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Abstract: The description of the design, manufacturing technology, and test results of thin-film
solid-state lithium-ion batteries with a nanocomposite negative electrode SI@QO@Al is given herein.
This electrochemical system features the hike on the charging curve plateau, which is interpreted
as the change from I-V of the Ti-Si@O@AI contact. The latter is due to the change in the type of
silicon conductivity during lithiation, as a result of which the ohmic metal-semiconductor contact
proves to be biased in the reverse direction, and the charging current is maintained by minority
charge carriers. It is shown that the current-conducting component Si@QO@ALl is formed by a solid
solution a-Si(Al), which has a p-type conductivity. The change in the type of conductivity occurs as a
result of silicon compensation through lithiation. It was found that Si@O@AL is nonlinear conductor,
which can be considered as a percolation cluster formed by amorphous silicon nanoparticles and
molecular clusters of silicon dioxide. The height of the Schottky barrier of the Ti | a-5i(Al) contact and
the electron affinity of the a-Si(Al) solid solution were estimated.

Keywords: thin-film all-solid-state lithium-ion battery; amorphous silicon; solid solution; lithiation;
Schottky barrier; band structure; varistor effect

1. Introduction

All-solid-state thin-film lithium-ion batteries (SSLIB) comprise a separate and a very
specific class of batteries [1]. Their appearance was prompted by the demand from the
booming industry for microminiature devices, including portable electronics (smart cards,
miniature smartphones, microelectromechanical systems (MEMS), wrist gadgets, RFID tags,
etc.), medical technology (implantable devices, transdermal patches, and micro robots),
and the Internet of Things (IoT). In the course of the further miniaturization of various
gadgets, it became necessary to develop micro-batteries and embedded power supplies,
i.e., micro-batteries located on the same crystal as the microelectronic devices per se. The
difference between the latter and bare die batteries (for instance, CBC005 [2]) is that they
are manufactured in the same technological process as the main device, for example, a
microcircuit or an electromechanical system. Therefore, the manufacturing technology
of the micro-battery must be compatible with that of the main device. This requirement
imposes certain restrictions on both the manufacturing technology of the micro-battery
and the materials used. That is why the technology behind SSLIBs” manufacturing is com-
pletely different from that of conventional batteries and is mainly based on the magnetron
deposition of functional layers.

All-solid-state thin-film batteries have appeared at the very end of the last century,
and by now one can find several detailed reviews on this topic [3-8]. The first SSLIBs used
metallic lithium as the negative electrode, which is extremely inconvenient, especially with
respect to thin-film batteries. The reason is that lithium cannot be deposited by magnetron
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sputtering such as the rest of the SSLIB functional layers. To complete this, the thermal
evaporation method is required, and accordingly, one more PVD unit. In addition, metallic
lithium is extremely difficult to keep within the functional layer, and over time it penetrates
into all the others, including the insulating SiO, layers. A worthy substitute for lithium
is silicon, which has the highest theoretical capacity regarding the reversible insertion of
lithium. Nevertheless, a simple replacement of lithium with silicon is hardly possible for
a number of reasons of a physical nature, which are widely known [1,9-14]. First of all,
these are mechanical stresses arising from the introduction of lithium into the crystal lattice,
which destroy silicon long before the maximal capacity is reached.

A simple way to overcome this obstacle, described in [15-18], is an artificial limitation
of the capacity by the partial oxidation of silicon. This is achieved by the magnetron
sputtering of silicon in an oxygen flow, resulting in the formation of the Si@QO@AIl nanocom-
posite. However, the electronic conductivity of such a composite is significantly lower
than the conductivity of crystalline and even amorphous silicon (a-5i). To improve the
conductivity, about 10 at.% aluminum is added to the Si@Al composite; as a result of which,
a three-component nanocomposite material Si@QO@ALl is formed. The practical application
of the SI@O@AI electrode in SSLIBs of various electrochemical systems revealed some
features in the charging curves of these batteries. The most salient feature of these curves
is the voltage hike in the galvanostatic charge mode, which occurs at a certain degree of
lithiation of the negative electrode. It was suggested, and later confirmed experimentally,
that the voltage hike is due to the compensation of the acceptor impurity Al by the donor
impurity Li. Previously, it was believed that aluminum nanoparticles were only bridging
amorphous silicon domains. Subsequent experiments revealed that aluminum impurity
provides the hole conductivity of silicon, which is a necessary condition for the lithiation
of the electrode to full depth. Thus, in the process of lithiation, the hole semiconductor is
initially compensated, and then is doped with a donor impurity Li; as a result of which,
the Si@O@AI contact with the Ti downconductor transforms from ohmic to rectifying and
reverse-biased. The experimental and theoretical substantiation of these statements enables
the main content of this work.

The hole conductivity of SI@QO@AL is determined not only by the aluminum con-
centration, but also by the mode of magnetron deposition of the nanocomposite. Since
different SI@O@ALI deposition technologies have been used previously, the first item of
the experimental section describes the latest technologies that have been used to fabri-
cate SI@QO@AI electrodes. The second item of the same section is devoted to the design
of LiCoO; — LiPON — Si@O@AIl and Li,V,05 — LiPON — Si@O@Al prototypes and their
manufacturing. The third item presents the results of the prototypes’ testing, which reveals
the feature of the charge curves in the form of a hike. In the first item of the discussion
section, the structure of the SI@QO@AIl nanocomposite, various modes of Al insertion into
the Si lattice, and the Al impurity contribution to the hole conductivity are considered.
The second item explains the rise in downconductor-Si@QO@Al resistance with Si@QO@AL
lithiation from the standpoint of the silicon band structure. It is shown that a change in the
Si type of conductivity leads to an increase in the contact resistance and the appearance of
a hike on the charge curve. The third item describes the experimental results proving the
p-type conductivity of Si@O@AI, which confirms all the assumptions made earlier and the
proposed mechanism for the hike formation on the charging curve.

