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Abstract: Along with the soaring demands for all-solid-state thin-film lithium-ion batteries, the
problem of their energy density rise becomes very acute. The solution to this problem can be found in
development of 3D batteries. The present work deals with the development of a technology for a 3D
solid-state lithium-ion battery (3D SSLIB) manufacturing by plasma-chemical etching and magnetron
sputtering technique. The results on testing of experimental samples of 3D SSLIB are presented.
It was found that submicron-scale steps appearing on the surface of a 3D structure formed on Si
substrate by the Bosch process radically change the crystal structure of the upper functional layers.
Such changes can lead to disruption of the layers’ continuity, especially that of the down conductors.
It is shown that surface polishing by liquid etching of the SiO2 layer and silicon reoxidation leads to
surface smoothing, the replacement of the dendrite structure of functional layers by a block structure,
and a significant improvement in the capacitive characteristics of the battery.

Keywords: 3D solid-state battery; plasma-chemical etching; magnetron sputtering; Si-O-Al nanocom-
posite; lithium cobaltite; LiPON; discharge capacity

1. Introduction

The demand for all-solid-state thin-film lithium-ion batteries (SSLIB) [1–6] has grown
significantly in the last decade. The area of their widest application is smartphones (~25%
of all SSLIBs), wrist gadgets (~30%) and transdermal patches (~25%), while SSLIB for
power banks, RFID tags and smart cards is less than 10% from their total volume [7].
According to a report from IDTechEx, the market for solid-state thin-film lithium-ion
batteries will grow from $22 million to $109 million from 2020 to 2025. SSLIBs would be
even more in demand if not for their small specific capacity. Unfortunately, a decrease in
battery size is accompanied by a decrease in the density of stored energy. For instance,
Cymbet Corporation produces all-solid-state batteries with nominal capacity 50 µA·h
(sizing 5.7 × 6.1 × 0.2 mm), and 5 µA·h (sizing 1.75 × 2.15 × 0.2 mm). The energy density
of these batteries amounts to 25 and 27 W·h/L, while for lithium-ion batteries of normal
capacity (A·h units), this value is 200–400 W·h/L [8].

Currently, the most promising way to increase the specific capacity of SSLIB is to
develop 3D batteries. The goal of 3D design is increasing the volumetric energy density
of the batteries by enhancement of their specific surface area. Indeed, a planar solid-state
design depicted in Figure 1 shows that relatively much of the space is occupied by inactive
materials such as substrate, capsulation materials and packaging. The 3D design allows
obtaining much higher energy storage with almost the same amount of packaging and
substrate material. The internal surface area between electrodes and electrolyte in 3D
batteries is higher, therefore a much higher total battery current can be obtained [9,10].
Market demand for smartphones and wearable devices including implantable medical
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devices, drug delivery systems, microsensors and so on opened a special niche for 3D
batteries with typical size from 1 to 10 mm3 and power from 10 nW to 1 mW [1–7].

Figure 1. Cross-section of solid-state thin-film lithium-ion battery.

Despite the obvious advantages of 3D SSLIB, they also have certain shortcomings. The
main one is the uneven deposition of the functional layers of the battery. First of all, this
refers to batteries with a high aspect ratio—the ratio of the relief height to its characteristic
lateral size [11]. The inhomogeneity in the thickness of the functional layers leads to the fact
that different sections of SSLIB operate in different regimes, and where the current density
is higher, the specific capacity is lower. The difference in the thickness of the functional
layers is observed on surfaces with different slope angles of the relief. In addition to this,
the surface irregularities related to the manufacturing technology may occur. For example,
the truncated cones considered in this work contain steps (scallops) on the sidewall of the
cones, which appear in the course of alternation of etching and passivation stages during
the Bosch process [12]. As shown below, functional layers, which on a smooth surface have
a large-block structure, when deposited on these steps, can form island-type structures
with cavities. The formation of cavities and the difference in morphology of the same
layer deposited on the conical and on the flat surface leads to a violation of continuity of a
functional layer and even complete isolation of the cone.

Below is a description of the manufacturing technology of 3D SSLIB of LiCoO2-LiPON-
SiOAL electrochemical system and the results of testing its charge–discharge characteristics.
It is shown that the smoothing of steps on the surface of truncated cones leads to the
formation of films with a large-block structure and an increase in the contribution of the
cones to the SSLIB capacity.

