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a b s t r a c t

In this paper, density-functional theory based methods are utilized to systematically investigate the
properties of chalcogens (S, Se, Te) doped silicon at different doping concentration. The calculated crystal
structures indicate that Se-implanted Si at concentration of 1.56% show minimum lattice distortion and
formation energy. Intermediate band caused by introduction of chalcogen impurities is beneficial to
strong optical absorption in the infrared range. The calculations carried out demonstrate that energy
band structure and optical absorption coefficient are all associated with the doping concentration. The
bandwidth of intermediate band and forbidden energy gap are broadened due to the increase of
impurities concentration. The dependence of optical absorption on doping concentration is confirmed by
the calculations. The results reveal that S/Se/Te-doped silicon at concentration on the order of 1.04% is
probably suitable candidate for intermediate band materials.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon is well known as the most commonly used material in
photoelectric field. However, the band gap of crystalline silicon
limits its application at wavelength longer than 1100 nm. Recently,
intermediate band (IB) materials derived from Si are reported as a
promising candidate for development of infrared photo-detector
and solar cell [1–3]. A proposed method for obtaining IB materials
is introducing impurities in semiconductor [4], owing to the deep
level impurities are beneficial for absorbing low energy photons
[5]. Transition metals such as chalcogens (S, Se, Te) have been
chosen as the donor impurities in fabricating of black silicon.
chalcogens-doped Si have been fabricated by different kinds of
experimental methods, for example, laser irradiation on Si surface
in the atmosphere of gas such as SF6, femtosecond laser irradiation
on Si with chalcogens thin-film, or ion implantation followed by
irradiationwith laser pulse [6,7]. All the experimental results show
that S/Se/Te-doped Si has high absorption in near-infrared range.
The origins of these phenomena have been studied using the
density functional theory (DFT) in recent reports [8–10]. Sánchez
et al. calculated the energetic properties of chalcogens-doped Si
and reached a conclusion that chalcogens-doped Si show strong
optical absorption in the infrared range [9]. Zhao et al. studied the

insulator-to-metal transition of sulfur-doped Si with the increase
of sulfur concentration [10]. Our group has fabricated micro-
pyramids and nano-pores structures on the silicon surface by
metal-assisted wet chemical etching, the absorption ratio at
wavelengths longer than 1:1 μm was raised [11–13]. However,
there is limited report about theoretical analysis of the influence of
doping concentration on impurity formation energy, energetic
properties and optical properties.

In this paper, the models used to simulate chalcogens-im-
planted Si on different doping level are proposed. Afterward, the
crystal structural, energetic, and optical properties are investi-
gated. The results indicate the obvious dependence of energetic
and optical properties of chalcogens-doped silicon on doping
concentration.

2. Calculation methods

Density-functional theory (DFT) combined with plane-wave
ultra-soft pseudo-potential [14,15] calculations were carried out
to study the properties of the pure and S/Se/Te-doped silicon. The
cells used in this study were derived from various sizes of cubic
super cell of crystalline Si: 2�2�2 (Si64), 2�2�3 (Si96), and
3�3�3 (Si216). The method of atomic substitution was used to
construct doping models, in the case three different super cells
represented different doping concentration at 1.56%, 1.04%, 0.46%
respectively. This approach works on the premise that impurities
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have uniform distribution in the silicon host. However, in a real
system, impurities distribution may be in disorder, the lattice
parameters and bond lengths between Si and chalcogen atoms no
longer have periodicity in that case. The atomic interactions are
also different from the description in this paper. Taking into
account the characteristics of optoelectronic devices, our research
group is looking for a new experimental method to achieve uni-
form doping.

All Geometry Optimization and energy calculations were car-
ried out with CASTEP code [15]. The generalized gradient
approximation (GGA) through the PBE functional was used for the
exchange-correlation potential [16]. The maximum plane-wave
energy cutoff was 280 eV, energy calculations were completed
in the reciprocal space, and a 4�4�4 Monkhorst–Pack grid of k-
points was used to sample the first irreducible Brillouin zone. In
our calculations, set thresholds of 0.01 eV/Å for the inter-atomic
forces and 0.02 GPa for the lattice stress, the maximum displace-
ment was set for 5.0�10�4 Å. The convergence precision of self-
consistent-filed was finally reduced to 5.0�10�7 eV/atom. The
minimization algorithm was chosen the Broyden–Fletcher–Gold-
farb–Shanno (BFGS) scheme [17].