2. Experimental
2.1. Si@O@AI Electrode Manufacturing and Characterization

The study of the morphology and of the elemental and phase composition, capacity,
and conductivity of negative electrodes was carried out on samples in the form of thin
Si@O@AL films deposited on titanium foil and silicon substrates. For Si@O@Al deposition,
the following magnetron systems were used:
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e MVU TM Magna 10 (developed by JSC “Research Institute of Precision Machine
Manufacturing”, Zelenograd, Russia), equipped with two magnetrons which were
used for separate Si and Al depositions;

e  Oratorio 22 system (idem) equipped with four magnetrons connected in pairs.

The choice of the magnetron sputtering method was due to the fact that it provides
a high deposition rate and efficient mixing of the sputtered substance at the atomic level.
At a high rate of deposition and through good thermal contact with the substrate holder
an amorphous silicon (a-5i) is formed, which is less susceptible to destruction under
mechanical stress caused by lithium insertion. In the MVU TM Magna 10 system, electrodes
were deposited by DC magnetron sputtering. A target made of alloy Sig9Alp; was installed
on one magnetron, and a target made of pure aluminum was mounted on the other one.
The power of the magnetron on the Sip9Alg 1 alloy target was constant and amounted to
about 600 W, while the power on the aluminum target was switched alternatively from
50 to 200 W in automated regime. By this deposition mode, Si@QO@Al films were obtained
where layers enriched with aluminum alternated with layers in which the aluminum
content was lower. Figure 1 shows the cleavage and surface of a multilayer film. Although
Si@O@AL film has a columnar structure, shown in Figure 1, the columns themselves consist
of alternating layers, which were well-resolved in Z-contrast regime.

b
Figure 1. Electron microscopic image of a cleavage (a,b) and surface (c) of a freshly made electrode
with an Si@QO@AI composite.

Lo,

The columnar structure of SI@QO@AI promotes lithium diffusion through the entire
electrode while layered structure enables a greater number of lithiation-delithiation cycles
in liquid electrolytes. Experimental samples of multilayer electrodes demonstrated a
capacity of about 2500 mA-h/g (Cp; = 11.3 x 10*2 cm ™3 or more than 2 Li atoms per Si
atom) during 100 cycles [16] and even more. As will be shown below, in SSLIB, the lithium
concentration in the electrode is tens of times less than in batteries with liquid electrolyte.
Under these conditions, the multilayer electrode can be replaced by a homogeneous one
without any loss of stability. Homogeneous electrodes were fabricated on an Oratorio
22 system as test structures for measuring the charge-discharge capacities. Since the
manufacturing of homogeneous electrodes is significantly easier than that of multilayered
electrodes (Table 1), this technology was adapted for the production of SI@QO@AL electrode
batches. These electrodes can be stored for years in the atmosphere and are used as blanks
for SSLIBs” manufacture. The technological parameters of Si@O@AI deposition are given in
Table 1. In [15-18], this technology and Si@O@ALI’s properties are described in more detail.

The elemental composition of SI@QO@AL films was studied by energy dispersive analy-
sis using INCAx-act (Oxford Instruments, Bristol, UK)—a console attachment to a Supra 40
electron microscope—and EDAX (Ametek Inc., Berwyn, Illinois, USA)—an attachment to
the Quanta 3D 200i electron microscope with FIB. Table 2 shows the results of the elemental
composition analysis for 15 samples of Si@QO@AL films. For this analysis only uniform films
were used, since the data on multilayer structures, especially at normal incidence of the
electron beam, strongly depend on the beam’s penetration depth. To exclude the influence
of the silicon substrate in homogenous films, the energy of the electron beam was as low as
5keV.
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Table 1. Technological parameters for SI@QO@Al electrodes magnetron deposition.

Cleaning and Deposition Parameters MVU TM Magna 10 Oratorio 22
Cleaning
Ion source current, mA 63 63
Ar flow, sccm 15 15
Heating, °C 200 200
Heating time, s 60 60
Deposition
Pressure, Pa 15 0.18
Ar flow, sccm 40 20
O, flow, sccm 0.7 0.6
Power, M1* (SiO.QAIO.l ), \%Y 600 500
M2 * (Al) Power mode 1 200 )
switching limits, W mode 2 50
Deposition time, min 45 16

* Magnetrons.

Table 2. Elemental composition (at.%) and thickness (um) of the batch of homogeneous Si@QO@AI
films deposited on a silicon substrate.

Sample Nos. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
C 3.18 3.12 3.18 3.48 3.14 3.53 2.82 3.03 1.64 1.21 0.58 14 2.42 1.56 241

o 30.3 31.4 31.0 32.2 32.3 33.3 32.61 13.3 12.3 12.5 16.4 22.3 229 15.20 13.2

Al 6.02 5.45 5.68 5.17 5.23 5.40 527 4.15 4.58 4.32 3.73 3.39 3.3 7.20 7.03
Si 59.5 58.03 5714 55.15 5433 51.77 5230 7152 7248 7197 6829 6091 5838 6204 6236
Film 0.81 0.80 0.86 0.75 0.64 0.69 0.63 1.81 1.76 1.78 2.00 2.35 2.60 1.90 1.90

thickness, um

The structure and phase composition of SI@QO@AL films was studied by X-ray phase
analysis on an ARL X’tra X-ray powder diffractometer (Thermo Fisher Scientific, Ecublens,
Switzerland). Figure 2 shows the diffraction pattern of a Si@O@AI film on a silicon substrate,
on which sharp peaks of a crystalline silicon substrate and a halo from amorphous silicon
and nanocrystalline aluminum are clearly visible. Thus, the parameters of magnetron
deposition given in Table 1 enable the deposition of Si@QO@AI nanocomposite whose
powder pattern contains no crystalline diffraction peaks, i.e. look as pattern of amorphous
materials. Such materials are referred to as “X-ray amorphous”. The structure of this
material and its electrical properties will be discussed below.

