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Optical Band Gap of Pre-Lithiated Si@O@Al Composite
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The paper presents the results on optical band gap measurements for the Si@O@Al:Lix anodic composite

material, where x = 0 at.%; 5 at.% and 9 at.%. Tauc plots were drawn and the optical band gap values were

determined based on the absorption spectra of Si@O@Al:Lix thin films on a quartz substrate. The obtained

values were attributed to band-to-band and impurity-to-band transitions. The increase in the optical band gap with

increasing x is explained by the Burstein-Moss effect. The calculated energy values of Eg1 = 1.52 eV, Eg2 = 1.15 eV

for x = 0 at.%, Eg1 = 1.93 eV, Eg2 = 1.65 eV for x = 5 at.% and Eg1 = 1.85 eV, Eg2 = 1.62 eV for x = 9 at.% were

attributed to band-to-band and impurity-to-band transitions, respectively. The optical band gap widening with

increasing x > 0 is explained by the Burstein-Moss effect.
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A silicon nanocomposite of the Si@O@Al composition is

one of the promising anode materials for thin-film solid-state

lithium-ion batteries [1,2]. A composite film is deposited by

magnetron sputtering; in standard deposition regimes, its

specific capacity is ∼ 2500mA · h/g. One may vary the

specific capacity of an anode from 1000 to 3000mA · h/g

by adjusting the target sputtering parameters and the

target composition. Unlike nanostructured silicon [3–6],
Si@O@Al is highly stable, withstanding more than 1000

charge–discharge cycles without any significant loss of

capacity. The main component of Si@O@Al is solid

solution a -Si(Al) with small inclusions of nanocrystalline

silicon nc-Si(Al), where Si is the solvent and the dissolved

component (Al) is indicated in brackets. Since the concen-

tration of the nc-Si(Al) phase is low, it is not mentioned

further.

The band structure of a -Si(Al) undergoes significant

changes within the charge–discharge cycle of a battery. Sub-

jected to lithiation, degenerate hole semiconductor a -Si(Al)
first transforms into a compensated semiconductor, and

then into degenerate electron semiconductor a -Si(Al,Li).
Accordingly, the resistance of the Si@O@Al composite

material undergoes significant changes. This is confirmed

by the current–voltage curves (CVCs) in Fig. 1, which

correspond to the Ti—Si@O@Al—Ti structure and two

Ti—Si@O@Al:Li—Ti structures taken from the center and

the edge of a substrate. The spread of CVCs of the

Ti—Si@O@Al:Li—Ti structures is attributable to the non-

uniformity of magnetron deposition. It can be seen that the

film resistance decreases in the process of lithiation, and the

Ti—Si@O@Al:Li contact becomes ohmic. The changes in

CVCs occurring during lithiation were attributed in [7,8] to
compensation of the acceptor impurity (Al) with subsequent

formation of the a -Si(Al,Li) degenerate semiconductor

phase. The parameters of the Schottky barrier in the

Ti—a -Si(Al) contact region were also estimated in these

studies. The aim of the present study is to verify the

assumptions regarding the existence of two degenerate

phases: a -Si(Al) in the delithiated state and a -Si(Al,Li) in

the lithiated state. These assumptions may be validated by

confirming the presence of band−band and impurity−band

electronic transitions in the Si@O@Al absorption spectra.

Thin Si@O@Al films with a thickness of 100 and 200 nm

and 100-nm-thick Si@O@Al:Li films were deposited onto
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Figure 1. CVCs of test Ti—Si@O@Al—Ti (circles) and

Ti—Si@O@Al:Li—Ti (curves 1 and 2) structures recorded within

the range from −1 to +1V. The spread of characteristics of

lithiated samples is attributable to different distances from the

center of a substrate (1 — center; 2 — edge).
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Figure 2. Dependences of (α f ilmhν)1/2 on hν for the determination of Eg by the Tauc method. a – Tauc plots for samples F1 with a

film thickness of 200 (1) and 100 nm (2) with extrapolation of linear regions; b — Tauc plot for sample F2; c — Tauc plot for sample

F3; d — Urbach tails in the ln(α f ilmhν)−hν coordinates.

fused quartz substrates (D = 40mm; thickness, 1.1mm)
by RF magnetron sputtering. Lithium-free films (here-
inafter referred to as F1) were deposited by sputtering

of an Si3Al target. The films with low (F2) and high

(F3) lithium concentrations were deposited by sputtering

Si3Al0.64 · 0.12Li2O and Si3Al0.28 · 0.24Li2O targets, respec-

tively. All targets were sputtered under identical conditions

in an Ar/O2 gas mixture. The elemental composition of

films was determined by energy-dispersive microanalysis

using an EDAX attachment to a Quanta 3D 200i (FEI)
microscope. The obtained atomic ratios of elements

(lithium excluded) suggest that films F1, F2, and F3

had the compositions of Si66Al20O14, Si63Al4O28Li5, and

Si54Al3O34Li9, respectively.

