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Amorphous hydrogenated silicon (a-Si:H) is known to be a perspective material for
negative electrodes of modern lithium-ion batteries. The electrochemical lithium inser-
tion into thin-film a-Si:H electrodes is studied using chronopotentiometry, cyclic
voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The electrodes
were grown on stainless-steel substrates by glow discharge at the temperature of 7 =
100 and 250 °C. The insertion capacity of the films deposited at 250 °C is higher than
that of the equally thick films deposited at 100 °C. The increase in the film thickness in-
volves the drastic decrease of the insertion capacity during the potential cycling. An
equivalent circuit is suggested for the lithium insertion to the electrodes, which com-
prises electrolyte resistance and three RC-chains in series, each chain being a parallel
connection of a resistance and a constant-phase element, which relate to charge transfer
at the silicon/electrolyte interface, charge transport in the passive film on silicon, and the
lithium diffusion into the silicon bulk. With the potential cycling in progress, the most
significant changes are observed in the chain relating to the passive film. The Li diffu-
sion coefficient in a-Si:H is estimated from data of CV and EIS. It equals D = 4 - 10713
and 10713 cm? s7! for electrodes synthesized at a temperature of 100 and 250 °C, respec-

tively.
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Introduction

Lithium-ion batteries are well-known to be the
most promising because of their highest discharge
capacity and working voltage. In fact, the creation
of modern portable IT electronic appliances such as
cellular phones, notebooks, digital cameras, and
camcorders was due to the development of lith-
ium-ion batteries. Recently an interest in lith-
ium-ion microbatteries, namely thin-film batteries
was increased in the connection with the develop-
ment of smart cards, MEMS etc.

Negative electrodes of modern lithium-ion bat-
teries used to be made of carbonaceous materials,
e.g. of graphite. The maximal lithium amount,
which can be intercalated into graphite, comes to O
=0.372 Ah g!, which corresponds to the stoichio-
metry of LiC,. Meanwhile, silicon is able to form
the compounds with the general formula Li,Si,
where x can be as high as 4.4, i.e. the capacity of
the silicon electrode can amount to 4.2 Ah g! (9.3
Ah dm™). Unfortunately, the Li incorporation into
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silicon (like numerous other matrices) involves al-
most a three-fold increase in its specific volume,
which results in the disintegration of crystalline Si
electrodes.!? It was found recently that, unlike crys-
talline silicon, amorphous Si (used mainly as thin
films) does not disintegrate upon lithium insertion.
By now numerous papers devoted to lithium inser-
tion into amorphous silicon were published; how-
ever, the literature data are scarce and rather contra-
dictory.*!* The latter fact must be mainly due to the
differences in the procedures of sample preparation.
In particular, the amorphous silicon films were
grown on molybdenum?® and porous nickel* sub-
strates by chemical deposition from Si,H, vapor; on
nickel foil, by vacuum evaporation;>*!! on copper
foil, by magnetron sputtering;®”!* on silicon wafers
by magnetron sputtering,'# and on stainless steel, by
pulsed laser deposition.!’

In this work we aimed at studying of lithium
insertion into hydrogenated amorphous silicon
(a-Si:H) thin films. For the sake of comparison,
some experiments were carried out with the crystal-
line silicon samples.
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Experimental

Manufacturing hydrogenated amorphous
silicon films

Thin films of amorphous hydrogenated silicon
(a-Si:H) were synthesized from SiH, by a method
of rf glow discharge.!® It was proved in the cited
work that thus produced a-Si:H films are
X-ray-amorphous. The substrates were 150 um-thick
stainless steel sheets. The synthesis was conducted
at temperatures of 100 and 250 °C. The increase of
the synthesis temperature resulted in the decrease of
the residual hydrogen content in the films from ~12
to ~8 at. %. Additionally, the character of the sili-
con-hydrogen bonds may change as well. The den-
sity of the material obtained at temperatures of 100
and 250 °C was equal to p = 2.0 and 2.2 g cm™, re-
spectively whereas the density of crystalline silicon
is p =2.33 g cm™. The thickness of the a-Si:H films
(from 0 = 0.25 to 1.35 um) was controlled by vary-
ing film deposition time.