The Si@O@AL electrodes’ characterization was carried out in the galvanostatic mode
in standard electrochemical test cells with lithium counter and reference electrodes. As the
electrolyte, 1 M solution of lithium hexafluorophosphate (LiPFg) in a mixture of ethylene
carbonate, diethyl carbonate, and dimethyl carbonate (1:1:1) was used. Figure 3 shows
typical charging and discharging curves of a SIi@O@Al electrode. As one can see, the
composite electrode at relatively low currents can provide a discharge capacity (Cg) of about
2 Ah/g. This corresponds to a surface specific capacity Cg = Cgph, where p &~ 2 g/cm? is
the film density and h is its thickness. With the usual thicknesses of the negative electrode
(1-3 pm), the specific capacity yields Cg = 0.4-1.2 mA-h/ cm?. Tt is worth noting that the
specific surface capacity Cs is a more important parameter than the gravimetric capacity
Cg. An increase in the thickness of silicon-based thin-film electrodes is known to result in a
decrease in their gravimetric capacity and in the worsening of their cyclability. Thus, in [19],
a gravimetric capacity of 3.5 A-h/g was achieved on silicon films 50 nm thick, and this
corresponds to a surface capacity of 0.035 mA-h/cm?. Films 150 nm thick demonstrated a
gravimetric capacity of 2200 mA-h/g and a surface capacity of 0.066 mA-h/cm?. In [20], on
films 1.5 and 3 pm thick, surface capacities of 0.06 and 0.01 mA-h/cm? were achieved. The
authors of [21] reported on 450 cycles with silicon films with a 340-nm thickness, and only
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50 cycles with films of 3.6 pm thickness. Thus, the surface capacitance values obtained in
the present work (due to the special structure of thin-film electrodes) are quite impressive.
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Figure 2. X-ray diffraction pattern of a Si@O@AL film on a silicon substrate.
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Figure 3. Typical charging (cathodic) and discharge (anodic) curves of a Si@QO@AI electrode with
liquid electrolyte.

2.2. SSLIB Prototypes Manufacturing

An effect similar to the above described is observed when charging all-solid-state
lithium-ion batteries. Unlike a cell with a liquid electrolyte, where the current collector
is in contact with the electrolyte and the electrode at the same time, the SSLIB has a clear
metal-electrode interface, which greatly facilitates the interpretation of the charging curves.
To study the Ti | Si@O@AL contact characteristics, some prototypes of thin-film lithium-ion
batteries were made. The electrochemical systems of the batteries LiCoO, — LiPON —
S5i@O0@ALl and LixV,05 — LiPON — Si@O@Al differed only by the materials of positive
electrode (cathode). Here, LiIPON or “Lithium phosphor-oxynitride” is inorganic (ceramic)
electrolyte whose composition could be approximately designated as Liz 3PO3§Np2,. The
constructive basis for all prototypes consisted of titanium foil 10 um thick or a silicon
wafer 460 um thick. The design of titanium and silicon-based SSLIB prototypes is shown
in Figure 4. Orpunareibubie 31eKTpobl cocrasa SI@O@AI Some functional layers of the
SSLIB prototypes were deposited by the SCR-651 “Tetra” magnetron sputtering system.
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The main reason for the choice of this magnetron system was the possibility of RF sputter-
ing of the cathode materials, which are wide-gap semiconductors and have a very poor
conductivity. Sputtering of lithium orthophosphate targets for solid electrolyte deposition
also required an RF magnetron. Moreover, this system has 4 magnetrons, which can signifi-
cantly reduce the interoperative interval during which the lithium-containing functional
layers are exposed to atmospheric air. Some of the SSLIBs were manufactured entirely on
the SCR-651 “Tetra” system. For example, batteries, in which a lithium-containing electrode
was deposited as the first layer, were manufactured only on the SCR-651 “Tetra”, since it
was necessary to minimize the time of the lithium-containing electrode’s contact with the
atmosphere. On the SCR-651 system, this time was several minutes, which was required to
change the mask, while on other systems additional time is necessary to change the target.

E Copper contact
[Se]
S

_ Ti LiPON Si-0-Al_sio, 22um
| ! 1.5um

L\
] 1.0um

~

T

iyt ;'r.&'.
Ti ™~ Conductive glue
LiCoO,or Li V,0,

i Copper contact
g Ti LiPON : Si-0O-Al SiO
t T I H

e
TR
iCoO,or Li )V,

Figure 4. Cross-section of a solid-state thin-film lithium-ion battery prototype.

To manufacture the SSLIB prototypes, mask technology was used. Rectangular sub-
strates cut from titanium foil or silicon wafer were placed in a mask device, which was
attached to a rectangular movable stainless steel substrate holder (Figure 5). The mask
device itself consisted of a round mask (2) and a frame (4), which holds the rectangular
substrate (1) in a fixed position towards the masks. All elements of the mask device and
the copper substrate holder (located under the substrate) had holes (5) for alignment and
were fastened to each other using guides (3). The entire structure, through a vacuum lock
of the chamber, was placed on a movable substrate holder.