2. Experimental Procedure
2.1. Batteries Manufacturing

In studying the effect of the silicon substrate profile on the capacitive properties of
3D SSLIB the batteries of an electrochemical system LiCoO2-LiPON-SiOAl were manu-
factured. A silicon wafer with a 3D relief formed by a truncated cones array served as
a substrate for the deposition of functional layers. The conical array was created by a
modified Bosch process based on silicon etching through a mask in the form of disks with
a rounded profile [13]. The method allows transfer of the mask pattern to silicon surface
by its plasma-chemical etching with simultaneous adjusting of the silicon and photoresist
etching selectivity. For this purpose, the basic Bosch process was supplemented by the
step of photoresist etching in an oxygen-containing plasma. The shape of the conical
structures was controlled by the duration of the additional step and by selection of silicon
etching conditions.

To form 3D relief on silicon wafer surface Plasmalab System 100 (Oxford Instruments,
Tatton, UK) with an inductively coupled plasma source (ICP 360) was used. A mask on the
surface of the silicon wafer was formed by photoresist S1318 SP15 spin-coating followed
by its exposure to ultraviolet radiation and etching. Before the start of the Bosch process
the mask was kept melted at 145 ◦C for 20 min to shape its elements to a form of spherical
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lens [14]. Such shape allows a stepwise lens diameter reduction in a course of etching
process to obtain 3D structures of a tapered profile.

Truncated silicon cones obtained as a result of plasma-chemical etching had a charac-
teristic stepped surface. The number of steps corresponds to the number of etch-passivation
cycles in the Bosch process. After plasma-chemical etching, the silicon substrate was ox-
idized in a SDOM-3/100-M1 thermal diffusion facility (GKMP Research & Production
Company LLC, Bryansk, Russia) with a quartz tube reactor 150 mm in diameter. The
reactor temperature in the working area was 1080 ± 1 ◦C. After reaching a predetermined
temperature, silicon wafers in a special quartz boat-stand were placed in the working zone
of the reactor and held for 5 min. After heating the plates and the boat, dry oxygen of 99.7%
purity was fed into the reactor; the gas flow rate was 300 L/h (500 sccm). The first 10 min
the plates were oxidized in dry oxygen, then the oxidation was carried out in a vapor–gas
mixture for 4 h and the last 10 min in dry oxygen. To generate water vapor, a standard
evaporation system was used; the flow rate of distilled water was 500 mL/h. The thickness
of the resulting oxide layer was ~0.9 µm.

Then, one of the substrates (SSLIB-1) was used for functional layers deposition without
additional treatment. The second (SSLIB-2) was subjected to SiO2 etching in a solution
of HF:H2O 5:1 until complete removal of the oxide, and then re-oxidized under the same
conditions. As a result, 3D structures in the form of rows of truncated cones with a base
diameter of 10–12 µm, height about 3.5 µm and a period of 15 µm were obtained (Figure 2).

Figure 2. SEM image of the 3D SSLIB structure.

The functional layers of the battery were successively deposited on the oxidized 3D
substrate surface by RF magnetron sputtering of Ti, LiCoO2, Li3PO4, Si0.9Al0.1 and Ti
targets at an SCR 651 Tetra (Alcatel, Paris, France) system. This system is equipped with
four magnetrons, so during SSLIB fabrication replacement of targets is not required. This
significantly reduces the time that the lithium-containing functional layers are exposed to
the atmosphere. The system is equipped with a heating device for the substrate temperature
regulating. The copper substrate holder is heated from the blackened profiled rear side
by radiation from an electric furnace made of an Inconel electric heating tube element
(Thermocoax, Paris, France). Furnace power (100 W) allows heating a standard silicon
wafer up to 550 ◦C, and a mask holder to 450 ◦C. The temperature is measured with a
platinum thermal sensor installed in the furnace using a Type 810 controller (Eurotherm,
Worthing, UK). The substrate heating was used during the deposition of lithium cobaltite
to obtain a layer with crystalline structure.