The crystalline silicon electrodes were cut from
a commercial 0.3 mm-thick wafer with a mir-
ror-polished surface.

Electrochemical measurements

The processes of lithium insertion and extrac-
tion were investigated by galvanostatic method, cy-
clic voltammetry (CV), and electrochemical imped-
ance spectroscopy (EIS). The measurements were
performed in glass cells in a large excess of electro-
lyte or in Teflon cells with tightly assembled elec-
trodes. Performing the experiments in a glass cell
allows us to observe variations in electrode appear-
ance in the course of its cycling. The Teflon cells
were designed similarly to real lithium-ion batter-
ies. The visible surface area of the working elec-
trodes was equal to 4 = 0.6 or 0.4 cm? for amor-
phous silicon; 0.6 cm?, for crystalline silicon. The
auxiliary and the reference electrodes were made of
lithium metal that was rolled up onto a nickel
gauze. The electrolyte volume in the glass cells
with non-separated anodic and cathodic compart-
ments was ca. 3 cm?®. The electrodes in the Teflon
cells were separated by a 25 um-thick porous poly-
propylene film “PORP” (NPO Ufim, Moscow) im-
pregnated with the electrolyte. The electrolyte was
a 1 mol dm= LiClO, solution in a propylene car-
bonate-dimethoxyethane mixture (3 =7:3). The
electrolyte humidity measured by Fischer coulo-
metric titration (684 KF-Coulometer, “Metrohm,”
Switzerland) did not exceed w = 50 - 107°. The cells
were assembled and filled with the electrolyte in a
glove box with an argon atmosphere.

The galvanostatic charge—discharge curves
were registered using a homemade multichannel

computerized instrument for potential cycling. The
charge current (cathodic for this particular experi-
ment) and the discharge current (anodic) were equal
to 70 uA. The cyclic voltammograms (CVA) were
registered using an EL-2 potentiostat designed and
manufactured in the Frumkin Institute of Electro-
chemistry, Russian Academy of Sciences, Moscow.
The potential scan rate (v) covered the range from
50 to 900 uV s,

The impedance spectra were registered over the
25 mHz-100 kHz frequency range, using a Solartron
frequency analyzer (model 1255) and a Solartron
electrochemical interface (model 1286). The ampli-
tude of the applied voltage was U = 10 mV. The im-
pedance spectra were taken at several preset poten-
tial values during the first and second runs of the
charge—discharge curves. Additionally, the imped-
ance spectra were taken at some chosen potentials in
the course of prolonged cycling (up to 230 cycles).

Based on preliminary speculative analysis of
the impedance spectra, some equivalent circuit was
suggested. Its elements were found by the minimiz-
ing of the mean-square deviation of the measured
impedance modulus from that calculated for a sug-
gested equivalent circuit; in these calculations,
adopted software!” was used.

Results and discussion

Lithium insertion into crystalline silicon

The initial open-circuit potential of crystal sili-
con electrodes was ca. 2.2 V; it is more likely than
not determined by oxygen-containing groups pres-
ent at the silicon surface. During the first cathodic
polarization half-cycle, the potential dropped to ca.
0.03 V; then it became more positive and slowly
reached its steady-state value ranging from 0.09 to
0.12 V (Fig. 1). At this potential, some steady-state
process occurred (in all probability, electrolyte re-
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Fig. 1 — Cathodic (charge) and anodic (discharge) galvano-
static curves of the I*' cycle for crystalline silicon
electrode.
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duction) in addition to the lithium insertion. When
the current was reversed, the anodic galvanostatic
curves showed a plateau at the 0.2-0.3 V potential
range, which corresponded to extraction of the in-
corporated lithium. Largely, the shape of the curves
is characteristic of silicon electrode (see e.g.1%). We
recall that the cathodic behavior of silicon differs
from that of carbonaceous materials. Indeed, at the
graphite surface the electrolyte is reduced in the po-
tential range 1.2-0.7 V, thus yielding passive film
(so-called solid electrolyte interface, SEI) at the
electrode surface. The SEI that possesses Li*-con-
ductivity hampers the further electrolyte reduction
during the following potential cycling. With the sil-
icon electrodes, no plateau at 1.2-0.70 V in the
cathodic run of the charge-discharge curves was ob-
served in the first and subsequent cycles. Thus, the
electrolyte is not subjected to reduction in this po-
tential range. Yet one can say with a fair degree of
confidence that the reduction process proceeds at
the potentials close to the lithium electrode poten-
tial; hence, the current in the cathodic plateau near
0.1 V is consumed in part for the sustaining of this
very process. This suggestion is corroborated by the
fact that the charge Q. consumed during the cath-
odic half-cycle exceeds markedly the charge Q, re-
leased during the anodic half-cycle. The difference
0. — Q, corresponds to a loss related to the
so-called irreversible capacity Q,,. During the first
cathodic half-cycle, Q,, is consumed for formation
of gaseous and soluble products as well as for SEI
formation. It is the last process that eliminates elec-
trolyte reduction in following cycles. That is why
0, at the second and following cycles is much less
than that at the first cycle. The electrolyte reduction
in following cycles is possible due to defectness of
SEIL

