Transport and Surface Phenomena
for

Silicon Epitaxial Growth

HITOSHI HABUKA

Isobe RED Center, Shin-Etsu Handotai Co., Ltd.

A Thesis Presented to
the Faculty of Engineering
Hiroshima University

July, 1996



ABSTRACT

Transport phenomena, surface chemical processes, dopant concentration profiles
and surface roughness of substrate for silicon epitaxial growth are discussed theo-
retically and experimentally. The objective of this thesis is to develop the models to
predict various phenomena relating to the silicon epitaxial wafer. The major part of
discussion is based on the calculations of the transport phenomena and the chemical
reactions at the surface. At first, the transport phenomena in a pancake reactor and
in a single-wafer horizontal reactor are discussed. Secondary, the substrate rota-
tion and the chemical reactions for the epitaxial growth are discussed to describe
the growth rate and the film thickness. For further studies, the epitaxial wafer’s
qualities, the dopant distribution and the surface roughness of silicon substrate, are
investigated.

The transport phenomena in a pancake reactor are discussed based on a gas flow
visualization technique using a high-sensitivity analogue camera and numerical cal-
culations. At room Lemperatﬁre and the epitaxial growth temperature of 1423 K, a
large recirculation exists in the reactor chamber, in which the gases near the sus-
ceptor flow from the outside toward the center of the susceptor. The profile of
the epitaxial film growth rate observed agrees qualitatively with that predicted by
visualization and calculations.

An evaluation of silicon epitaxial thin-film growth using the SiHCl3-H; system in
a single-wafer horizontal reactor is discussed by solving the transport equations for
gas velocity, temperature and concentration of chemical species taking into account
of the dependence of gas properties on temperature and composition, assuming a
simple Arrhenius-type expression for the chemical reaction of SiHCl; and H; on
a substrate. Non-Linear increase in the growth rate due to changes in thermal
diffusion and diffusion is found to become significant as the SiHCl3 concentration in
the reactor increases.

For an enhancement of studies, the effect of substrate rotation on transport of



reactive gases and epitaxial growth rate is investigated for a single-wafer horizontal
reactor using a model and experiments. The rotating substrate causes a circulating
gas flow region above itself, in which an asymmetric and nonuniform SiHCljy distri-
bution is formed by thermal diffusion and species consumption due to the surface
chemical reaction, even when the growth rate profile on the substrate surface is
nearly uniform. The good uniformity in the film thickness observed in calculation
and measurement is mainly attributed to the averaging effect by integrating the
local growth rate along a concentric circle on the substrate surface, and partially
by the species concentration distribution change, both of which are caused by the
rotating motion of the substrate.

For the discussion of the dependence of the epitaxial growth rate on the source
species concentrations, a transport and epitaxy model following Eley-Rideal to de-
scribe silicon epitaxial film growth in an SiHCl3-H, system is developed by numerical
calculations and comparison with experiments. The state of the surface during the
epitaxial growth is also discussed considering the intermediate species, elementary
reactions and rate limiting processes.

The boron concentration profile in silicon epitaxial films grown on a p-type sub-
strate under atmospheric pressure is investigated in two types of epitaxial reactors,
a single-wafer horizontal reactor and a pancake reactor. It is concluded thst large
amounts of recirculation of gas in an epitaxial reactor should be avoided to obtain
an abrupt boron concentration profile.

Since silicon surface after the epitaxial growth must be very smooth and flat, sur-
face roughness of a silicon wafer heated at 800-1100 °C under atmospheric pressure
in hydrogen ambient is studied. AFM images show that the surface heated at 900 °C
has many small pits which are formed due to the difference in “he chemical reaction
rates between hydrogen-silicon and hydrogen-silicon dioxide. The behavior of sur-

face roughness with pressure and heating time agrees well with that predicted by

the pit formation model in this study.
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Chapter 1