The LiCoO2, Li3PO4, and Si0.9Al0.1 targets of 99.99% purity and 100 mm in diameter
were made of original powders by hot-pressing technique at a temperature of 700 ◦C
(GIRMET Ltd., Moscow, Russia). Before depositing, the sputtering system SCR 651 Tetra
was evacuated to residual pressure 1× 10−6 Pa. The layers were deposited in the following
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sequence: Ti—lower current collector, LiCoO2—cathode layer, LiPON—solid electrolyte, Si-
O-Al—anode layer, Ti—upper current collector. Functional layers were deposited through
metal masks of different window sizes varying from 18 mm × 17 mm for the lower current
collector to 10 mm × 10 mm for the upper current collector. The basic parameters of the
layers’ deposition process are given in Table 1.

Table 1. Parameters of technological processes for the manufacture 3D SSLIB.

Functional
Layers Heating, ◦C Pressure, Pa Gas 1 Flow,

sccm
Gas 2 Flow,

sccm RF Power, W
Time

Deposition,
min

Thicknesses
of Layers *,

µm

Ti - 0.2 Ar = 20 - 300 30 0.6

LiCoO2 200 0.8 Ar = 20 O2 = 5 200 220 0.9

LiPON - 0.2 - N2 = 18.6 150 180 1.0

Si-O-Al - 0.18 Ar = 20 O2 = 0.6 400 16 0.75

Ti - 0.2 Ar = 20 - 300 10 0.2

* This is an estimated layer thickness at the center of the substrate.

2.2. Methods of Characterization

The surface morphology and the structure of the cross sections of the batteries before
and after the electrochemical testing were investigated on a scanning electron microscope
Supra-40 (Carl Zeiss, Oberkochen, Germany). Elemental analysis of functional layers was
carried out by energy-dispersive X-ray microanalysis (EDXMA) on INCAx-acta (Oxford
Instruments, Abingdon, UK) and by Auger spectroscopy with a PHI-660 spectrometer
(PerkinElmer, Waltham, MA, USA). Since both methods are insensitive to lithium, LiCoO2
energy-dispersive microanalysis was supplemented by X-ray phase analysis, performed
on an ARL X’tra X-ray diffractometer (Thermo Fisher Scientific, Switzerland). The study of
the elemental composition was performed using test structures or so-called «bystanders»,
which consist of the same functional layers deposited on a flat silicon wafer placed nearby a
3D silicon substrate. After electrochemical tests, 3D SSLIB chip mapping was accomplished
to visualize the distribution of chemical elements.

The electrochemical testing of batteries was carried out by the method of galvano-
static cycling with a multichannel potentiostat-galvanostat P-20x8 (Electrochemical In-
struments, Chernogolovka, Moscow Region, Russia). The tests of the 3D SSLB-1 were
performed according to the following scheme: 1–5 cycles—current 5 µA, charging time 1 h;
6–10 cycles—current 5 µA, charging time 1 h; 11–15 cycles—current 5 µA, charging time
2 h; 16–20 cycles—current 15 µA, charging time 1 h; 21–23 cycles—current 35 µA, charge
up to 4.0 V, discharge to 2 V; 24–30 cycles—current 35 µA, charge up to 4.5 V, discharge to
2 V.

Tests for the 3D SSLIB-2 sample proceeded in similar regimes: 1–5 cycles—current
5 µA, charging time 10 min from 0 to 2.5 V; 6–10 cycles—current 5 µA, charging time 1 h
from 0 to 3 V; 11–15 cycles—current 5 µA, charging time 2 h; 16–20 cycles—current 15 µA,
charging time 1 h or up to 3.3 V, discharge to 0 V; 21–25 cycles—current 35 µA, charging
time 1 h or up to 3.6 V, discharge to 0 V; 26–30 cycles—current 35 µA, charging for 2 h or
up to 4 V, discharge to 2 V; 31–35 cycles—current 70 µA, charge up to 4 V, discharge to 2 V.

2.3. Morphology and Elemental Composition of Functional Layers

The study of 3D SSLIB-1 and 3D SSLIB-2 morphology by electron microscopy has
revealed significant differences in the structure of their functional layers. First of all, this
refers to the LiCoO2 layer, the structure of which is most strongly affected by the roughness
of the silicon substrate. This, as will be shown below, is the main reason for the different
capacity and stability of the 3D SSLIB-1 and 3D SSLIB-2 batteries.

Microanalysis of the test layers was performed twice: immediately after application
and after a month of storage in the atmosphere. The measurements were carried out at
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a minimum accelerating voltage of 6 kV (to exclude the signal from the SiO2 layer), an
aperture of 120 µm, and a magnification of ×2000. The results of the analysis are presented
in Table 2. Since the method is not sensitive to lithium, the content of all other elements of
the lithium-containing layers was taken as 100%. As for Si-O-Al the repeated measurements
of the elemental composition were not performed, as this material is rather stable, and its
composition practically does not change in one month.