As we have already mentioned in the Introduc-
tion, the lithium insertion and extraction process in-
volves the disintegration of the silicon crystal lat-
tice. The particular character of this disintegration
is mainly determined by the method of silicon sam-
ple manufacturing. When cycling the potential of
the commercial wafer used in this work, only sur-
face destruction (some kind of “etching”) of the sil-
icon plates was observed, and this resulted in the
increased surface area (Fig. 2). This process was
clearly visualized when using the glass cells. Addi-
tionally, the current in the CVA ever increased as
the silicon potential was cycling, which also evi-
dences the growing surface area (Fig. 3).

Lithium insertion into amorphous silicon films
obtained at different temperatures

In order to compare the Li-insertion behavior
of a-Si:H films synthesized at different tempera-
tures, galvanostatic measurements at a current of 70

Fig. 2 — Silicon wafer electrode after lithiation with
current density j = 0.7 mA cm™ for t = 72 h. The surface
that contacted the electrolyte has been etched up; even-
tually, the wafer disintegrated.
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Fig. 3 — Cyclic voltammograms at the electrode made from
silicon wafer. Figures near curves are cycle num-
bers

uA were carried out. Due to the difference in the
film thickness, the current density, when calculated
per unit silicon mass, was equal to /=700 and 1000
mA g! for the films deposited at the temperatures
of 100 and 250 °C, respectively. All the experi-
ments were conducted in the Teflon cells with a
tight assemblage. Fig. 4 demonstrates galvanostatic
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Fig. 4 — (a) Cathodic (Ic, 2¢) and anodic (la, 2a) galvano-
static curves of the I cycle for a-Si:H thin-film electrodes, de-
posited at the temperatures T =100 °C (Ic, 1a) and 250 °C (2c,
2a). (b) The same for 10™ cycle.

curves that correspond to the first (Fig. 4a) and
tenth (Fig. 4b) cycles. For both films, Q, in the first
cycle perceptibly exceeds Q,, which points to the
occurrence of an irreversible process during the
first cathodic polarization cycle. In the tenth cycle,
Q. is virtually equal to Q,. This means that the pro-
cess of lithium insertion-extraction occurs revers-
ibly. By analogy with the behavior of graphite elec-
trodes, one can assume that the irreversible reduc-
tion of electrolyte components (mainly of the sol-
vent) during the initial cycles leads to the formation
of the above-mentioned SEI. By and large, the
curves in Fig. 4 conform to those described in liter-
ature.

One can see that the discharge capacity of
a-Si:H films that were obtained at a temperature of
250 °C noticeably exceeds that of the films pro-
duced at 100 °C despite the fact that the current
density at the cycling of the films manufactured at
250 °C was 1.5 times greater than that for the films
prepared at 100 °C. At this point, we cannot say
definitely whether it is associated with the different
content of residual hydrogen in the films or with
some other factors; in particular, the increase of
film density with the increase of deposition temper-
ature may point to a change in the microscopic
structure of the material.