Before deposition, the vacuum chamber was evacuated by a turbomolecular pump to
a residual pressure of 5 x 107 mbar. Argon (99.9995% purity) was used as a gas for plasma
ignition and magnetron sputtering. In the case of LiCoO, and Si@O@AL films’ deposition,
argon was mixed with oxygen (purity 99.5%). During the LiPON film deposition, the
target was sputtered in a nitrogen atmosphere of 99.9999% purity. The substrate was
placed above the target face down, and a movable shutter was placed between the target
and the substrate. An RF voltage (13.56 MHz) of the required power was applied to the
target. At the beginning of each layer’s deposition, the corresponding target was cleaned
by sputtering onto the closed shutter, and a few seconds before its opening, an RF bias with
a small constant component was applied to the substrate to activate its surface by weak
ion bombardment. Immediately before opening the shutter, the bias was turned off. After
depositing a film of the required thickness, the shutter was closed. The material deposition
rate was calibrated by measuring the thickness of the test films’ cleavage using a Supra-40
high-resolution electron microscope (Carl Zeiss, Oberkochen, Germany).
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Figure 5. Mask device on a movable substrate holder: (a) as assembled for depositing the lower
titanium layer (current-collector); (b) after deposition, the lower titanium current-collector and the
lower electrode (electrode mask in photo is removed). 1 is rectangular silicon substrate with a layer
of 5i0;,, 2 is copper mask with nine rectangular holes for deposition the lower titanium layer, 3 are
guide pins, 4 is a copper frame for lateral fixation of the substrate, 5 are holes for guide pins, 6 is one
of nine deposited rectangular bottom Ti contacts, and 7 is one of five deposited lower electrodes.

The films were deposited at room temperature or under heating. In the first case, the
copper substrate holder with the polished back side was pressed against the electrode-
substrate holder. In the second case, another copper substrate holder with a blackened
profiled rear side was heated by radiation from an electric furnace. The electric furnace
was made of an Inconel electric heating tube element (Thermocoax, Paris, France) in the
form of a spiral with a diameter of 100 mm. Furnace power (100 W) facilitated the heating
of a standard silicon wafer to 550 °C, and a mask device up to 450 °C. The temperature
was measured using a Type 810 controller (Eurotherm, Worthing, UK) with a platinum
temperature sensor installed in the furnace. Heating of the substrate when depositing
Si@O@AI|LiPON|LiCoO; battery was expedient only when LiCoO, was deposited in
order to form a layer with a high content of the crystalline phase. On the contrary, to
deposit LiPON, it was necessary to cool the substrate to hinder film crystallization. When
the SiI@QO@ALl layer was deposited, the technique of rapid deposition on a cold substrate
was used to obtain a nanocomposite of the lowest possible density, containing blocks of
amorphous silicon in which the dangling bonds are filled with aluminum and oxygen
atoms. Before depositing the first (lower) electrode, the titanium substrate was treated in an
aqueous solution containing 5% sulfuric and 4% hydrofluoric acids to form a surface relief
improving the adhesion of the functional layer to the substrate. Immediately before the
deposition of the functional layer, the substrate was subjected to ion bombardment cleaning.

The parameters of the targets’ sputtering and films” deposition are given in Table 3.
The ratio of the gas fractions in the mixtures is given in units of flow. In the case of SI@QO@AI
films” deposition, the argon flow was the maximum possible setting, while the oxygen flow
was the minimum one. A further decrease in the oxygen content in the film was possible
only by increasing the power at the Sig9Aly; target magnetron, i.e., by increasing the rate
of silicon deposition. Lithium-containing targets were sputtered at the maximum possible
power, i.e., at such a power that any higher power setting would cause the targets cracking
due to thermal expansion.
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Table 3. Parameters of targets and film deposition.
Main Substance Pressure, Magnetron Deposition .
Target Content,% Gas ubar Power, W Rate, nm/min Thickness, nm
Ti 99.95 Ar 2 300 20 200 (bottom and top layers)

LiCoO;, 99.9 20Ar + 50, 10 200 4.5 500
Lix V505 99.9 10Ar + O, 2.2 200 2.7 500

LizPOy 99.9 N, 2 150 5.6 600—800
SigoAlp 1 99.99 200Ar + 0.60, 17.5 400 50 200

2.3. Features of SIi@QO@AI Electrodes Charging

The charge—discharge characteristics of the batteries were studied using the galvanos-
tatic cycling method at various values of current and initial and final voltages. As a rule, the
discharge current was equal to the charge current; in some experiments, these parameters
were different. The studies were carried out using an automated charge-discharge complex
AZRIVK-0.05 A-5 V (Booster, Saint Petersburg, Russia) and multichannel galvanostats-
potentiostats P-20x8 and P-40x (Electrochemical Instruments, Chernogolovka, Russia).
Figure 6 shows the charging and discharging curves of the Ti|LiCoO;|LiPON|Si@O@Al|Ti
battery in the settled mode (76th cycle) within the voltage range 0—4 V. The specific capacity
of different batteries varied from 17 wA-h/cm? at a current of 3.5 A /cm? in a voltage
window of 0.5-3.7 V up to 32.8 pA-h/ cm? at a current of 7 pA/cm? in a voltage window of
2.0-4.0 V. These data refer to the 30th test cycle.

4.0 —

3.5

3.0 7

2.5

210

1.5 7

Potential V, (Li/Li")

1.0 A

0.5

0 T T T T T T T T T
0 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 20,000
t,s

Figure 6. Charge and discharge curves of the Ti|LiCoO, |LiPON|Si@O@Al|Ti battery. Area S = 1.44 cm?;
31st cycle; voltage range 0-4.2 V; Current 10 pA. Specific capacity 32.8 pA-h/cm?.