Table 2. Results of microanalysis of test layers just after deposition and after a month storage in the atmosphere.

Layer
Chemical
Element

Weight % Weight %, Error Atomic %

13 March 2021 10 April 2021 13 March 2021 10 April 2021 13 March 2021 10 April 2021

LiCoO2
OKα 32.78 35.40 0.15 0.16 64.13 66.79

CoLα 67.22 64.60 0.44 0.45 35.87 33.21

LiPON

NKα 7.08 7.99 0.19 0.21 9.91 11.14

OKα 52.76 52.07 0.18 0.19 64.67 63.65

PKα 40.16 39.94 0.18 0.19 25.42 25.21

Si-O-Al

OKα 19.60 0.13 28.86

AlKα 19.43 0.10 16.96

SiKα 62.46 0.19 52.39

ArKα 3.03 0.12 1.79

According to EDXMA data (Table 2), the stoichiometric composition of the freshly
deposited lithium cobaltite film is LiCoO1.79. At the same time, according to X-ray phase
analysis data, the crystalline phase has a stoichiometric composition LiCoO2. The dis-
crepancy in the oxygen content in these data is explained by the low accelerating voltage
of the electron beam. It is known that the EDXMA method gives the most accurate data
at a voltage of 10–11 keV. The dependence of the measurement error of the elemental
composition on the energy of the electron beam and the procedure for calculating the
correction factors are given in [15]. The stoichiometric composition of the solid electrolyte
(according to Table 2 data) is Li3PO2.52N0.44, which is close to the data of [16], where, using
EDXMA and inductively coupled plasma, the composition of the sputtered LiPON film
was determined as Li2.99PO3.38N0.41.

The elemental composition of the negative electrode is in the range of values that
provide a capacity within 1000–1500 mA·h/g [17]. As Si/Al ratio in the target was 3 while in
the Si-O-Al film this ratio is 3.2, the error of the estimation of this element’s concentration in
the Si-O-Al nanocomposite is insignificant. Oxygen data may be somewhat underestimated
for the reasons indicated above. Noteworthy is the presence of a rather large amount of Ar
in Si-O-Al. On the one hand, Ar atoms “loosen up” Si-O-Al structure and rise Li diffusivity.
On the other hand, during lithiation–delithiation argon can predominantly diffuse in one
direction and collect in gas bubbles, forming cavities inside or between the battery layers.

2.4. X-ray Phase Analysis of Positive Electrode and Solid Electrolyte

Since energy-dispersive microanalysis is insensitive to lithium, the layers of lithium
cobaltite and LiPON were characterized by X-ray phase analysis. In this case, a double
goal was pursued: (i) to show that the stoichiometric composition of lithium cobaltite (at
least that of its crystalline phase LCO) is retained during magnetron deposition; and (ii) to
make sure that the solid electrolyte is amorphous and remains so despite heating caused by
subsequent layers deposition. For this, four test samples were made by depositing LiCoO2
and LiCoO2/LiPON on titanium foil. Two of them were annealed at a temperature of
500 ◦C in an argon. Diffraction patterns of all samples both annealed and without annealing
are compared in Figure 3. No crystallized LiPON phase was found. Thus, annealing of
LiPON films up to 500 ◦C in an inert medium does not cause their crystallization.
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Figure 3. Diffraction patterns of annealed and unannealed structures Ti/LiCoO2 (LCO) and
Ti/LiCoO2/LiPON. Annealing conditions are shown in the plot.

3. Results and Discussion
3.1. The Electrochemical Behavior of 3D SSLIBs

Figure 4 shows the results of electrochemical testing of 3D SSLIB-1 and 3D SSLIB-
2 by the method of galvanostatic cycling. The current-producing reactions in lithium-
ion batteries LiCoO2-LiPON-SiOAl are commonly known. The charging of a negative
electrode is lithium insertion into the electrode material. In the case under consideration,
it is xLi+ + xe + Si→ LixSi. The charging of a positive electrode is lithium extraction
or LiCoO2 → Li1−xCoO2 + xLi+ + xe. The discharging reaction occurs in the opposite
direction. The voltage peaks for both reactions, shown in Figure 4b, are well-known
as well.