Some authors'® described properties of thin
amorphous silicon films deposited onto copper sub-
strates using RF magnetron sputtering at room tem-

perature and at 100, 200, and 300 °C. The films de-
posited at 200 °C were found to have the best inser-
tion capability. According to the authors, the good
cycleability of the films is due to the proper Si/Cu
interdiffusion and minimal film stress. The deposi-
tion temperature undoubtedly influences the me-
chanical properties of the films and their adhesion
to substrates. However, it hardly is the sole effect of
the deposition temperature.

For the first 8-10 cycles, the discharge capac-
ity very rapidly diminishes from cycle to cycle, the
capacity fading being faster for the films synthe-
sized at 100°C than for those synthesized at 250 °C.
Then, the rate of decrease in capacity slows down.
The question as to why the capacity of the silicon
electrodes diminishes during cycling is still unan-
swered; it is rarely discussed in the relevant litera-
ture. It must be emphasized that the literature data
on the decrease in the capacity of the amorphous
silicon thin-film electrodes is rather contra
dictive.3-10:19:20

Effect of film thickness on lithium
insertion

Figure 5 presents galvanostatic curves recorded
in the first cycle for thin-film a-Si:H electrodes of
different thickness; the films were synthesized at
250 °C. The cycling was performed with current of
I =0.07 mA (j = 0.175 mA cm?), which corre-
sponded to the current densities of 3500, 2030,
1200, and 610 mA g! for the 0.25, 0.43, 0.73, and
1.35 um-thick films. We see that the character of
these curves is the same, and in all cases O, exceeds
0, in the first cycle, which evidences the occur-
rence of some irreversible processes. There is no
correlation whatsoever between the Q,, in the first
cycle and the film thickness. However, noteworthy
is the marked irreproducibility of the Q,, values for
electrodes with films of the same thickness.
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Fig. 5— Cathodic (Ic—4c) and anodic (la—4a) galvanosta-
tic curves of the I cycle for a-Si:H thin-film electrodes, depos-
ited at the temperature 250 °C. Film thickness (0/um): 0.25
(la, Ic); 0.43 (2a, 2¢); 0.73 (3a, 3c); 1.35 (4a, 4c).
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The dependence of the reversible capacity on
film thickness at the same current density calcu-
lated per unit visible surface area is of complicated
character. In the first cycle, the discharge capacity
of thicker films exceeds that of thinner films, which
is but logical, because the current density for the
thicker films is a few times smaller than that for
thinner films. However, as early as by the third cy-
cle, the values of the discharge capacity for the film
electrodes of different thickness become identical.
This can be explained by the different character of
variations in the discharge capacity of the elec-
trodes in the course of their cycling. Fig. 6 illus-
trates the variations in the discharge capacity of
electrodes with films of different thickness during
their cycling. Characteristically, the rate of capacity
fading of the films of small thicknesses turned out
to be lower than that for the 0.73 and 1.35 um-thick
films. Besides, the discharge capacity of electrodes
with the films 0.23 and 0.43 um thick initially (for
the first 6-10 cycles) somewhat increases with the
cycling in progress, then begins decreasing. The
discharge capacity of the electrodes with thicker
amorphous silicon films decreases during their cy-
cling beginning with the very first cycle (Fig. 6, in-
sert).
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Fig. 6 — Change of the discharge capacity of a-Si:H
thin-film electrodes, deposited at the temperature 250°C. Film
thickness (O/um): (1) 0.25; (2) 0.43; (3) 0.73; (4) 1.35. The
curves were taken with the current 0.07 mA (insert: the initial
segments of the curves)

Why the decay in the discharge capacity accel-
erates with increasing film thickness we cannot yet
explain. It may result from trivial destruction (or
exfoliation from the substrate) of thicker films (this
reason is noted also in ref. 13). Indeed, once the
cells were disassembled after prolonged cycling,
the films 0.73 and 1.35 um thick appeared virtually

detached from their substrates. The thinner films
underwent only partial destruction.