A salient feature of the charging curve is a hike in a segment of 1100-1700 s (shaded
area). Since the voltage window for lithium cobalt oxide batteries is limited to a value of 3.5 V,
charging curves usually reveal only the beginning of the hike. Figure 6 shows the charging
curve in a slightly wider voltage window of 0—4.2 V; therefore, the hike is more pronounced.
Similar hikes were observed on the charge curves of the Ti|LiV,05|LiPON|Si@O@Al|Ti
battery (Figure 7).
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Figure 7. Charge and discharge curves of the Ti|V,05|LiPON|Si@O@AIl|Ti battery. Area S = 7.9 cm?;
119th cycle; voltage window 0-5 V; current 100 pA. Specific capacity 5.8 wA-h/cm?.

3. Discussion
3.1. Structure and Electrical Properties of the SI@QO@AI Nanocomposite

The hike formation on the charging curve is directly related to the structure and the
elemental composition of the SiI@O@AI nanocomposite, which consists of amorphous sil-
icon (approximately 70%), oxygen (from 15% to 20%), and aluminum (from 10% to 15%,
if the two targets, Si and Al are sputtered). Unlike crystalline silicon, amorphous silicon
can intercalate significantly more lithium without being destroyed [22-24]. If the density
of crystalline silicon is 4.98 x 10?2 at./cm3 or 2.330 g/cm?3, then amorphous silicon has a
density of 4.90 x 10?2 at./cm? or 2.285 g/cm?. It follows from a comparison of these param-
eters that the concentration of vacancies and voids in amorphous silicon is 8 x 10%° at./cm?.
Approximately the same values are given in [25]. Correspondingly, the same number of
lithium atoms can be distributed in voids, practically without stresses in the lattice. This
amount of lithium corresponds to the charge density 128 C/cm? = 35.6 x 1072 A-h/cm3,
which gives the specific capacity ~ 3.5 pA-h/cm? at a Si@QO@AI layer 1 pum thick. The
actual capacity of individual SSLIB prototypes can be several times higher than this value.

It would seem that a-5i is ideal for making a negative electrode. However, this is not
the case since the mobility of the charge carriers in amorphous silicon is very low and
amounts to ~ 2.0 x 1078 m?(Vs) ~1 at 300 K [26]. This value is comparable to the mobility
of lithium ions in SI@QO@AI 1.9 x 10~8 cm?2/B-c [15], while for the normal operation of
the electrode the mobility of the electrons or holes must exceed the mobility of lithium
by orders of magnitude. The low mobility of the charge carriers in a-5i is due to the high
concentration of structural defects and dangling bonds of silicon atoms. In terms of the
band structure, this means a high density of states with a limited range of motion, which
can capture electrons. Therefore, to obtain an electrode material with high conductivity,
it is necessary to increase the concentration of charge carriers and passivate the dangling
bonds. This is achieved by introducing additives of aluminum and oxygen.

During the electrode deposition by Sip9Aly 1 sputtering in an oxygen flow, silicon,
aluminum, and oxygen mixes at the atomic level, and upon deposition, form the Si@QO@Al
nanocomposite (Figure 8b). The conductive basis of the nanocomposite is the a-Si(Al) solid
solution, where Si is the solvent and Al is the solute. The concentration of the majority
carriers (holes) depends on how the Al is introduced into the crystal lattice of amorphous
silicon. The possible ways of introducing Al are shown in Figure 8. An Al atom can
be located in voids or interstices of the crystal lattice without forming a chemical bond
with silicon atoms (Figure 8c). In this case, the holes’ concentration does not change. In
the second case, the Al atom passes from the ground state 3s 1| 3p 1 to an excited state
3s 1 3p 11, and capturing one more electron to the p-orbital from the neighboring silicon
atom, forms an sp>-hybridized state (Figure 8d). In this case, a hole is generated in the
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valence band. In the sp®-hybridized state, electron density clouds of Al are directed to the
tetrahedral vertices, just as in silicon, which allows the Al atom to be embedded in the
Si crystal lattice, forming a substitutional solid solution a-Si(Al). Thus, the admixture of
aluminum makes it possible not only to increase but also to regulate the conductivity of the
nanocomposite electrode. It is important to note that in the state of phase equilibrium, the
solubility of aluminum in silicon is very low and its maximum value, according to various
data, ranges from 0.016 at. % to 0.038 at.%. Obtaining a higher concentration of aluminum
in a-Si(Al) is possible only by PVD deposition.

c d €

Figure 8. Two-dimensional models: a-amorphous silicon (a)-5i, (b)-Si@O@Al nanocomposite,
(c—e)-possible options of introducing aluminum into the amorphous silicon lattice (c,d), and dangling
bonds passivation (e).

While the mechanism for increasing the hole concentration is clear and consists in
doping a-Si with aluminum, the mechanism for reducing the density of localized states
remains unclear. On the one hand, this can be the same doping process, which proceeds ac-
cording to the type of the low-temperature annealing of the silicon defects with lithium [27].
This mechanism is quite possible because aluminum has a high diffusion coefficient in
silicon ~ 1071 cm?-s~! [28]. Here, it should be clarified that in [28] diffusivity values
were obtained for a very low concentrations and gradients due to the low solubility of
aluminum in silicon. If one allows for the annealing of defects with aluminum, then along
with the hole concentration, the degree of amorphous silicon ordering, and possibly the
fraction of nanocrystalline silicon, should also increase. On the other hand, dangling bonds
can be passivated by the so-called bridging oxygen (Figure 8e). Indeed, the length of the
siloxane chain Si—-O-Si is 3.28 A, while the length of the Si-Si bond is 3.24 A, which makes
it possible to form Si-O-Si at the site of the defect. In this case, the angle between the bonds
is 142.5° [29], i.e., the structural defect itself during the formation of the siloxane bond
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may be preserved. In other words, the passivation of dangling bonds with oxygen does
not always lead to structure ordering, as in the case of aluminum. Another option for the
passivation of dangling bonds can be the formation of molecular clusters (MC) of SiO;,
which is more likely, given the high oxygen concentration of 15-20%. At the same time,
MC SiO,, embedded in the a-Si(Al), disperses amorphous silicon, forming a percolation
cluster. This is indicated by the varistor effect, which is clearly manifested when measuring
the current-voltage (I-V) characteristics of SI@QO@AI.

