB, the amount of LiCoO, on the electrode is 0.6 mg
(electrode area 2.64 cm?, layer thickness 1 um, density
LiCo0, 2.3 g/cm?). Thus, the theoretical capacity of the
electrode (and the entire STLIB) is 164 uAh (590 uC),
and the capacity for reliable reversible cycling should
not exceed =300 nC. A charge significantly exceeding
this value can lead to the accelerated degradation of
the electrode.

Figure 3 shows the charging and discharging curves
corresponding to the first five cycles at a cycling current
of 1 YA. In this case, the charge was limited to 36 mC,
and the final charge voltage did not exceed 3.09 V.

As can be seen, when such a small charge is applied
in the first cycle, the distribution of the lithium con-
centration over the thickness of the electrodes turns
out to be quite uniform, the deviation of the lithium
concentration from the limiting values is insignificant,
and during the first discharge, even up to such a small

10 LA (25—32 cycles), the mode again became tran-
sient. Typically, at 25—32 cycles, the charging capacity
increased to 360 mC, which exceeded the recom-
mended limit by 20%. As can be seen from Fig. 4, such
an excess of the charging capacity had not yet led to
irreversible structural changes in LiCoO, or to a
noticeable degradation of the STLIB.

Starting from the 33rd cycle, the test program was
changed: in this case, the charge was carried out not to
a constant capacity, but to a predetermined final volt-
age of 4.0 V. In this mode, at the 33rd cycle, the
charging capacity was 465 mC, which led to a subse-
quent noticeable degradation. Figure 5 shows the
charging and discharging curves of cycles 33—37 when
the charging and discharging current was 20 uUA. At
this stage, as the cycle progressed, both the charging
and discharging capacities decreased, but their differ-
ence (starting from the 34th cycle) barely changed
(Fig. 6).

final voltage (0.5 V), less than half of the capacitance 400 - e
is extracted in the charge. In the second cycle, with the Lot
same amount of electricity supplied during charging, a 300 .
large capacity is extracted during the discharge, and as
. Q
the cycle progresses, the excess of the charging capac- =
: . . : =200 |
ity over the discharge capacity decreases (Fig. 4). S ceess
In cycles 6—10 at a charge and discharge current of L° s86060066880660068
5 1A, the same regularity was qualitatively observed: as 100 -
the cycling progressed, the excess of the charging
capacity over the discharge capacity noticeably LR . . .
decreased. 0 10 20 30

In cycles 11—-24, the charge and discharge current
was somewhat reduced, and the cycling took place
practically in a stationary mode. Here the discharge
capacity did not differ from the charging one. With a
further increase in the charge and discharge current to
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Fig. 4. Changing the charging (black diamonds) and dis-
charge (circles) capacities during cycling in the transient
mode.
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Fig. 5. Charging and discharge curves 33—37 cycles. The
cycle numbers are shown in the figure.
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Fig. 6. Changing the charging (black rhombuses) and dis-
charge (white circles) capacities when cycling with a cur-
rent of 20 HA (33—37 cycles) and 10 LA (38—46 cycles).
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Fig. 7. The change in capacitance during cycling in a station-
ary mode at currents of 80 HA (1), 160 UA (2), and 320 pA (3).
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capacity, but guaranteed against structural changes
during cycling. Figure 7 shows the change in the dis-
charge capacity during cycling in these series.

The straight lines in Fig. 7 were drawn using the
least squares method. The slope of these straight lines
corresponds to the degradation rate, which was
0.223 mC/cycle (or 0.43% per cycle) for cycling with a
current of 80 HA, 0.0148 mC/cycle (or 0.056% per
cycle) at a current of 160 LA, and was lower than the
measurement sensitivity at a current of 320 uA. Such a
weak degradation during cycling made it possible to
evaluate the effect of the cycling current on the capaci-
tance (subject to charging and discharging to fixed values
of the final voltage). This assessment also took into
account shorter tests at currents of 10, 20, and 40 pA.

Figure 8 shows the charging and discharging curves
obtained at different currents. The increase in the cur-
rent leads to an obvious decrease in capacitance,
which is determined by the slowness of the diffusion of
lithium in the solid phase of the active materials of the
electrodes (LiCoO, and Si@O@ALl). It is characteristic
that the shape of the curves does not change when the
current changes, which is especially clearly seen when
these curves are presented in normalized coordinates
(Fig. 9), when the fraction of the capacitance from the
maximum achieved in this process is plotted along the
abscissa axis rather than the absolute capacitance [14].

The results shown in Fig. 8 make it possible to
reveal the quantitative dependence of the capacitance
on the cycling current. This dependence is shown in
the discharge capacity—reverse current coordinates in
Fig. 10. It can be seen that at currents exceeding 40 LA,
the discharge capacity is inversely proportional to the
current, which confirms the assumption about the dif-
fusion nature of the limiting stage of the process.
Indeed, under galvanostatic conditions at relatively
low current densities, lithium penetrates the entire
depth of the active layer of the electrode. With an
increase in the current density, by the time the final
voltage is reached (i.e., when the time of the galvanos-
tatic experiment is equal to the transient time T), the
thickness of the diffusion layer becomes less than the
thickness of the active layer and the discharge capacity
turns out to be less than the limiting one. The transi-
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Fig. 8. Charging (a) and discharge (b) curves obtained at currents of 10 uA (7), 20 HA (2), 40 LA (3), 80 pA (4), 160 pA (5), and
320 LA (6).
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Fig. 9. Curves in Fig. 8 in normalized coordinates.

tion time under conditions of flat semi-infinite diffu-
sion is determined by the expression [15]

1=’ F’ D[4, )

where i is the current density, # is the number of elec-
trons participating in the discharge reaction carried by
the diffusing particle, ¢ and D are the concentration
and diffusion coefficient of the diffusing particles, and
F'is the Faraday constant.

Under galvanostatic conditions, the capacitance is
equal to the product of current and time; therefore,
Eq. (2) can be represented as

0 = tn’F’De [4i, 3)

which confirms the inverse proportional relationship
between the capacity and current.
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Fig. 10. Dependence of the discharge capacity on the cur-
rent.



338

C, mAh/cm?
0.0025

0.0020 3
0.0015 \\

Il
0 200

Specific heat TTA-14 VII
+«70 uA

0.0010

0.0005

1 J
1000 1200
Cycle number

Il Il Il
400 600 800

Fig. 11. Change in the discharge capacity of a STLIB sam-
ple with an electrode area of 1.44 cm?in long cycling.

At cycling currents less than 40 LA, obviously, the
thickness of the diffusion layer exceeds the thickness
of the active material on the electrodes, and semi-
infinite diffusion transforms into limited diffusion,
which causes a deviation from the straight line in Fig. 10.

To assess the possibilities of stable cycling, long-
term galvanostatic tests were carried out with an
STLIB sample with an electrode area of 1.44 cm?. The
tests were carried out at a charge and discharge current
of 70 HA (this mode corresponded to a current of
130 pA for the STLIB sample described above) and
the final charge and discharge voltages of 3.7 and 1.0 V.
The results of long-term tests are shown in Fig. 11.

It can be seen that the degradation rate at the first
stage (initial 320 cycles) was 0.13% per cycle and then
decreased to a level of 0.04% per cycle. These results
are, in general, consistent with those given above for a
different STLIB sample.
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