The electrodes prepared from thin-film amor-
phous silicon of different thickness were cycled at
identical current density, as calculated per mass of
the active substance: 3500 mA g~'. Here, the current
density calculated per unit visible surface area was
equal to j = 0.175, 0.30, 0.51, and 0.97 mA cm™ for
the films 0 = 0.25, 0.43, 0.73, and 1.35 um thick.
During the cycling, the discharge capacity of thin-
ner films exceeded that of thicker films beginning
with the first cycle. The low values of the discharge
capacity for the electrodes with thicker films can be
attributed to a significant non-uniformity of lithiation
over the film thickness. The nonuniformity of lith-
ium distribution over the electrode thickness in-
creases with the current density as calculated per
unit visible surface area of the electrodes. As the
cycling proceeds further, the decrease in the dis-
charge capacity for thicker films was more pro-
nounced than that for thinner films, which is due to
a trivial reason, in particular, the exfoliation of
amorphous silicon films from the substrate.

Cyclic voltammetry of a-Si:H
thin-film electrodes

Figure 7 shows CVAs for the electrodes syn-
thesized at the temperatures of 100 and 250 °C.
These experiments were also conducted in Teflon

T T T T T

0.0 0.5 1.0
E/V (Li/Li")

Fig. 7 — Cyclic voltammograms for a-Si:H thin-film elec-
trodes for the 1° cycle (1a, 1b) and 2" cycle (2a, 2b). The films
were deposited at the temperatures 100 °C (la, 2a) and 250 °C
(1b, 2b). The potential scan rate is 107 V s7.
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cells with a tight assemblage. The curves were re-
corded at a rather slow potential scan rate of 104V
s7!. As seen in Fig. 7, the CVAs agree with the
galvanostatic curves shown in Fig. 4.

With both electrodes, the charge O, consumed
during the cathodic run of the curve exceeds mark-
edly the charge O, released during the anodic run in
the first cycle, which also points to the occurrence
of irreversible processes during the first cathodic
polarization. Two cathodic peaks at the potentials of
about 0.20 and 0.06 V reflect the process of lithium
insertion. However, irreversible processes that are
probably related to the above-mentioned electrolyte
reduction camouflage this reversible process. These
cathodic peaks correspond to the anodic peaks at
the potentials of ~0.32 and 0.49 V in the reverse run
of the CVAs, which reflect the process of lithium
extraction. Almost the same results were reported
also in Refs. 5-7, 10.

The raising of the potential scan rate leads to
an increase in the height of the peaks corresponding
to the lithium insertion and extraction. The peaks
turn smoother, the cathodic peaks shift to negative
potentials while the anodic peaks to positive poten-
tials (Fig. 8). The current in the first anodic peak (at
E ~0.32 V) appeared to be a linear function of Jv
(v is the potential scan rate); the line strikes the ori-
gin, which indicates that the process of lithium in-
sertion—extraction is under the diffusion control.
Such dependence allows calculating the lithium dif-
fusion coefficient D;; The -calculation requires
knowledge of the concentration dependence of

2~
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Fig. 8 — Cyclic voltammograms for a-Si:H thin-film elec-
trodes deposited at temperature 100 °C. The potential scan
rate (V s71): (1) 5-107; (2) 107%; (3) 2-107%; (4) 4-1077;
(5) 9 10~*. The curves are recorded during the 3%, 4", 5% 6"
and 7" cycles.

the potential, which in the present case is
non-Nernstian. The interrelation between the poten-
tial £ and the lithium concentration ¢ can be found
from a quasi-equilibrium discharging curve (that is,
the dependence of E on the passed charge Q). The
E vs. O dependence is nearly linear over a wide po-
tential range, with the proportionality coefficient
dE/AQ =2.8-10° Q g s\,

Evidently,
dQ =dcn Fip (D)

where p is the density of amorphous silicon (p =
2.2 g cm™).

