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The interface micro-roughness between gate oxide film and silicon substrate is one of the critical issues to the gate
oxide film reliability and the performance of Metal-Oxide-Semiconductor Field-Effect-Transistors (MOSFETS). Especially
with the device size shrinkage, the gate insulator films have been becoming thinner, which induces the effects of the electric
field concentration due to the interface roughness increasing. It has also been known that, with the interface roughness
suppressing, the current drivability, 1/f noise, and the lifetime and the breakdown characteristics of insulator films can be
improved. The atomically flat interface has been proved to be usefully for the device characteristics improvement. However,
the applications of these technologies are very difficult. In this dissertation, the low temperature atomically flattening for the
large scale wafer has been developed and the application technologies have been investigated. The approaches include the
low temperature atomically flattening technologies, single wafer cleaning technologies for atomically flat wafer, and the
high reliable gate insulator films formation. All of these new process technologies can be applied to LSI fabrication on large
scale wafers. There are 4 chapters in this dissertation,

The first chapter is introduction.

In chapter 2, technologies to realize low temperature atomically flattening on large scale wafers have been investigated.
New vertical furnace which can realize ultra pure annealing ambient by suppressing the H,O and O, back diffusion from
atmosphere has been developed. After annealing in Ar ambient above 800 °C, atomically flat surface appeared on the
whole 200 mm wafer of Si(100). On the atomically flat surface, the average height of the steps is 0.135 nm, and on terrace,
the atomically flat surface can be formed, shown as in Fig. 1. It has been found that only after annealing belov;r 900 °C,
slip-line defect cannot be generated in wafers. Atomically flattening is the Si atoms migrations of the surface layers,
depends on the H;0O and O concentrations in Ar ambient, and is independent of wafer off angles. From the former research,

only after annealing at ultra pure Ar ambient, the atomically flat surface can be formed.
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Figure 1. 1 um x 1 um AFM images of samples before and after annealing in Ar ambient at 1200 °C, 1100 °C, 900 °C, 850 °C

and 800 °C, respectively. The annealing time are 1hour at (b) 1200 °C, (c) 1100 °C, (d) 900 °C, 9 hours at (¢) 850 °C, and 80
hours at (f) 800 °C, respectively.

Atomically flattening speed can be increased by annealing at higher temperature or improving the gas-replacement
efficiency near the wafer surface. After annealing in vertical furnace, atomically flat surface is formed at wafer edge and
enlarge to the whole surface, due to the different gas-replacement efficiencies near the wafer surface. Increasing the As gas
supply flow rate and widening the gap distance between wafers can reduce the H;O and O, concentrations near the wafer
surface, and result in shortening the atomically flattening time for the whole surface. It is considered that by improving the gas
flow pattern of the vertical furnace, the atomically flattening speed can be increased even with narrow space between wafers
and low Ar gas supply flow rate. The cleaning process to fabricate device on atomically flat surface has been developed.
Besides the alkali cleaning solution, the cleaning ambient has also effects on maintaining surface flatness. It is found that only
cleaning in dark and N, ambient, the surface flatness can be maintained as before. For the single wafer spin cleaning process,
with increasing the O, concentration in cleaning ambient, after cleaning, water marks appear easily on surface and are difficult
to be removed. For large scale atomically flat wafers, new cleaning method in N, and dark ambient of spin cleaning has been
found. It has been found that spin cleaning has different particle removal effects from batch cleaning. Not only the zeta
potential, but also the hydrophobic surface is very important for particles removal. Without surfactant and megasonic, only
FPM (0.5% HE, 1% H,05) or DHF (0.5% HF) can remove particles. And the cleaning time for particle removal can be reduced
to be 15 sec. This new cleaning method also has high metal and organic contamination removal effects. H,0, is found to be
necessary for metal contamination removal. After cleaning the metal impurities contaminated wafers by Os-UPW of 30 sec,
FPM (0.5% HE, 1% H,0,) of 30 sec, and H,-UPW rinse of 30 sec, all the metal remaining is below 1 x 10 atoms/cm?,
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including Fe, Ni and Cu, which are very difficult to be removed, due to the high redox potentials. For the organic impurities
contaminated wafers, after cleaning, the remaining is same as the ones without any organic contaminations. Moreover, the
atomically flat surface can be maintained as before even after cleaning by DHF (0.5%HF) for 5 min at dark and N, ambient,
shown in Fig. 2. Therefore, this new cleaning method can be applied to device fabrication on large scale atomically flat wafers.
For gate oxidation method, it is confirmed that only after radical oxidation, the interface flatness can be maintained,
Consequently, the combination of the low temperature atomically flattening technology, the new spin cleaning technology and

