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Introduction

SiC-based semiconductor electronic devices and circuits have great potential in the field
of high-temperature, high power, high frequency and radiation-resistant applications,
where conventional Si based semiconductors cannot adequately perform [1].

SiC has excellent mechanical properties (hardness, Young’s modulus) and wear re-
sistance, which makes it a desirable material for harsh environment MEMS (Microelec-
tromechanical Systems) applications [2].

PECVD SiC thin film can be utilized not only as the structural material of MEMS
devices, but also as a protective material for coating and packaging of micromachined Si
parts [3].

Bulk SiC has indirect bandgap, however due to quantum confinement nanocrystalline
SiC is capable of photoluminescence. Highly luminescent, biocompatible, hydrophilic SiC
NC colloidal solution can be applied for tagging cells or molecules [4].

A unique method was developed in order to form SiC NCs at the Si side of a SiO5/Si
interface by CO annealing. The phenomena was discovered in 2002 by Krafcsik et al. and
patented by the Department of Atomic Physics of the Technical University of Budapest
and the Research Institute of Technical Physics and Materials Science [5-7].

Goals

Our group has previously shown that CO annealing of a SiO/Si structure at tempera-
tures above 1000°C results epitaxial, void-free 3C-SiC nanocrystals at the Si side of the
Si09/Si interface [5,8].

From the application point of view we can define two different goals. For memory

applications or for the strong room temperature photoluminescence due to quantum



confinement NCs with 2-3 nm size and with the highest possible nucleation density are
desirable. Harsh environment MEMS applications need a flexible technology to form a
continuous protective polycrystalline SiC coating with the lowest thermal budget.

The aim of this dissertation is to characterize and understand SiC NC formation
mechanism at the SiO./Si interface made by annealing in CO. CO diffusion in SiOs,
nucleation and growth mechanism of SiC NCs has been studied by isotope tracing and
various kinds of microscopy. Effect of process parameters on nucleation density, size
and morphology has been investigated, such as CO pressure, annealing time, initial
oxide thickness and orientation of the Si substrate. Electrical characterization of MOS
structures with embedded SiC NCs has been carried out to identify the effect of CO

annealing on electrical parameters.

Experimental methods

In order to monitor the atomic movement of carbon and oxygen during SiC NC growth
SiO,/Si structures were heat treated in isotopically labeled 3C*0 gas at different pres-
sures at 1100°C. This allowed us to investigate CO diffusion and SiC formation separately
from 2C and O coming from the surface contamination and the bulk SiO,. Depth pro-
files of ¥C and '®0 isotopes were taken by SIMS (Secondary Ion Mass Spectrometry)
and NRA (Nuclear Reaction Analysis).

After performing heat treatments with different process parameters (CO pressure,
annealing time, dielectric thickness, Si substrate orientation), nucleation, growth and
morphology of the SiC NCs has been studied by SEM (Scanning Electron Microscopy),
TEM (Transmission Electron Microscopy) and AFM (Atomic Force Microscopy).

Effect of CO annealing on electrical parameters of the SiO,/Si structure and charge
storage capability of SiC NCs has been investigated by current-voltage and capacitance-

voltage measurements.



Theses
The major conclusions of my Ph.D. work are summarized in the following thesis points.

1. I found for the formation mechanism of SiC nanocrystals (NCs) in isotopically
labeled 3C'0 [T1,T2], that

(a) ¥C and 'O accumulates at the SiOy/Si interface at 1100°C. The amount of
13C is proportional to CO gas pressure and the annealing time. These results

are proved experimentally by isotopic tracing using SIMS and NRA.

(b) Applying the Deal-Groove theory to the diffusion and reaction processes of
CO molecules in SiOy/Si, I calculated the parabolic and linear constants (k, =
3.9+1.0x107% cm?/s and k; = 1.3+£0.2x 107" cm/s) and estimated the CO
diffusion coefficient in amorphous silica at 1100°C (Dco = 1.8 x 107 cm?/s).

(¢) SiC NC growth is not possible at the Si3N4/Si interface as SizNy is a diffusion
barrier against CO, therefore selective growth of SiC NCs can be achieved by
masking Si by SizNy.

2. T found that for nucleation and growth of SiC NCs in 5x10% Pa (5 at.%) and 10°
Pa (100 at.%) CO [T3,T10]

(a) nucleation density of SiC NCs increases with CO concentration (from 4x10?
cm ™2 to 4x10' cm ™2 by increasing the CO concentration from 5x10°% Pa (5
at.%) to 10° Pa (100 at.%)) and CO pressure. Annealing a SiO,/Si struc-
ture in 10° Pa (100 at.%) CO at 1100°C for 6 hours results a continuous
polycrystalline SiC layer.

(b) lateral dimension of SiC NC is proportional to the square root of time based
on microscopy studies. This implies that lateral growth is limited by diffusion

and the carbon diffusion in Si might be the limiting process.

(c) grain boundaries and cracks in single crystal Si act as heterogeneous nucle-
ation zones, with depleted, nucleation free zones around them (200-400 nm in
5x10% Pa (5 at.%) CO 1190°C, 30-50 nm in 10° Pa (100 at.%) CO 1100°C).

(d) I proposed a nucleation model, which can explain the pre-nucleation time, the
relatively large size of the critical nucleus, the increasing nucleation density

and decreasing critical nucleus size with increasing CO pressure.



3. Idemonstrated experimentally that nucleation density, size and morphology strong-
ly depends on the orientation of the Si substrate in 5x 103 Pa (5 at.%) CO [T5,T6,T7,
T8, T11].

(a) The SiC nucleation density on (110) is four times higher than on (100) and
(111) surfaces. Nucleation density is not proportional to the Si/SiO, avail-
able bond density or interface state density. The smallest crystal size was
obtained on the (110) plane. According to my experiments SiC formed on the
(110) surface has the lowest formation energy resulting the smallest critical

nucleation size and higher nucleation density.

(b) I proposed that morphology of nc-SiC was governed by crystal symmetry
and elastic stress. Fourfold, rectangular and hexagonal symmetry of the Si
substrate defines the shape on (100), (110) and (111) surfaces respectively.
Convex equilibrium shapes on (100) and (111) surfaces suggest that elastic

energy contribution is remarkable in the shape definition.

4. 1 found for the electrical parameters of MOS structures with SiC NCs [T4,T9],
that

(a) CO annealing does not affect the insulating properties of the SiOy layer ac-

cording to C-V measurements.

(b) negative flatband shift appears up to several volts after CO annealing by C-V
measurements caused most likely by positively charged oxygen vacancies in

the SiO,, which I successfully eliminated by a post-oxidation treatment.

(c) it is possible to inject carriers into the SiOs isolated SiC NCs in the dielectric
layer of MOS structures created by post-oxidation step. The number of the
injected carriers is in the 10'°-10* ¢m~2 range, the hysteresis window in the

samples is 0.22-0.67 V and can be tuned by the process parameters.
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