The optical properties were studied by dielectric function,
εðωÞ ¼ ε1ðωÞþ iε2ðωÞ. The imaginary part can be calculated inde-
pendently based on Eq. (1), and the real part was obtained from
the imaginary part using the Kramers–Kronig relation based on
the equation. Consequently, the optical absorption coefficient
would be calculated [18,19].
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3. Results and discussions

3.1. Structure properties

In the super cell of crystalline Si, one Si atom is replaced by one
S/Se/Te atom, following, the atomic structure of doped Si with
formula SinX is optimized, in which X indicates S/Se/Te. The opti-
mized cell constants are calculated by using exchange-correlation
function [16] and corresponding results are shown in Table 1. The
chalcogen impurities cause lattice distortion of silicon host. The
bond length of Si–X is larger than that of Si–Si in the same model,
as well as larger than Si–Si bond length in the pure Si model. The
growth of Si–X bond length directly shortens bond length of Si–Si
due to doping. The lattice parameters (5.437–5.480 Å) of all
chalcogens-doped Si are longer than that of the bulk Si (5.43 Å). In
compounds of the S-implanted silicon and Te-implanted silicon, it
is obvious that higher doping concentration induced larger lattice

distortion than that of lower doping. However, for the Se-impl-
anted silicon, the minimum lattice parameter (5.437 Å) appears at
the concentration of 1.56%, indicating an increment of 0.007 Å
compared to the pure Si.

The impurity formation energy (Ef) is calculated using Eq. (3) to
investigate the chemical stability for existence of chalcogen ele-
ments. Where E½X� refers the elemental energy in the most stable
form, and the results are listed in Table 1.

Ef SinX½ � ¼ E SinX½ ��E X½ �� n
nþ1

E Sinþ1
� � ð3Þ

Usually higher doping concentration and larger atomic radius
of impurity mean higher impurity formation energy, but Se-
implanted Si does not follow this regularity. In all of the models,
Si63Se has the minimum formation energy �15.42 eV. This result
implies that the bonding capacity between Se and Si in a certain
concentration is stronger than that of S and Te. The minimum
bond population of Si63Se is 0.03, indicating that there is ion
interaction between Si and Se. The ion-resonance effect increases
the bond strength and shortens the bond length. [20]. According to
the results above, it can be predicted that Se-implanted Si at the
concentration of 1.56% shows better chemical stability compared
to other compounds.

3.2. Energetic properties

The electronic band structure and density of states (DOS) that
calculated using CASTEP code are presented in Figs. 1 and 2. There
is no significant difference among Si63S, Si63Se and Si63Te, in
contrast to the crystalline Si, an intermediate band appears within
the Si band gap ascribed to the introduction of donor impurities.
Furthermore, compared to the indirect band gap material for pure
Si, the VB maximum and the IB minimum of all chalcogens doped
Si are located at the same κ-point of Γ, this is conducive to the
electronic transition between the two levels. As shown in the
figure of DOS, an occupied band appears and all samples fulfill the
requirements of an IB material [21]. No obvious difference is
observed from the DOS for three types of doping samples at the
same doping concentration. Sulfur, Selenium and Tellurium, all
these VI elements show some similar energetic properties pre-
sented above due to their similar electronic structure.

Brief summaries of the electronic structure for chalogens-
doped Si at different doping levels are shown in Tables 2–4. As
shown in the Tables, IB widths and forbidden energy gaps are
broadened with the increase of impurity concentration. At con-
centration of 0.46%, the IB widths for all samples are sited at 0.19–
0.20 eV, the gaps between VB maximum and CB minimum of all
models are larger than 0.6 eV obtained for the pure silicon. The
gaps between IB and CB minimum of S/Se/Te-implanted silicon
are 0.05 eV, 0.06 eV and 0.05 eV, respectively. When doping

Table 1
Bond length, bond population and impurity formation energy of pure Si and all Chalcogen-doped Si.

Compound Lattice parameter/Å Si–X Si–Si Ef/eV

Bond length/Å Population/e Bond length/Å Population/e

Si(pure) 5.430 2.3663 2.96
Si63S 5.480 2.4461 0.08 2.3651 0.7407 �1.37
Si95S 5.465 2.4774 0.08 2.3648 0.7423 �2.30
Si215S 5.464 2.4829 0.09 2.3646 0.7471 �3.00
Si63Se 5.437 2.5235 0.03 2.3493 0.7467 �15.42
Si95Se 5.471 2.5532 0.03 2.3648 0.7436 �1.47
Si215Se 5.467 2.5462 0.04 2.3644 0.7474 �1.87
Si63Te 5.479 2.6879 0.11 2.3647 0.7316 2.35
Si95Te 5.478 2.6972 0.11 2.3644 0.7372 1.44
Si215Te 5.470 2.6972 0.13 2.3643 0.7444 1.35
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