Introduction



1.1 Background
1.1.1 Silicon crystal

Crystalline materials are used in many fields of science and technology. Especially,
artificial crystals, such as germanium, silicon, gallium phosphide, gallium arsenide,
are fascinating materials for modern and future microelectronics. Silicon is one of
the most popular element on earth, being included in earth’s crust as silicon oxides.
Since silicon dioxide is quite stable in air, silicon crystal must be obtained artificially
using crystal growth technique. A silicon crystal ingot is grown using the Czochral-
sky (CZ) method or the Floating Zone (FZ) method.! The ingot is sliced to obtain
thin wafers, which are polished to have mirror surface for the fabrication of micro-
electronics devices. For microelectronic device fabrication, regions, layers or filins
with various conductivity type and resistivity must be formed in a wafer using the
technique of epitaxial growth, diffusion and ion-implantation. The epitaxial growth
of silicon has been studied and widely accepted as a key technology since the first re-
port in 1957.2 Currently, a silicon epitaxial wafer having a very thin epitaxial film is
suitable especially for the fabricaton of metal-oxide-semiconductor (MOS) devices®™
for latch-up prevention and soft-error reduction. In the near future, the diameter of
silicon wafers become larger than 200 mm to achieve high cost performance in the
fabrication of microprocessor and computer memories or other devices. Significantly
enhanced silicon microelectronic devices require the improvement of the quality of
silicon crystal films. Fundamental researches on epitaxial growth are required for

future design of silicon crystal and devices.

1.1.2 Epitaxial growth

Chemical vapor deposition (CVD) is a key technology to produce thin and uniform

films of semiconductor crystals or amorphous materials. Silicon epitaxial growth is



one kind of the CVD, where the film obtained is a single crystal over the substrate.

For epitaxial growth, an epitaxial reactor, source materials and substrates are
necessary. Figure 1-1 depicts various phenomena in the epitaxial reactor using gases.
The gases including the source species are introduced from the inlet of the reactor
and flow to the substrate following the transport phenomena in the reactor. In the
preparation of silicon epitaxial thin-films, SiH4, SiH;Cly, SiHCls, SiCly are generally
used with H; as the carrier gas. Although SiHCl; is widely used for epitaxial growth
of thin-films in industrial applications, theoretical analysis of film preparation in

52-55

this system has been discussed in only a few papers, in contrast to the SiHy

11,15,16,26,47,48 and SiH,Cly17 1856758 gystems which have been studied extensively.
In addition, a model for the chemical reaction between SiHCl; and H; has not yet

been fully established.

Chamber

Inlet > -

Gas /” Surface chemical reaction

—

KQ Substrate
Transport phenomena

Fig.1-1 Phenomena in an epitaxial reactor.

For many cases in the industrial applications, the substrate usually rotates on its
axis or revolves to achieve a flat epitaxial film thickness profile. The substrate has
appropriately controlled temperature, which induces the chemical reaction to supply
silicon atoms to the substrate surface. The chamber wall of the reactor is usually
cooled with air to suppress the chemical reaction at the inside of chamber’ wall.
This temperature environment is called cold wall, which is used in many reactors
for silicon epitaxial growth.

Since the analyses of film growth in the existing studies for the SiHCl3 system
were based on boundary layers and equilibrium theory,52"%° they are limited to re-

gions in the vicinity of the growth surfaces and must make assumptions about the
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concentration of the reactant gas near the surfaces. For an analysis of heterogeneous
chemical reaction, such as epitaxial growth, the species concentrations are usually
quite different from those at the reactor inlet. Therefore, the transport phenomena
in a reactor have recognized as an important subject to be studied. 19 In other words,
the transport phenomena in an epitaxial reactor must be solved for the analysis of
chemical reactions for the epitaxial growth.

The transport phenomena and the chemical reactions must be clarified for devel-
opment of new technology in epitaxial growth, since a correct model on the these
phenomena can predict an actual epitaxial growth and examine the experimental
conditions to reduce the cost of experiments. Issues or subjects to be discussed
for the development of the silicon epitaxial growth technology are so many, such as
type of an epitaxial reactor, transport phenomena in a reactor including a substrate
rotation, surface chemical process, dopant concentration profile, process tempera-
ture and surface roughness. In this thesis, these are studied by theoretical and

experimental methods.
1.1.3 Epitarial reactors

Here, types of the epitaxial reactors are reviewed briefly, since the characteristics
of the films prepared depend on the type of reactor used, for example, (a) pancake,
(b) cylinder, (c) barrel, (d) horizontal, (e) single-wafer horizontal and (f) single-wafer
vertical type as shown in Fig. 1-2.

A number of pancake reactors (Fig. 1-2 (a)) are commonly used worldwide to
prepare silicon epitaxial thin-films. Pancake reactors have a large volume and a tall
cold-wall chamber in which significant natural convection is likely to occur. Gases
are introduced from the inlet nozzle at the center of the reactor and are exhausted
through the outlets at the bottom of the reactor.