The main goal of cycling was to estimate the rate of battery degradation, which is
defined as the decrease in the discharge capacity over a certain number of cycles. A 10%
decrease in capacity per 1000 cycles is considered to be a good stability indicator for SSLIB.
Cycling results are usually presented in the form of C(n) plots, where C is the specific
capacity and n is the cycle number. In this case the bias or systematic error of the capacity
measuring is not of particular importance. As for the dispersion of experimental points,
in a view of battery degradation from cycle to cycle, i.e., the lack of reproducibility of
the experimental conditions, its calculation makes little sense. For this reason, statistical
processing of the cycling results is never used and the confidence intervals on the C(n)
plots are not indicated.

Figure 5 shows the cycling plots of 3D SSLIB-1,2 for the first 35 charge–discharge cycles.
The test modes are given in Table 3. The discharge capacity and Coulombic efficiency are
also indicated in the Table 3. For thin films ~2 µm thick the determination of porosity is a
difficult task. For example, the mass of the active substance of the test electrode with the
maximum filling of the flask is at the sensitivity limit of an adsorption porosimeter (Surfer,
Thermo Scientific), used in present work. This makes the calculation of the specific capacity
almost senseless. That is why in Table 3 the capacity values are given in ampere-hours per
unit surface. As the battery is of a pyramidal shape with a base of 1.6 × 1.6 cm2 (bottom
electrode) and apex of 1.0 × 1.0 cm2 (upper down conductor), its area was assumed to be
equal to that of the electrolyte S = 1.96 cm2.

The first cycles in Figure 5 are characterized by the absence of a regular dependence of
the discharge capacity on the C-rate, since the charge currents are minor and the full charge
of the battery in a fixed time is not achieved (Table 3). In addition, during the first cycles,
the processes of silicon reduction from silicon dioxide takes place in the anode, which leads
to a real increase in the anode capacity. The dependence of the capacity on the charge rate
appears only at later cycles, for example, for 3D SSLIB-1 starting from the 25th cycle, and
for 3D SSLIB-2 at 28th one (Figure 5).
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A comparison of cycling plots of 3D SSLIB-1,2 shows that up to the 21st cycle at a
current of 15 µA, the capacities of the batteries are similar and repeat each other with small
deviations. Furthermore, the capacitive characteristics differ sharply from each other. The
battery with a smoothed profile of the silicon substrate (3D SSLIB-2) shows a significant
increase in capacity by 2.5 times at a current of 35 µA in a potential window of 0–3.6 V,
while the 3D SSLIB-1 sample practically does not change the capacity at an increase in the
current up to 35 µA and an expansion of the potential window to 4.0 V.

It should be noted that an increase in the charge current and an expansion of the
potential window results in a sharp drop in the discharge capacity for both samples, what
indicates irreversible processes of lithium transfer in battery layers [18]. There are known
specifics of LiCoO2 as functional material of positive electrodes: the higher the cut-off
voltage is when charging, the higher the charge capacity and simultaneously the higher the
tendency of irreversible structure transformation. The experiment with increased charge
voltage from 4.0 to 4.5 V after the 24th cycle was aimed to perform a quantitative evaluation
of this phenomenon in terms of the Coulombic efficiency. The Coulombic efficiency can be
determined only for charging processes limited by the upper value of the potential window
as the ratio of the discharge time in a given potential window to the charge time × 100%.
As can be seen from Table 3, at a current of 35 µA, a noticeable decrease in the Coulombic
efficiency of both batteries is observed, while the efficiency of the 3D SSLIB-1 decreases
faster than the SSLIB-2. This means that in addition to irreversible reactions in lithium
cobaltite, irreversible processes also occur in other elements of 3D SSLIB-1. The nature of
these processes will be discussed below.

Figure 4. Charging–discharge characteristics of 3D SSLIB-2 (a) and its differential capacity (b) for
16th–20th cycles, current 15 µA.
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Figure 5. Cycling plots of experimental 3D SSLIBs. 3D SSLIB-1 (squares) was made without surface
smoothing. 3D SSLIB-2 (circles) was subjected to chemical polishing.

Table 3. Batteries’ cycling modes and capacitive characteristics.

