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Abstract

Abstract

In recent years, the supersaturated Si-based materials have been widely
investigated due to its good application prospects in the fields of solar cells and
infrared detectors. In this thesis, the formation feasibility of a Si-based intermediate
band (IB) material through continuous-wave laser induced supersaturated Ni-doping
has been explored for the first time in both theoretical and experimental aspects.
First-principles calculations based on the density-functional theory have been carried
out to study the formation energy, the electronic structure, and the optical property of
the Ni-doped bulk Si with different structures. The Ni supersaturated Si samples have
been successfully prepared using a simple method, which combined magnetron
sputtering with continuous-wave laser scanning. The crystalinity and the
optoelectronic properties have been characterized and analyzed to verify the
formation of a Ni-related intermediate band. The main conclusions of this work are
summarized as follows:

1. The results of first-principles calculations indicate that: (1) Interstitial Ni is
more stable than substitutional Ni when Ni existed in bulk Si as a single dopant atom.
(2) Interstitial Ni doping in bulk Si introduced a separate and empty band at about
dozens of meV below the conduction band. This empty band mainly consisted of
S1-2p orbital electrons, and overlapped with conduction band in the energy
distribution, so this band can be considered as the conduction band minimum (CBM).
In this case, the interstitial Ni doped Si became a direct-band semiconductor with a
smaller bandgap, which is about 0.85 times as large as that of bulk Si, and the density
of states around the valance band maximum (VBM) increased a lot. (3) Substitutional
Ni doping in bulk Si introduced a separate and half-full IB, which was mainly
contributed by Ni-3d and Si-2p orbital electrons and located at about several tenths of

eV below the conduction band. The bandgap between CBM and VBM is about 1.2
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times as large as that of Si, and the locations of high symmetry points corresponding
to the VBM and CBM have been changed. Due to the half-full of IB, the
substitutional Ni doped Si would exhibit a “metal-like” electronic property in the low
temperature and strong sub-band absorption optical property in the near-infrared light
area. (4) Although interstitial Ni doping in bulk Si cannot independently introduce a
separate and half-full IB, when it co-dopes with substitutional Ni in bulk Si, it would
contribute to the IB.

2. The Ni supersaturated p-type Si samples have been prepared successfully
using a method of magnetron sputtering and continuous-wave laser scanning.
Moreover, a group of optimized process parameters was obtained as follows: (1) The
depth of the Ni film was 80 nm; (2) The temperature of the heating unit was 250°C; (3)
The output power of the laser was 200 W; (4) The velocity of the heating unit was 2
mm/s; (5) The times of Laser scanning were 6. Using this group of process parameters,
the Ni concentration in the surface layer exceeded the Mott limit of 5.9x10" cm™
within a thickness of about 35 nm.

3. The crystalinity of the Ni supersaturated Si has been characterized and its
dependence on the times of laser scanning has been discussed as well. When laser
scanning times were less than 6, it affected little on the lattice structure. When
scanning times were more than 6, some particle clusters started to form in the
Ni-doped layer, and then grew up with the increase of scanning times. The Ni-doped
layer mainly consisted of Si, Ni and O. When scanning times were more than 16, the
lattice structure would change a lot.

4. The carrier concentration of the Ni doped layer has been characterized and its
dependence on the laser scanning times has been discussed as well. Laser scanning
process could significantly change the carrier concentration of the surface layer of the
Ni-doped Si, and the conduction type and the concentration of the carrier were
dependent on the laser scanning times. As the laser scanning times increased from 1 to

16, the conduction type and the concentration of the carrier experienced a change of
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5. The electronic properties of the Ni supersaturated Si have been characterized.
Between 80 and 300 K, the carrier concentration of the Ni supersaturated Si showed
an extreme value, which indicated that there may exist an impurity 1B contributing to
the measured carrier concentration in addition to the conduction band. A two-band
model has been used to interpret the temperature-dependent carrier concentration.
Moreover, the location and the concentration of the impurity level were obtained
through numerical fitting. A measurement of lifetime was carried out at RT, which
showed that the average lifetime of the Ni supersaturated Si sample was about 42 Ls.
The average lifetime of the Ni supersaturated Si increased significantly compared to
the undoped p-Si substrate (the average lifetime was about 5 |.5).

6. The room-temperature (RT) optical and optoelectronic properties of the Ni
supersaturated Si have been characterized. Beyond 1200 nm, the Ni supersaturated Si
exhibited a significant increase of the optical absorption. Furthermore, both the
surface photovoltaic spectra (SPVS) and external quantum efficiency (EQE)
measurements presented apparent subband gap optoelectronic response, which
substantiated the formation of an IB in the energy band of the Ni supersaturated Si

sample.

Keywords: Continuous-wave laser scanning; Intermediate band; Ni doping;

Supersaturated Si; First-principles caculations
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