Figures 1-2 (b) and (c) schematically show the cylinder® and the barrel type

reactors. These reactors can perform the epitaxial growth on many substrates at



the same time ascribed to their large volume and tall cold-wall chamber as well as
the pancake reactor. Gases are introduced from the top of the reactor and go out

through the outlets at the bottom of the reactor.
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Fig.1-2 Reactor types for silicon epitaxial growth. (a) pancake reactor, (b) cylinder

reactor, (c) barrel reactor, (d) horizontal reactor, (e) single-wafer horizontal reactor and

(f) single-wafer vertical reactor.

The horizontal reactor shown in Fig. 1-2 (d) is one of the oldest reactor which has
substrates along the gas stream. Gases flow horizontally from the inlet to the outlet
over the substrates which are arranged in the gas flow direction. Since the substrates
cannot be rotated or revolved in this reactor due to its mechanical configuration,
the thickness profile is adjusted by tilting the susceptor™® to obtain the uniform

thicknesses



A single-wafer horizontal reactor (Fig.1-2 (e)) has only one substrate, which rotates
in the reactor chamber. Currently, this type of reactor is widely used in both research
and industry; some demonstrate excellent capabilities for preparing large-diameter
films on substrates.

Figure. 1-2 (f) depicts a single-wafer vertical type reactor in which gases flow
vertically from the top to the bottom of the reactor. The substrate can rotate with
high rotation rate to achieve very high growth rate.’

All reactors for silicon epitaxial growth use the temperature environment of cold-
wall, in which the transport phenomena are very complicated because of the co-
existence of high and low temperatures, which affect gas density, physical constants
of gases, species transport and chemical reactions. To describe the relation between
the epitaxial film quality and the reactor type, both the transport phenomena and

the chemical reactions should be solved simultaneously and should be made clear.
1.1.4 Transport phenomena

Transport of mass, momentum, energy and chemical species occurs in the epi-
taxial reactor and strongly affect the growth rate and the quality of epitaxial film.
Generally, the transport phenomena, especially gas flow motions, are studied mainly
by two methods, the gas flow visualization and the numerical simulation. The gas
flow visualization is an experiment by which the motions of gases are observed as
those of tracer particles or as photo images by the schlieren method. Since the gas
flow visualization clearly provides the key information on the transport phenomena
in the reactor, this technique has been commonly used for studying gas motions
in various fields.'® However, there exist some problems with respect to the experi-
mental technique of the tracer method, for example, tracer material and equipment
for observation. The reliability of the tracer method must be examined since the
tracer motions sometimes disagree with the actual gas motions due to a quite higher

density of tracer particles than that of gases. For avoiding an errorneous results,



it is quitc neeessary to compare the gas motions by the gas flow visualization with
those by numerical calculations of transport phenomena, which are performed based
on the equations of the transport phenomena using a computer.

Numerical simulations of transport phenomena related to film growth by CVD
have been reported in many. papers for various types of reactors. Although most of
them adopted an analysis based on a two-dimensional grid, three-dimensional models

11-16 have become possible recently because of marked improvement in the computing

17,18 20,21

environment. The transport phenomena in pancake and cylinder reactors
having jet nozzles and outlets for gas, however, have not beén analyzed by any three-
dimensional models considering the relatively complicated geometry of the reactors.
Unstable and asymmetric gas flows are likely to occur in such reactor chambers
because of their great height and large Rayleigh number. Although several notable
studies on the pancake reactors have been reported, such as gas flow visualization
22 and numerical calculations.?*? | large part of the transport phenomena in the
pancake reactor is still unclear due to the diffuculty in the analysis. Chapter 2 of
this thesis describes the heat and flow in a pancake reactor based on experiments
and numerical calculations.

CVD phenomena in horizontal reactors have been studied by many researchers.
12-16,26-33 Because of its low height and low Rayleigh number, the gas flow tends to
be stable even in a cold-wall environment. Kleijn and Hoogendoorn!® stated that the
analysis obtained by a two-dimensional model had nearly the same accuracy as that
by three-dimensional model for horizontal reactors with low Rayleigh number and
high aspect ratio. This implies that a two-dimensional analysis can be, in some cases,
applied with sufficient accuracy to predict transport phenomena and growth rates
in a horizontal reactor. In Chapter 3 of this thesis, the transport phenomena in a
single-wafer horizontal reactor are focused on using the two-dimensional calculations.