Absorption spectra were calculated based on the trans-

mission and reflection spectra of the samples, which were

measured using an SF-56 (LOMO, Russia) single-channel

spectrophotometer within the range of 350–1100 nm. Ab-

sorption coefficient α f ilm of the film was calculated as

α f ilm = 4πk/λ, where λ is the wavelength of incident light

and k is the extinction coefficient of the film under study.

Dependence

(α f ilmhν)1/2 = B(hν − Eg), (1)

which is known as a Tauc plot [9], was used to determine

optical band gap Eg . Here, hν is the photon energy

corresponding to the wavelength of incident radiation and

B is the Tauc parameter. The Tauc parameter is related to

the width of tails of the density of localized states of the

valence and conduction bands [10,11].
The dependences of (α f ilmhν)1/2 on hν for F1, F2, and

F3 layers are shown in Fig. 2. These dependences have two

linear sections, which were approximated by linear functions

of the form
(

α f ilmhν
)1/2

= Bhν − A. (2)

The values of band gap Eg calculated as Eg =A/B are

indicated in Figs. 2, a−c. The Urbach
”
tail,“ which is

associated with the transitions of electrons from the tail of

the density of states of the valence band to the conduction

band and from the valence band to the tail of localized states

of the conduction band [12], is located in the region of weak
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Optical band gap measurement result
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Figure 3. Approximate form of the density of electronic states in solid solutions a-Si(Al) and a-Si(Al,Li). a — Formation of an

impurity band in degenerate a-Si(Al) (transitions corresponding to Eg in Fig. 2, a are shown). b — Impurity bands in a-Si(Al,Li) (possible
band−band and impurity−band transitions in a nonequilibrium system and an increase in optical band gap 1EBM = 1EV + 1EC due to

the Burstein−Moss effect are indicated).

absorption (α f ilm < 104 cm−1, hν < 1.87 eV). According to

theory [12], the absorption coefficient in the region of this

Urbach tail depends on photon energy in the following way:

α f ilm ∝

exp(hν/E0)

hν
, (3)

where E0 is the Urbach energy. Figure 2, d shows the

dependences of ln(α f ilmhν) on hν for samples F2 and F3.

These dependences are linear (the F3 dependence is linear

within the 1.6−1.87 eV interval), which is consistent with

formula (3). The optical band gap measurement results are

listed in the table.

According to the current understanding of the energy

structure of a degenerate semiconductor [13], the intrin-

sic and impurity bands merge at impurity concentration

nimp > r−3
B , where rB is the Bohr radius of the impurity

in the semiconductor. The density of states function of the

a -Si(Al) phase, which forms the basis of Si@O@Al, should

then take the form shown schematically in Fig. 3, a. With

subsequent lithiation of a -Si(Al), the acceptor impurity is

compensated, and the donor impurity band then merges

with the conduction band of silicon. The corresponding den-

sity of states functions are shown schematically in Fig. 3, b.

Two types of transitions are possible in a semiconductor

of this kind: band−band and impurity−band ones. These

transitions yield two values of the optical band gap: Eg1

(band–band transition) and Eg2 (impurity–band transition).
Since the a -Si(Al,Li) phase is a semiconductor heavily

doped with acceptor and donor impurities, the Burstein–
Moss effect [14] may be associated with a shift of the Fermi

level in both valence and conduction bands. One may then

introduce two quasi-Fermi levels EFq : one for the valence

band and one for the conduction band (see Fig. 3, b). If the
system is close to equilibrium, all states in the valence band

are filled and 1EV = 0.

Thus, the absorption spectra of structures F1, F2,

and F3 with different lithium concentrations provide a

more detailed insight into the band structure changes in
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individual phases of Si@O@Al in the process of lithiation

(specifically, during the a -Si(Al)→ a -Si(Al,Li) transition).
Tauc plots are indicative of the existence of two transitions

(band−band and impurity−band) in the a -Si(Al,Li) phase.

This implies that two impurity bands (acceptor and donor)
are formed. The magnitude of the Burstein−Moss shift is

large, suggesting a strong a -Si(Al,Li) degeneracy.
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