The assumption that the SiO, domains do not reach the size of a nanoparticle, but
most likely form an MC, is confirmed by the results of [30]. In this work, Si@O@AL films
subjected to etching in a HF : NH4F : HyO solution were studied. The etching time of
the films ranged from 5 to 30 min. The experimental samples treated in this way were
studied by scanning electron microscopy (SEM) and energy dispersive microanalysis using
a Supra 40 scanning electron microscope (Carl Zeiss, Oberkochen, Germany). The film
surfaces before and after half an hour of etching are shown in Figure 9. In the presented
images, there are no noticeable changes in the structure or the pores’ size caused by the
etching. It should be clarified that Figure 9 shows different sections of the film, because
the areas exposed to the electron beam were etched faster than the neighboring areas, so
their repeated study by the SEM method gave a distorted idea of the surface modification
by etching. An analysis of the elemental composition by the energy dispersive analysis,
performed on a Supra 40 INCAx-act SEM attachment (Oxford Instruments, Yatton, UK),
also did not reveal any change in the oxygen content. The oxygen concentration values
were randomly distributed and belonged to the interval from 10.12 at.% to 10.85 at.%.
However, the charge-discharge characteristics of the etched films differed markedly from
the initial ones. They had a high specific capacity and withstood charge—-discharge activity
in a liquid electrolyte in the 10C mode for several cycles, after which they restored their
characteristics. At the same time, these films were not very stable and degraded after
3040 charge-discharge cycles. All of the above suggests that it is most likely that the
oxygen atoms are distributed over the volume of the SiI@QO@AIl nanocomposite in the form
of MCs. When a film is etched in a solution of hydrofluoric acid and ammonium fluoride,
only an insignificant part of the MC located on the pore surface is etched, which leads to
an increase in the diffusion coefficient of lithium. These molecular clusters play a very
important role in lithium transport, as they increase the area of grain boundaries along
which lithium diffusion occurs. In the SI@QO@AI nanocomposite, the diffusion coefficient of
lithium amounts to 5-10710 ecm?s—1 [15].

(@) S

Figure 9. Comparison of the surface morphology of SI@QO@AL films: (a) original film; (b) after etching
in solution HF : NH4F : H,O for 30 min.
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3.2. Model of Hike Formation during Lithiation of the SI@QO@AI Electrode

At a qualitative level, the explanation of the potential hike at the charging curve upon
lithiation of the Si@QO@AI nanocomposite is as follows [31]. At a low lithium concentration,
the solid solution «-Si(Al), which forms the conductive basis of the Si@O@AI nanocompos-
ite, is a p-type semiconductor, and its contact with Ti is an ohmic one. The band structure of
the Ti| «-Si(Al) junction at zero bias is shown in Figure 10a. The Fermi level in the a-Si(Al)
system is settled near the hole mobility threshold Ey. At a high lithium concentration, the
«-Si(Al) transforms into «-Si(Li), where the symbols in parentheses denote the main dopant.
Lithium atoms passivate the remaining dangling bonds, due to which the density of the
localized states decreases, and the Fermi level moves to the electron mobility threshold
Ec. Accordingly, the zones in the volume move down relative to Epy by an amount of
AEgs (Figure 10b). To the left of the point of Ei’s (the Fermi level of intrinsic semiconductor)
intersection with the actual Fermi level, an inverse layer is formed, and to the left of the
point of the intersection of Ey with the Epg an enriched layer of holes appears.

E,. U=0 A ~AAE,,

o - Inversion
E. U=0 Vo
Eli\[ \ El- S E[-M

E, U=0

; E.. U=0 et
Enriched 1 Enriched E, U=0
layer 3 layer E,. U=0
Ti a-Si(Al) Ti
c d
\
\
R E, U=0
R E,. U>0

= g
=2 <)
Epy Ery
Enriched ™ sl Enriched %
layer = layer -9
Ti a-Si(Al)
Li" @ hole Ti a-Si(Li)

Figure 10. Band diagrams of the Ti | a-Si(Al) contact: (a) band structure of a-Si(Al); (b) band struc-
ture of a-Si(Li); (c) lowering of the a-Si(Al) zones at forward bias of the contact (plus by a-Si(Al));
(d) lowering of the a-Si(Li) zones at reverse bias of the contact (plus by a-Si(Li)); AM is the metal work
function; EFM is the Fermi level of the metal, and EFS is the Fermi level of the semiconductor; EQF is
the semiconductor quasi-Fermi level; EQ is the energy level of vacuum; Ec is the electron mobility
threshold; EV is the hole mobility threshold, Ei is the Fermi level of intrinsic semiconductor; and
U-contact is the bias voltage.

When charging (Figure 10c), the junction is biased in the forward direction (i.e. when
the minus is applied to the titanium), so the bands in the bulk of the semiconductor and
the quasi-Fermi level in Figure 10c moves lower compared to Figure 10a. When charging,
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two types of charge carriers flow to Ti from the a-Si(Al) side: holes and lithium atomes.
Figure 10c shows that most of the lithium ions are reduced near the Si@O@AI | LiPON
interface, and a hole in the valence band is generated. Further, lithium atoms move deep
into the negative electrode due to diffusion, while the electric current is created by holes
that recombine with electrons at the interface with Tj, i.e. at the initial stage of charging,
the current in the SI@QO@AL electrode is the so-called recombination current. The electrons
crossing the boundary from the side of the metal can be conditionally divided into two
streams: electrons whose energy satisfies the condition ¢ — Epy > q@p, and electrons with
energy ¢ < Ey. The first flow is depicted in Figure 10c with a thin arrow, since the Schottky
barrier has been overcome by electrons from the tail of the Fermi-Dirac distribution (this
also includes electrons that overcome the barrier by tunneling). The value of this current is
several orders of magnitude smaller than the recombination current, which is depicted by
wide arrows.