The substrate rotation should be discussed as well as the reactor type and ge-

ometry. The susceptor which holds the substrate usually rotate or revolve in the

epitaxial reactors shown in Fig. 1-2 in a basic operation. The rotating substrate
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induces various changes in transport of reactive gases and temperature above and
around itself. Tn vertical reactors,®34-3 the rotating substrate gives relatively sim-
ple laminar gas flow above the substrate which provides high growth rate and flat
thickness profile.”#™39 The reason why the vertical reactor has simple laminar flow
is that the direction of gas introduced from the reactor inlet is the same as that of
the rotating axis of the substrate. In a single-wafer horizontal reactor, however, gas
flow is very complicated because the substrate rotates around a vertical axis while
the mainstream flows horizontally. In this reactor, the effect of substrate rotation
cannot be described by a two-dimensional model because of the gas motion induced
by the rotation. Although many works to model three-dimensional transport phe-
nomena in a reactor have been reported both experimentally and theoretically,***®
the rotation of the substrate in horizontal reactors has not yet been discussed. In
Chapter 4 of this thesis, the effect of the substrate rotation in a single-wafer hori-
zontal reactor is discussed for the first time.

To evaluate correctly the transport phenomena in a reactor, the dependence of
the physical properties of the gas on the gas composition must be considered as well
as the dependence on temperature since reactants are often introduced into reactors
at relatively high concentrations in actual processes to achieve high productivity.
However, this dependence has been considered!® 17314719 byt not enough. In addi-

tion. thermal diffusion“' 13-15, 17, 18, 26, 28-30,47-51
y £

is expected to affect growth rates in
chlorosilane-H; system because the difference in molecular weight of SiH,Cl,, SiHCl,
and SiCly from Hj is very large. The dependence of growth rate, temperature and

gas velocities on the gas compositions should be taken into account for the prediction

of the silicon epitaxial growth. This issue is discussed in Chapter 3 of this thesis.

1.1.5 Surface process

An epitaxial growth is a result of chemical processes at a substrate surface. An

appropriate model for describing the chemical reactions should be developed to



calculate the epitaxial growth rate under the transport phenomena over wide ranges
of the growth conditions of the species concentration and the growth temperature.

In silicon epitaxial growth, the growth rate of silicon film increases nonlinearly with
increasing reactant concentration and finally saturates at a certain value depending
on the growth temperature. A nonlinear dependence of the growth rate on the con-
centration of SiHCl3 in a SiHCls-H; system is partly attributed to the changes in
the gas flow, temperature fields and the thermal diffusion in the reactor. However,
the contribution of the transport phenomena are rather small to describe the entire
nonlinear behavior of the film growth rate, because the change in the transport phe-
nomena cannot predict the saturation of the growth rate. The elementary reactions
should be therefore investigated for an analysis of the growth rate, but appropriate
and practical methods for the theoretical approach have not been established. An
analysis of complex phenomena in silicon epitaxial growth is quite difficult and still
requires large amounts of computation time. The most important thing is to develop
compact model which can predict the actual characteristics of the epitaxial film by
the epitaxial reactor within a tolerable calculation time.

At the substrate surface, the initial step of the rate limiting process is considered
to be a chemisorption of the reactants on the silicon surface, followed by a decompo-
sition of the chemisorbed species and a desorption of the by-products.®® Based on the

60,61 it is suggested that the

discussion for the saturation of the silicon growth rate,
Fley-Rideal mechanism®? is applicable to describe the epitaxial growth rate. By sev-
cral researchers,% % some modified Langmuir-type models or CVD model have been
discussed to describe the actual rate process for chemical vapor deposition (CVD)
or etching process. However, these studies have been focused only on the surface
reaction processes neglecting the transport phenomena including momentum, heat
and species transport throughout a reactor.

To discuss quantitatively the epitaxial growth rate, both surface chemical reactions

and transport phenomena in an entire reactor should be taken into account since

the concentrations of chemical species at the substrate surface are usually quite
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different from the concentration at the entrance of the reactor. However, this kind
of studies are only a few. Hierlemann et al.” calculated silicon epitaxial growth
rate in a SiH;Cly-Hj system in a showerhead-type rapid thermal low pressure CVD
reactor using kinetic data from data base packages.” ™ Narusawa’ showed that the
saturation of the epitaxial growth rate in a SiCls-H, system can be described by the
model of the transport phenomena in conjunction with the surface reaction model
66,67 considering adsorption, surface diffusion and heterogeneous chemical reaction.
For a SiHClj; system, theoretical studies should be performed with determining the
rate constants of the surface chemical processes based on the experimental results of
the epitaxial growth rates. Experimental and theoretical approaches to these topics

are discussed in Chapter 5 of this thesis.