With due account for Eq. (1), the expression
for calculating D,; can be written as

i)
Y peF do \dVy

(instead of the traditional formula

2

Dy =j, /(269 -10° 2 ¢ v'?),  (3)

which is based on the Nernstian dependence of E
on c). Here j, is the current density in the CVA
peak, n is the number of electrons transferred per
one diffusing particle, the concentration ¢ was cal-
culated by integrating the cathodic curve recorded
at a rather low potential scan rate. For the a-Si:H
thin-film electrodes prepared at 100 and 250 °C, D, ;
came to 9 - 1073 and 4 - 10713 cm? s7!, respectively.
This may be due to the increase in the film density
(which is likely to reflect a change in the micro-
scopic structure of the material) caused by the in-
crease in the deposition temperature, as suggested
above. (No reliable data on the lithium diffusion co-
efficient in amorphous or crystalline silicon is at
hand, to our knowledge. An attempt to measure the
lithium diffusion coefficient in the amorphous sili-
con films using the potential-step chronoampero-
metry method was made.!" However, the authors
concluded that the rate-determining step in their ex-
periments was not the lithium diffusion, so the fig-
ures obtained are no more than apparent). The in-
crease in the Li diffusion coefficient must facilitate
the lithium diffusion in the a-Si:H bulk, hence, im-
prove the electrochemical properties (in particular,
the insertion capacity) of the lithium electrode.

The impedance studies of a-Si:H thin-film
electrodes

It is but surprising why such an informative
method of investigation as electrochemical imped-
ance spectroscopy (EIS) has never been invoked for
investigating lithium insertion into silicon. (The
only exceptions are the works devoted to studying
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silicon/carbon composites'®?122 and silicon/poly-
pyrrole composites.'?)

In the present work, only electrodes prepared at
250 °C were used for EIS study. As one can see
from Fig. 4, the galvanostatic cathodic charge curve
could be conveniently divided into two segments.
The first sharply descending from 1.5 to ca. 0.25 'V,
refers to the processes of electrical double layer
charging and the slow reduction of the electrolyte
or impurities therein. The slope of this segment of
the curve corresponds to a full differential capaci-
tance of 70-75 mF cm2; and this certainly exceeds
the electrical double layer capacitance. The second,
gently sloping, segment covers the potential range
from 0.25 to 0.0 V, and it relates to the lithium in-
sertion. Figure 9 presents typical Nyquist plots cor-
responding to the first (Fig. 9a) and the second
(Fig. 9b) segments. These data were obtained dur-
ing the first cathodic polarization of a freshly pre-
pared electrode. Qualitatively, these plots resemble
those reported for the silicon-powder electrodes. 2!
Apparently, the spectra measured in the first and
second segments of the cathodic galvanostatic
curve have similar appearance. Indeed, they both
show a somewhat depressed semicircle in their
high-frequency domain, the center of which lies be-
low the abscissa axis. The low-frequency segment
of the plot measured at 380 mV is nearly a straight
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Fig. 9 — Nyquist plots, taken during the I*' cycle at the po-
tential 380 mV (a) and 25 mV (b).

line with a slope of 47°. While the low-frequency
segment of the plot measured at 25 mV (where the
lithium incorporation can occur) may be thought of
as a part of a large-radius semicircle.

The impedance spectra measured during the
second charging-discharging cycle are similar to
those obtained during the first cycle.

With the cycling in progress, the electrodes’ ca-
pacity decreases (Fig. 10) and the appearance of the
complex-plane (Nyquist) plots of the impedance spec-
tra changes.” After prolonged cycling, the high-fre-
quency semicircle eventually splits in two (Fig. 11).
Note, that the Nyquist plots with two semicircles in
their high-frequency domain were observed.!'8

v v T g T v T
0 50 100 150 200
cycle number

Fig. 10 — Change of the discharge capacity of a-Si:H elec-
trodes with thickness 0.25 um (improved batch)

From the shape of the plots measured at differ-
ent potentials and for different cycle numbers, a
generalized equivalent circuit was derived. The
equivalent circuit comprises four chains connected
in series (Fig. 12). The first one is the electrolyte
resistance R, (more strictly, R, includes all ohmic
resistances in the system, other than the resistances
of electrical double layers and diffusion regions).
The second chain is a parallel combination of a re-
sistance (R;) and a constant-phase element (CPE)
Q,. This combination relates to the high-frequency
semicircle in the complex-plane plots of the imped-
ance spectra. The third chain is a similar combina-
tion of a resistance (R,) and a constant-phase ele-
ment (Q,). Finally, the fourth chain is a parallel
combination of a resistance (R;) and a con-