As the lithium concentration increases, the acceptor impurity Al is compensated by
the donor impurity Li, the Fermi level of the semiconductor rises to the electron mobility
threshold Ec, and the band structure acquires the form shown in Figure 10d. Now, the
electrons become the majority carriers, and the Ti | a-Si(Li)) junction is consequently reverse-
biased. In this case, the above-barrier and tunnel currents of the electrons from the metal do
not undergo significant changes, so their value remains limited by the saturation current.
At the same time, the hole current decreases significantly due to a decrease in the hole
concentration and a decrease in the thickness of the enriched layer. Naturally, the resistance
Ti | Si@O@ALl junction raises relative to its value at the beginning of the charging, and to
maintain the given galvanostatic mode, the galvanostat raises the voltage. This increase in
voltage appears as a spike in the charging curve.

3.3. Experimental Confirmation of the Hole Conductivity of Si@O@AI

To experimentally confirm the hole conductivity of the a-Si(Al) solid solution, test
structures Ti (200 nm) | Si@O@A1 (180 nm) | Ti (200 nm) with an area of 1 x 1 cm? were
fabricated. In these structures, the SiIi@O@AI nanocomposite does not contain Li, while the
concentration of the Al acceptor impurity is high enough to provide the noticeable holes’
concentration if it is really an a-Si(Al) substitutional solid solution. The I-V characteristics
of the metal-semiconductor transition can serve as the confirmation of p-type conductivity.
Since the work function of Ti is greater than the work function of a-Si(Al), the metal-
semiconductor junction for an n-type semiconductor must be rectifying, and for a p-type
it must be ohmic. In the first case, the current through the structure quickly reaches the
saturation (~1071° A) and does not depend on voltage until breakdown occurs. In the
case of an ohmic contact, the forward branch of I-V must be linear and the reverse one
should be exponential. That is to say, the test structure Ti | Si@O@Al | Ti consists of two
Schottky diodes with a common anode. Accordingly, only the reverse branch will always
be visible from the I-V characteristics of such a structure, since the resistance in the forward
direction is sufficiently small. The reverse current is created by minority charge carriers
that overcome the Schottky barrier, the height of which depends on the bias voltage U. This
process is explained by the band structure of the a-Si(Al) | Ti junction shown in Figure 11.
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Figure 11. Band structure of the reverse-biased Ti | a-Si(Al) transition. EFM is the Ti Fermi level; is
the height of the Schottky barrier; U is the bias voltage; EQF is the quasi-Fermi level of a-Si(Al); EV is
the holes” mobility threshold; EC is the electrons” mobility threshold; EO is the vacuum level.

With a reverse bias (a plus on a metal), the current through the junction in a p-type
semiconductor is created by minority charge carrier-electrons. The total current density
is the sum of the thermionic emission currents from metal to semiconductor and from
semiconductor to metal. In the first case, electrons overcome the potential barrier q¢g; in
the second case, q(¢p — U), where g is the height of the Schottky barrier, and U is the
bias voltage across the entire structure. Thus, the resulting electron current is directed from
the semiconductor to the metal, and its density is as follows

q(U-Uy)
I—Is(e kpT —1), 1)

where Ig = )\RAOTze_C‘l:B% is the saturation current density; AR is a material-specific cor-
rection factor; AQ is the universal constant (Richardson constant); kB is the Boltzmann
constant; T is the absolute temperature; q@p is the height of the Schottky barrier; U is the
bias voltage. Equation (1) takes into account that the voltage at the junction is less than the
bias U by the value of the voltage drop in the nanocomposite layer. The I-V characteristics
of the Ti | Si@O@ALl | Ti test structures (Figure 12) were recorded by cyclic voltammetry at a
scanning rate of 1 mV/s (red line), 5 mV/s (blue line), and 10 mV /s (black circles). Since
the graph is clearly nonlinear, it can be assumed that the SI@O@Al nanocomposite features
a varistor effect, which occurs quite often in nanocomposite materials. In most cases, the
resistance of nonlinear materials is satisfactorily described by the expression

Uy = RI* + Ry, @)

where R is the coefficient of dimension Q-A!~% [32], Ry is the residual resistance, and «
is the reciprocal of the I-V nonlinearity coefficient. If we neglect the term Ryl due to its
smallness, then expression (1) takes the form

q(U-RI%)
I=1Ig <e kgT 1> 3)

Figure 12 shows the dependency graph (3) (empty circles) for the following values
I = 10710 A-em™2%;, R=1.56 O-Al"% « = 0.45. Relation (3) satisfactorily describes
the experimental curves in the specified voltage range, from which it follows that the
unlithiated Si@O@ALI has a p-type conductivity and is a nonlinear material.
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Figure 12. The I-V characteristics of the Ti | Si@O@ALl | Ti test structures: red line—scanning rate of
1 mV/s; blue line—5 mV/s; black circles—10 mV/s; empty circles—Equation (3).