1.1.6 Dopant concentration profile
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c
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Epitaxial-film Substrate
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Fig. 1-3 Dopant concentration profile near the interface between substrate and epitaxial

film

Quality of an epitaxial wafer should be also discussed as well as the growth rate and
the film thickness profile. In an epitaxial wafer, the concentration of dopant atoms
changes at the interface between the epitaxial film and the substrate as schematically

shown in Fig. 1-3. Although an abrupt profile is desirable, an actual profile inevitably
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has some width where the boron conentration changes gradually. The abruptness
of the boron concentration profile is evaluated as the transition width.* The issue of
transition width is very old but has recently become a new problem, since a small
transition width is required for the improvement of device integration.™

Boron concentration profile in a silicon wafer is formed mainly by two mechanisms:

75-77 76,78

autodoping and solid-state diffusion as schematically shown in Fig. 1-4.

There have been many reports on the autodoping of dopant species incorporated in

4,79-81 76,79, 82,83 76,79,81,84-88

a substrate, such as boron, phosphorus, arsenic, gallium

6 and antimony.”® 78389 [ior antimony, phosphorus and arsenic, reduced-pressure

epitaxial growth is effective to obtain sharp profiles.” 8285 86

‘Auto-doping

solid-state diffusion Epitaxial film

R S Nt e}

Highly-doped substrate

Fig. 1-4 Major mechanism for transport of B atoms from substrate to epitaxial film

The epitaxial wafers for MOS devices generally have a high-resistivity p-type epi-
taxial film on a low-resistivity p-type substrate, and have boron atoms as dopants
in both the epitaxial film and the substrate. Studies have been made on boron
autodoping (1) by reduced-pressure epitaxial growth,*7% (2) by addition of HCI
to the ambient during epitaxial growth using silane®® or (3) by masking the back
of the substrate with silicon dioxide.”®8788 (1) is reported to enhance autodoping™
and (2) cannot be applied to the widely used chlorosilane system. (3) is effective

and widely used but insufficient.
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The boron concentration profile can be sharpened by decreasing the growth tem-
perature, where solid-state diffusion is dominant rather than autodoping. Further-
more, the problem of crystal quality” in atmospheric-pressure low-temperature epi-
taxial growth has been solved by using very high purity gases.?? 91"9 However, the
growth rate and the throughput are decreased with decreasing growth temperature.
Therefore, atmospheric-pressure epitaxial growth at reasonably high temperatures
should be pursued to achieve both an abrupt boron concentration profile and a high
cost performance.

From the viewpoint of fluid dynamics, especially under atmospheric pressure, gas
recirculation due to natural and forced convection occurs easily to transport the
dopant species via the gas phase. These conditions may enhance autodoping and
broaden the dopant concentration profile since the convection carries the dopant
species to and from the substrate via the gas stream in the reactor. Such a flow
field increases the gas residence time, which must be short to obtain an abrupt

9,% in a compound semiconductor hetero-epitaxial wafer.

interface

Natural convection can be suppressed when the height of gas flow region in the
reactor is very small. Although such a configuration is currently employed in modern
single-wafer horizontal reactors, autodoping and boron concentration profile in the
epitaxial wafer grown in such an environment have not been sufficiently discussed.
The sharper doping profile was reported®” to be observed in a single-wafer epitaxial
reactor rather than in a batch-type reactor; however, the mechanism has not yet been
made clear. Moreover, although autodoping has been discussed for the gas phase in
close proximity to the substrate™ 7" 8%%-102 o in relation to the growth conditions
such as the substrate rotation rate,” the difference in the dopant concentration profile
between epitaxial reactors having various main gas flow conditions has not been

discussed. Therefore, the boron concentration profiles are studied in Chapter 6 of

this thesis mainly from the viewpoint of the transport phenomena.
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1.1.7 Process temperature and surface roughness