*In the present work two batches of electrodes prepared at 250 °C
were used. The second batch was manufactured with some special
treatment of substrate surfaces. This results in better performance of the
electrodes from this batch as compared with the electrodes from the
first one. The EIS studies were carried out with the electrodes from the
second (improved) batch. Fig. 10 corresponds to these very electrodes,
by contrast to Fig. 6.
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Fig. 11 — Nyquist plots, taken during 126" (a) and 220"
(b) cycles at the potential 10 mV.
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Fig. 12 — The equivalent circuit of the thin-film electrodes

stant-phase element (Q;). This chain corresponds to
the low-frequency segments of the impedance spec-
tra. Each CPE element is characterized by a power
(ny, n,, and n;).

The power n, is always close to 1; hence, to a
good approximation Q, can be considered as a fre-
quency-independent capacitance C,, rather than a
CPE. In the potential domain 0-200 mV, where the
lithium insertion occurs, this capacitance practically
is potential-independent (its variation falls within
the experimental scatter) and varies but insignifi-
cantly as the potential cycling occurs, falling in the
15-25 uF cm™ range. We believe that C, is the
electrical double layer capacitance that relates to
the silicon/electrolyte or silicon/passive film inter-
face. Then the resistance R, is the charge transfer
resistance for the lithium intercalation process at ei-
ther of the interfaces.

The third chain in the equivalent circuit can be
related to the charge transfer through the passive
film. The power n, in the CPE Q, is equal to
0.65-0.7.

Finally, the fourth chain in the equivalent cir-
cuit in all probability represents the lithium diffu-
sion in the amorphous silicon bulk. The power n, of
the CPE Q, in most cases is close to 0.5. We em-
phasize that reasonable values of CPE (O, can be
calculated only for the data related to the second
segment of the cathodic charging curve, i.e. only
for the cases of possible lithium insertion.

The powers n, and n; somewhat decrease dur-
ing the potential cycling. It may be suggested that
the nature of both O, and Q, is determined either by
diffusion processes (the lithium diffusion in the
passive film and silicon bulk, respectively), or the
silicon and/or the passive film surface geometrical
structure, or both. It is known that the phase shift
for the impedance of an “ideally rough” electrode
surface that can be conditionally simulated by a po-
rous layer is half that for the same processes occur-
ring at an “ideally smooth” surface (see e.g. ref.
23). For example, for a rough surface the phase
shift for the impedance relating to its double-layer
capacitance equals st/4, while the phase shift for the
impedance describing the diffusion to this surface
(or in a porous layer) is 7/8 in an ideal case. For re-
alistic combinations of the two factors (the diffu-
sion and surface roughness), the power in CPEs can
differ from 0.5.

At the initial stages of potential cycling, the
impedance corresponding to the third chain in the
equivalent circuit (R,0,) is small as compared to
that corresponding to its second part (R,0,); there-
fore, only one semicircle (related to R,Q,) can be
seen in the complex-plane plots of impedance spec-
tra. With the cycling in progress, the impedance of
the R,0,-combination increases, probably because
of the passive film ageing, in particular, thickening
or changing of its composition and structure. This
results in the appearance of the second semicircle,
even if not well resolved.

The Warburg constant, calculated by Eq. (4)
(see below), slightly decreases as the cycling con-
tinues. This minor decrease may be assigned to
loosing surface.

To a first approximation, the initial part of the
low-frequency segment in the Nyquist plots can be
considered as a straight line. In this case, the lith-
ium diffusion coefficient can be calculated from the
measured values of the impedance imaginary com-
ponent (Im Z).