Expression (2) makes it possible to estimate the minimum value of the Si@QO@AI
resistance in the range 0 + 0.08 A. Up to a small unknown constant Ry for R= 1.56 Q-Al~*
and « = 0.45, relation (2) yields R = 6.26 Q) or o0 = 2.86 x 10~* S-m~!. This result agrees
with the experimental data of [33] and several other works; therefore, at first glance, the
aluminum impurity does not make a significant contribution to the hole conductivity.
However, it should be borne in mind that the obtained conductivity value refers to a
percolation cluster formed by a-Si(Al) nanoparticles, which play the role of a filler, separated
by SiO, MCs, which play the role of a dispersant. The resistance of homogeneous a-Si(Al)
can be an order of magnitude lower.

Another important transition parameter is the height of the Schottky Barrier, which
can be expressed in terms of the saturation current as

q@B = In(AT?/Is)ksT. (4)

In the case under consideration, relation (4) yields qgp = 1.24 eV. The height of the
Schottky barrier in an ideal structure is defined as the difference between the work function
of the metal and the electronic affinity of the semiconductor

B = (Am — X)/q. 5)

This ratio allows one to find the electron affinity of amorphous silicon. However, it
should be kept in mind that in a real structure the barrier height is always lower due to
mirror charges, surface states, an electric double layer, and other reasons. Therefore, the
electron affinity, determined from the ratio x = Ay — qp and expressed in electron volts,
will always be greater than the true value. In this case, the electron affinity of amorphous
silicon is x = 3.06 eV. In fact, this value may be even lower.

4. Conclusions

Until now, the main disadvantages of silicon were considered to be the high density of
its crystal lattice, which leads to the destruction of silicon when a large amount of lithium
is introduced, and the high binding energy of lithium on the surface, which prevents
its diffusion deep into the crystal. As shown in the present work, these shortcomings
can be overcome by disordering the silicon structure and its partial oxidation. Silicon
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amorphization makes it possible to reduce the mechanical stresses and increase the diffusion
coefficient of lithium. Oxidation reduces the number of dangling bonds, while maintaining
the amorphous structure and increasing the grain boundaries area. In addition, aluminum—
being an acceptor impurity—increases the hole conductivity of silicon, which improves its
discharge capacity and enables an increase in the charging current. Further improvement
in amorphous silicon’s conductivity may occur after the first lithiation cycles due to the
passivation of the remaining dangling bonds. Thus, silicon becomes not only a promising
but also a realized material for the development of negative electrodes.

However, at the same time, silicon must satisfy one essential requirement: it must be a
hole semiconductor with a high concentration of charge carriers. Since the work function
of all metals used as current collectors is greater than the work function of silicon, the
metal-semiconductor junction will be ohmic only for a hole semiconductor. Otherwise,
a depletion layer in the contact area will limit the charging current up to the saturation
current value. A high concentration of holes is necessary in order to maximally raise
the lithium concentration threshold, beyond which the hole semiconductor becomes an
intrinsic semiconductor, since after this threshold the metal-semiconductor contact becomes
rectifying and reverse-biased. It remains forward-biased only for minority charge carriers,
which maintain the charging current when silicon becomes first intrinsic and then electronic
semiconductor. In the galvanostatic charge mode, the charger increases the voltage on
the battery to maintain the current, which manifests itself in the form of a hike on the
charging curve.

It should be clarified that the increases in the charging curves of the SIi@O@AL elec-
trodes in a liquid electrolyte (Figure 3) and within SSLIB (Figures 6 and 7) have a different
origin. In the first case, this is due to reaching the capacity limit, while in SSLIBs the
increase in the charging curve is due to semiconductor compensation. This is confirmed
by the values of the volumetric capacity corresponding to the beginning of the voltage
growth on the charge curves (Table 4). It can be seen from these data that the lithium
concentration when charging Si@O@Al in a liquid electrolyte is tens of times higher than
when charging through LiPON. In other words, in a liquid electrolyte, when the type of
electrode conductivity is changed, the resistance of the Ti-Si@O@AI transition does not
change significantly. This is due to the deep penetration of the liquid electrolyte and the
Faraday process acting on the downconductor, which shunts the Ti-Si@O@ALI junction.

Table 4. Volumetric capacity of Si@O@AL at the beginning of the voltage growth of the charge curves.

Si@O@Al in the Test Si@O@Al in SSLIB with Si@O@Al in SSLIB

Capacity Cell LiCoO, Cathode with V,05 Cathode
Cy, Ah/cm? 5 0.11 0.058
Cy, C/cm? 18,000 396 209
Cpj, cm ™3 11 x 102 * 0.25 x 102 0.13 x 102

*Cg =5 x 102 ecm 3.

The above requirements for silicon-based electrodes have been met by a new nanocom-
posite material, Si@O@ALl, obtained by the magnetron sputtering of silicon and aluminum
in an oxygen flow. During the Si@O@AI deposition, a substitutional solid solution «-Si(Al)
is formed, whose dangling bonds are passivated by oxygen. Due to this circumstance,
the density of the localized states in the mobility gap is consequently significantly lower
than in amorphous silicon. In this sense, SIi@O@AL is similar to hydrogenated amorphous
silicon. The main difference is that during the magnetron deposition of the nanocompos-
ite, a significant part of Al participates in the formation of the silicon crystal lattice as a
dissolved component, while the dangling bonds’ passivation is mainly due to oxygen.
After the first cycles of lithiation, the so-called low-temperature annealing of the defects
occurs, during which the remaining dangling silicon bonds are passivated. In addition,
S5i@O@Al is relatively easy to manufacture, and its elemental composition and specific
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capacity can be controlled over a wide range of values. It is significant that Si@QO@ALI has
a high stability with respect to the reversible incorporation of lithium and can be stored
in vivo for a long time (several years). Despite the difference in the thermal expansion
coefficients, SI@QO@Al demonstrates a good adhesion to the LiPON solid electrolyte and
titanium current collector. These qualities of SI@QO@AI enable its use for the fabrication of
SSLIB, which was demonstrated in this work.
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