Current,
µA

3D SSLIB-1 3D SSLIB-2

Cycle
Number

Charg. Time
or Poten.
Window

Spec. Cap.,
µA·h/cm2

Coulombic
Eff., %

Cycle
Number

Charg. Time
or Poten.
Window

Spec. Cap.,
µA·h/cm2

Coulombic
Efficiency

5 1–5 1 h 1.2 1–5 10 m 0.5 -

5 6–10 1 h 1.7 6–10 1 h 1.8 -

5 11–15 1 h 3.5 11–15 2 h 1.9 -

15 16–20 1 h 5.5 16–20 1 h, 0–3.3 V 5.6 95

35 21–23 2–4 V 5.3 81 21–25 0–3.6 V 11.9 93

35 24–30 2–4.5 V 2.2 74 26–30 2–4 V 20–23 91

70 - - - - 31–35 2–4 V 15–11.3 81

3.2. Effect of 3D Substrate Relief on SSLIB Functional Layers Morphology

After electrochemical tests, 3D SSLIB samples were examined on a SEM Supra 40 to
determine the possible reasons for the different behavior in their capacity during cycling.
Several factors can influence the behavior of 3D SSLIB cycling curves. One of them,
obviously, is the discontinuity of functional layers on the truncated cone of a 3D structure.
Figure 6a,b shows SEM images of the 3D SSLIB-1 chip with a stepped surface profile and
that of 3D SSLIB-2 with a smoothed profile.
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Figure 6. SEM image of the batteries’ cleavages: (a) 3D SSLIB-1 without smoothing of the etching
profile; (b) 3D SSLIB-2 on a smoothed silicon substrate.

Figure 6a illustrates how faintly discernible steps on a silicon cone in a course of
thermal oxidation transform into a system of concentric terraces, on which all subsequent
functional layers are growing by a mechanism similar to island-type films growth [19]. It
can be clearly seen in the figure that the lower terrace of the layer (region 1) forms shoulders
at the very base of the cone, which screen the base of the cone from the deposition of
titanium, creating a break in the down conductor film. Exactly the same discontinuities in
the down conductor film are formed on the overlying terraces, because the Ti film there
has an island-type structure with cavities at the base of the islands. Thus, the electrical
contact between the steps is either absent altogether or is carried out over nanometer Ti
jumpers. All this makes the lower titanium down conductor of 3D SSLIB-1 sensitive to the
current density. Even at minimal currents, the local current density can reach high values
and lead to the destruction of the jumpers.

After smoothing the surface, there are practically no steps on the 3D SSLIB-2 sample.
The only place where the greatest structural changes in the functional layers are observed
is region 1 (Figure 6b), which is located at the site of the largest etching step. A threefold
increase in the current density from the 11th to 15th cycles leads to the destruction of
the most vulnerable points (jumpers) of the 3D SSLIB-1 sample and disconnection of the
cones from the flat sections of the battery. Meanwhile, sample 3D SSLIB-2, as follows from
Figure 3, continues to operate in the 1C rate, as in the previous cycles.

Thus, it can be assumed that in the 3D SSLIB-1 sample only “flat valleys”, situated
between the rows of truncated cones, “work”. Moreover, the growth in capacity is limited
by the area of these valleys. In the 3D SSLIB-2 sample with a smoothed profile of the Si
substrate the entire area of the 3D structure contributes to its capacity. Expansion of the



Batteries 2021, 7, 65 10 of 13

potential window to 3.6 V and the charge current to 35 µA, with a charge time of 1 h (cycles
from 21st to 25th), leads to an increase in capacity to 12.5 µA·h/cm2. This signifies that the
charge was incomplete in the previous cycles.

The change in the thickness of the functional layers can serve as a confirmation of
the stated assumption about the “disconnection” of the cones at high current densities.
Based on the well-known fact about a significant increase in the volume of silicon during
its lithiation [20], it is possible to judge whether the lithiation–delithiation processes took
place in the layer of the silicon composite Si-O-Al. SEM examination of 3D SSLIB samples
proves that the processes of lithiation and delithiation of Si-O-Al layer proceeded unevenly
over the area of the solid-state battery. Figure 7 shows the region where the processes of the
Si-O-Al lithiation–delithiation exactly took place. In Figure 6b the thickness of the Si-O-Al
layer on the cone surface after cycling remained unchanged—0.75 µm.

Figure 7. SEM image of the region of the Si-O-Al layer of the 3D SSLIB-2 after lithiation–
delithiation cycling.