The frequency dependence of Im Z can be ex-
pressed as follows:

—Im Z=W/Jax f 4)

where W is the Warburg constant, f is the ac fre-
quency.
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The Warburg constant, in its turn, is related to
the dependence of the equilibrium potential £ on
the concentration of the diffusing species (lithium,
in our case) c:

_ —dE/dc )
~ FID
By combining equations (1), (4) and (5), we

obtained the following expression for the diffusion
coefficient:

(dE/dO)? (dE/dO)?
D = =
2p°W?  Anf p*(ImZ)>

(6)

The diffusion coefficient calculated by Eq.(6)
for the potential of 10 mV equals 3 - 10!* cm? s\,
This value largely agrees with that estimated from
the CV measurements for the electrodes from a dif-
ferent batch. It is not surprising that the diffusion
coefficient of lithium in silicon, like in carbona-
ceous materials, can depend on potential, that is, on
the lithiation degree. Then the diffusion coefficient
determined from the CVAs must be an average (ef-
fective) quantity.

The part of the Nyquist plot corresponding to
the lowermost frequencies declines from a straight
line obeying the Warburg impedance law for
semi-infinite diffusion. This declination can be ex-
plained by that at such low frequencies the film
thickness becomes comparable with the diffusion
length. In this case, the CPE Q; could be considered
as a bounded CPE. The transition from the semi-in-
finite to bounded diffusion is determined by in-
equality

02(dE/dO)?
2 2 (7
wd“p°D
Here o is the silicon conductance, 0 is the film
thickness. An estimation by using equation (7)
shows that the transition from semi-infinite to
bounded diffusion occurs at a frequency of ca. 0.1
Hz. This agrees with the experimental data.

The proposed equivalent circuit is but an ap-
proximation. Indeed, an electrode represented by
this equivalent circuit should pass constant current
infinitely long; in accord with the physical meaning
of the chain R;Q;, this current must correspond to
the lithium diffusion. Meanwhile, the film has finite
volume, therefore, on its saturation with lithium the
current should cease. Therefore, the proposed
equivalent circuit cannot describe the electrode be-
havior at infra-low frequencies; but it fits the condi-
tions of the present experiments.

The CPE Q, refers to the charge transfer
through the SEI. It is the finite thickness of the film

that determines the shape of the corresponding part
of the Nyquist plot, that is, the specifically distorted
semicircle instead of a straight line.

In the initial period of cycling, the impedance
of the chain (R,Q,) is small in comparison with that
of the chain (R,Q,). Therefore, the Nyquist plots re-
veal only one semicircle that corresponds to this
very chain. With the cycling in progress, the imped-
ance of the chain (R,Q,) increases. This could pos-
sibly be caused by the increase in the passive film
thickness or modification of the film composition
and/or structure (ageing). Eventually, two semicir-
cles, even if not very clearly resolved, appear in the
complex-plane plots of the impedance spectra.

Thus, the EIS measurements allowed separat-
ing the electrode process into several stages, their
preliminary identifying, and determining their
quantitative characteristics.

Conclusion

Lithium insertion into hydrogenated amor-
phous silicon (a-Si:H) thin films is studied. Recent
literature information that, unlike crystalline Si,
thin films of amorphous Si are suitable for pro-
longed cycling is confirmed. The discharge capac-
ity of a-Si:H thin films grown at 250 °C proved to
be higher than that of the equally thick films depos-
ited at 100 °C. The discharge capacity of the films
deposited at 250 °C was shown to depend on their
thickness and on the surface treatment of substrates.
Specifically, the capacity fading of thicker films is
much higher than that of thinner films. The Li dif-
fusion coefficient in a-Si:H was estimated using the
CV and EIS methods. It equals 4 10"* cm?/s for
electrodes synthesized at a temperature of 100°C
and 1013 cm?/s for those synthesized at a tempera-
ture of 250°C.
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List of symbols

— concentration, mol dm™

— diffusion coefficient, cm s
— potential, mV, V

— Faraday constant, C mol™!

— current, mA

1

c
D

E

F

f - frequency, Hz
1

1, - mass current density, mA g~
J

— current density
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— charge

— specific mass charge, C g!
— resistance, Q, kQ

— temperature, °C

— time, s, min, h

— voltage, mV, V

— mass fraction

— number atoms

- impedance, Q

thickness, um

— potential scan rate, mV s!
— density, g cm™

— volume ratio

— conductivity, S cm™!
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