the radical oxidation can be applied to LSI manufacturing.
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Figure 2.. 1 pm x 1 um AFM images of samples before and after cleaning in dark and N, ambient by DHF(0.5%HF) and
FPM (0.5%HEF, 1%H,0.), and cleaning in clean room air ambient with light irradiation by DHF(0.5%HF), for 1 and 5 min,
respectively.

Chapter 3 is about the formation of the high performance gate oxide film on atomically flat wafers, and the application
technologies of atomically flattening process to LSI manufacturing. By utilizing the new cleaning technologies, capacitors
have been fabricated to evaluate the gate oxide reliabilities, including E,y and Q. The electrical field concentrates at the
roughened areas. Therefore, for the capacitors owing radical oxide films, improving the interface flatness can improve the
Eyq and Qgg, and much higher than the ones owing conventional thermal wet oxide films. Only fabricated by radical oxide
film and owing atomically flat interface, Eyy and Qpg can be drastically improved to be highest with much smallest variations,
shown in Fig. 3. Forming the radical oxide films on conventional flat wafers, many defects are generated, due to the
flattening effects on the roughened areas. From the simulation results, after isotropic oxidation on the roughened surface, the
electric field concentration occurs at the valley areas of the roughened interface. With the stronger flattening effects, the
electric filed concentration increased. For the radical oxidation which has higher flattening effects than the conventional wet
oxidation, after oxidation, the initial failures occur. These results confirm that the radical oxidation can only be applied as
gate oxide films for the device owing atomically flat interface. After Qyq measurement, the breakdown points were

investigated by Infra Red Optical Beam Induced Resistance Change (IR-OBORCH). For the capacitors owing conventional
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flat interface and radical oxide or wet oxide films, the breakdown spots randomly appear in the gate regions, and for the ones
owing atomically flat interface and radical oxide, the breakdown spots appear only at the edge and comers of the gate
regions. The reasons are considered of the fabrication process, including the field oxide isolation by Non-doped Silicon
Glass (NSG), and the gate oxidation after active area formation. The deterioration of the oxide film at the edge areas and the
electric field concentration at the edge and corner cause the decreasing of the breakdown characteristics at these regions. It is
considered that the Eyy and Quq of the capacitors owing atomically flat interface and radical oxide should be larger by
suppressing the electric field at edge and comer areas. Atomically flattening above 800 °C, COPs in wafer substrate can be
effectively removed, same as at 1100 °C, and equivalent Qy values can be obtained. The atomically flattening technologies
can be applied for silicon-on-insulator (SOI) wafer flattening. After annealing in Ar ambient at 850 °C, SOI wafer can be
atomically flattened without change of SOI layer thickness. After atomically flattening, the off angle which calculated by the
terrace widths are larger than the specification values. And the variations of the off angles on the whole surface are also large.
These results indicate that the off angle of the SOI wafers is very difficult to be controlled during wafer manufacturing, With
less O, degasification isolation layer, i.e. thermal wet oxide films formed at 1000 °C, the active Si regions of patterned wafer
can be atomically flattened at 900 °C. The pattemned wafer atomically flattening can much reduce the LSI manufacturing

process steps on atomically flat wafers.
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Figure 3. Weibull plot Qyg with radical oxide film on atomically flat surface by annealing in Ar ambient at (a) 1100 °C and (b)
800 °C, (c) conventional surface, (d) roughened atomically flat surface, wet oxide film (¢) on atomically flat surface by
annealing in Ar ambienr at 1100 °C, and (f) conventional flat surface, respectively. The measured area is 4.0 x 107 cm’.
Chapter 4 is the conclusion. '
From the above results, the technologies are new developed and, including the low temperature atomically flattening
technologies, the cleaning process for the device manufacturing on atomically flat surface, and the gate oxide reliabilities of

Epq and Qpy. These technologies are very available for the high performance LSI manufacturing
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