In the area of the 3D SSLIB-2 sample, shown in Figure 7, the increase in the thickness
of the Si-O-Al layer makes 150–200% compared to the initial 0.75 µm. Another proof
of the lithiation–delithiation is the change in Si-O-Al internal structure in the region of
the film adjacent to the solid electrolyte LiPON (Figure 8). After 3D SSLIB-2 cycling, a
part of the Si-O-Al layer has divided into two structural areas: Si-O-Al-1 and Si-O-Al-
2. Both layers differ in structure from the original Si-O-Al, unaffected by lithiation, but
in the region of the Si-O-Al-2 layer structural changes are much greater. The Si-O-Al-2
layer has significantly more structural defects characteristic for the Si-O-Al composite,
subjected to the lithiation–delithiation cycles. In addition, the layer of solid electrolyte
LiPON (Figures 7 and 8), judging by electronic contrast, has also subdivided into two parts.
The LiPON layer located near the Si-O-Al border is lighter than the LiPON layer near the
LiCoO2 border.

To explain the reasons for the change in the Z-contrast of LiPON and Si-O-Al particular
regions after cycling, the SSLIB-2 cleavage mapping was performed. Figure 9 shows the
SEM image of the mapping area and the maps themselves. According to the Ti map, the
Si-O-Al-1 region contains a large amount of titanium. The O maps clearly show that there is
rather more oxygen in Si-O-Al-2 than in Si-O-Al-1. The Al map shows aluminum diffusion
into the upper LiPON layer, while the O map indicates that the oxygen concentration at
the boundaries of the solid electrolyte is lower than in the central part. The P map reveals
that during cycling, phosphorus leaves the upper edge of the solid electrolyte and partially
penetrates into the positive electrode. Finally, it follows from the Ar map that, contrary
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to fears, argon does not form any cavities, but remains uniformly distributed over all
functional layers.

Figure 8. SEM image of the internal structure of the Si-O-Al layer after cycling the 3D SSLIB-2.

Figure 9. SEM image and maps of 3D SSLIB-2 functional layers after cycling.
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4. Conclusions

The main result of this work is a laboratory technology for manufacturing a 3D
solid-state lithium-ion battery. The core of this technology is a method for a 3D structure
formation on silicon substrate, based on the well-known two-stage Bosch silicon etching
process. To improve the accuracy of the etching selectivity control, the Bosch process was
supplemented with a third stage of a photoresist etching in an oxygen-containing plasma.
The developed method for 3D relief formation enables creating structures, the aspect ratio
of which is limited only by the thickness of the silicon wafer. However, in the case of high
aspect ratios, the slope of the conical lateral surface increases, while the homogeneity of
the deposited functional layers, on the contrary, decreases. The limiting slope angle for
magnetron deposition is about 60◦. On steeper slopes, functional layers also can be formed
but only by plasma-chemical or atomic-layer deposition, which significantly complicates
the production of layers of the required stoichiometric composition.

The developed method was used to fabricate battery substrates with an array of
truncated cones with an angle of the lateral surface inclination ~45◦, which makes it
possible to deposit functional layers with a thickness nonuniformity of about 20%. One
of the fabricated substrates was additionally polished in a solution of hydrofluoric acid,
and the second was used as it was, after which the functional layers were deposited on
both substrates. Further 3D SSLIBs tests have demonstrated that the battery with a smooth
substrate has better performance.

Investigation of batteries’ cleavages by electron microscopy revealed that all the flaws
found during the 3D SSLIB tests are related to the cones roughness caused by the discrete
nature of the Bosch process. This roughness has the form of annular ledges, especially
sharp in the places of maximum slope of the surface, i.e., at the bases of the cones. In
these places, functional layers have a dendritic structure and do not meet the continuity
demands. Thus, at the cone base a rupture can form along the entire circumference of the
ledge. This is especially true for the titanium film of the down conductor, which has the
smallest thickness (0.6 µm). Even if the electrical contact between the cones and valleys of
the 3D structure is preserved, these contacts break at high current densities, which leads
to a partial loss of battery capacity. Therefore, the process of manufacturing the substrate
must be supplemented with the operations of chemical polishing of silicon dioxide layer
and reoxidation. This operation effectively eliminates, first of all, sharp protrusions, which
guarantees the continuity of the functional layers, and ultimately protects the battery from
destruction at high current densities.
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