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Si nanocrystals (Si-NCs) have shown great potential for developing new generations of devices. Si-NCs
behave as quantum dots with various energy states that can be tuned using the carrier confinement in all
three dimensions. These quantum properties of Si-NCs or Si quantum dots (Si-QDs) are best enjoyed when
they are embedded in a wide-gap dielectric matrix, which structure is quite intriguing in the field of Si
optoelectronics and the third-generation photovoltaics due to the CMOS compatibility, the high conversion
efficiency, the thermal stability and the low cost of fabrication. This thesis has focused on realization of
in-situ formation of Si-NCs during growth of three insulating matrix films: two types of Si-nitride and
Si-(oxy)carbide. Reduction of the deposition rate is considered key to the in-situ formation of Si-NCs because
it facilitates the creation of the nucleation site. Low deposition rates were acquired by using a low plasma
power and a high dilution of the source gases. This dissertation describes the achievement of this study,
consisting of six chapters.

Chapter 1 is a general introduction.

Chapter 2 describes in-situ formation of Si-NCs in Si-nitride films. The Si-nitride film was formed by
plasma enhanced chemical vapor deposition (PECVD) using N gas as the nitrogen source. Good correlation
was observed between the quantum confinement effect and the crystal size of the Si-NCs, obtained from
photoluminescence (PL) and High-resolution transmission electron microscopy (HRTEM), respectively. It is
shown that a Si nitride matrix can provide a good emission state in small Si-NCs. Figures 1 (é) presents
HRTEM images of the Si-NCs embedded in a silicon nitride film and Fig. 1(b) shows the photoluminescence
peak energy of Si-NCs as a function of the crystal size.

Chapter 3 describes the impacts of the nitrogen source on the in-situ formation of Si-NCs in Si-nitride. By



comparison of two types of precursors, SiHs++N2 and SiHs+NH3 gases, the nitrogen source is shown to play a
decisive role in determining the location of the nucleation sites of Si-QDs within the dielectric matrix film.
For SiH4++NH3, the Si-QDs mainly nucleate on the Si substrate, in sharp contrast to the case of SiHs++Ng, in
which Si clusters nucleate in the bulk of the Si-nitride matrix (Figures 2(a)-(f)). In Fig. 2, possible surface

reactions of the N2 and NH3 gases on the Si(100) substrate are also presented.
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Figure 1. (a) Cross-sectional high-resolution transmission electron microscopic (HRTEM) images of Si-NCs
embedded in a silicon nitride film. The average size and the dot density of Si-NCs are 4.6 nm and 6.0 x 101!
cm?, respectively. The insets are the crystal image and the transmission electron diffraction pattern,
showing that the silicon dots are crystalline. (b) Photoluminescence peak energy of Si-NCs as a function of
the crystal size. The solid line was obtained from the effective mass theory for three-dimensionally confined
Si-NCs. The dashed line was obtained from the effective mass theory for amorphous silicon quantum dot

structure.
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Figure 2. High-resolution transmission electron microscopy (HRTEM) images of the Si-QDs embedded in a
silicon nitride film and possible surface reactions of the N2 gases and NHa gases on the Si(100) substrate; (a),
(b), and (c) Si-QDs grown using SiHs+N: gas, and (d), (e), and (f) 5i-QDs grown using SiH+NH3 gas. (a), (c),
(d), and (f) are cross-sectional images and (b) and (d) are plan view images

Chapter 4 is focused on the electrical properties of the Si-QD light-emitting diodes (LEDs), in its
dependence on the nitrogen source used in the silicon miride (SiNx) matrix growth. By locating Si-QDs in
the vicinity of the boundary between the Si-nitride matrix and the p-type Si substrate, it is shown that a
high hole injection efficiency is attained through reduction of the tunnel barrier width. Both p-type and
p+-type Si substrate were tested to clarify the role of hole tunneling in the LED performance. Figure 3 (a)
shows Si-QD LED band diagrams for the two silicon nitrides. Figure 3(b) compares current-voltage (I-V)
curves of the Si-QD LEDs for SiH+NHs (circles) and SiHs+N: (squares) source gases.
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Figure 3. (a) Si-QD LED band diagrams for the two silicon nitrides. From the band gaps (Ey) of silicon and
silicon nitride (1.10 and 5.30 eV) and the electron affinities (Es) of silicon and silicon nitride (4.00 and 2.10
eV), the hole tunneling barrier height (En) is caleulated to be 2.30 eV. The hole barrier width has the strong
dependence on the applied voltage and the distance between Si-QDs and p-type Si substrate. (b) Typical
current-voltage (I-V) curves of Si-QD LEDs using the Si-QD grown by SiH+NH3 gas (circles) and grown by

SiH«+N2 gas (squares) on the p- and p+-type Si substrate.



Chapter 5 describes the study on in-situ formation of Si-NCs during growth of Si oxyearbide films by
PECVD using methane (CH4) and silane (SiHs). HRTEM indicates that these nanocrystallites are embedded
in an amorphous silicon oxycarbide matrix and shows the hexagonal silicon phase structure. The peak
position of the PL is controlled by adjusting the flow rate of the silane gas. This phenomenon is attributed to
the quantum confinement effect of hexagonal Si-NCs in silicon oxycarbide film with the change of the NCs
size and the emission states. Figures 4 (a) and (b) show cross-sectional HRTEM image of the Si-NCs
embedded in the silicon oxycarbide film and selected area electron diffraction patterns of the hexagonal
silicon phase.

Chapter 6 is the general conclusion.

To summarize, this dissertation describes the in-situ formation of Si-NCs embedded in dielectric matrix,
whose results clearly demonstrate the viable potential of the in-situ grown Si QDs for the fabrication of

silicon-based optoelectronics and third-generation photovoltaics.
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Figure 4. a) Cross-sectional high-resolution transmission electron microscopic (HRTEM) image of the Si-NCs
embedded in the silicon oxycarbide film. The size and the location of the Si-NCs can easily be identified in
this image. (b) Selected area electron diffraction patterns from (0001) oriented crystallites of the hexagonal

silicon phase.
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