For silicon wafers with small diameter, the processes with temperatures up to
1473 K have been often used for the improvement of Czochralski silicon wafers as
high-temperature annealing.'®® In the near future, the diameter of silicon wafers is
expected to become larger than 200 mm to achieve high cost performance in device
fabrication. In processes for wafers larger than 300 mm, thermal stress and slip
generation will pose serious problems, because slip generation of a large-diameter
wafer is very sensitive to the temperature distribution within the wafer.!%* However,
it is very difficult to develop a heating method that has a very uniform tempera-
ture profile over the entire wafer. To achieve a slip-free process, the wafer process
temperature should be shifted to near or lower than 1000 °C where the mechanical
strength, such as the yield stress, is high.!%

Recently, several researchers'® 1% have discussed surface roughness of a silicon
surface heated below 1000°C in hydrogen ambient. For silicon epitaxial growth
process the heat treatment in hydrogen ambient is desirable to remove the native
oxide film on the slicon substrate. Ohkura et al.!% reported that prebaking in
hydrogen ambient under 100 torr led to a minimum degree of microroughening, and
that the native oxide films acted as a protective film against roughening at the silicon
surface. However, Ueda et al.!°” showed that many pits on the silicon surface were
formed at 1000 °C through a heating process in hydrogen ambient. They proposed
that surface roughening might be due to the behavior of oxygen atoms incorporated
in the silicon crystal. Muraoka et al.!® showed that the low-temperature prebaking
process used in epitaxial growth resulted in a rough epitaxial silicon film surface.
Yanase et al.!® studied the silicon surface after hydrogen annealing in detail, and
found that the surface annealed at 900°C had many pits which might be due to
the reaction of silicon with small amounts of moisture and oxygen in hydrogen gas
in conjunction with the incomplete removal of the native oxide film. Although the

chemical reaction between silicon and hydrogen gas was ignored in these studies,
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Gallois et al.'’ recently showed that the etch rates of silicon by hydrogen gas at
various temperatures were considerably fast.

To realize a desirable heat treatment process, roughening of the silicon surface
during the removal of the native oxide film at the temperatures lower than 1000 °C
should be studied. Moreover, surface roughening under atmospheric pressure must
be investigated because atmospheric-pressurc cpitaxial growth can be applied to
improve cost performance in microelectric device fabrication. The mechanism of
surface roughening is investigated in Chapter 7 of this thesis, since it has been

unfortunately unknown in spite of the importance of such research.
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1.2 Scope of this thesis

After this chapter of introduction, silicon epitaxial growth and epitaxial wafer
are discussed from the viewpoints of transport phenomena and surface chemical
reactions.

In Chap. 2, gas flow and heat transfer in a pancake reactor for silicon epitaxial
film growth are discussed based on a gas flow visualization technique, numerical
calculations and growth rate profile of silicon epitaxial film. In the gas flow visu-
alization, motions of NH4Cl or SiO, particles are observed using a high-sensitivity
analogue camera. The observed gas flow motions are compared with those obtained
by three-dimensional calculations of the transport equations of the mass, momentum
and energy.

In Chap. 3, an evaluation of silicon epitaxial thin-film growth using the SiHCl;-
H, system in a single-wafer horizontal reactor is discussed. Since SiHCly is widely
used for the epitaxial growth of silicon thin-films in industrial applications, the
transport equations for gas velocity, temperature and concentration of chemical
species in SiHCl3-H, system are solved, taking into account of the dependence of
gas properties on temperature and composition. By comparing the measured and
calculated growth rates under atmospheric pressure, the increase in growth rate with
temperature and SiHCl3 concentration are discussed by assuming an Arrhenius-type
expression for the chemical reaction of SiHCl3 and H; on a substrate. Transport
phenomena in the single-wafer horizontal reactor are discussed in detail.

In Chap. 4, the effect of substrate rotation on transport of reactive gases and
epitaxial growth rate is investigated for a single-wafer horizontal reactor using a
model and experiments. The governing equations for gas velocity, temperature and
chemical species transport are solved for the SiHCl3-H, system for silicon thin-film
preparation. The effect of the rotating motion of the substrate is discussed under
the conditions giving nearly uniform film thickness profile.

In Chap. 5, a transport and epitaxy model to describe silicon epitaxial film growth
in a SiHCl3-H, system is developed by numerical calculations and comparison with

15



experiments. The rate of epitaxial growth is calculated by computing the trans-
port of momentum, heat and chemical species in a reactor incorporating chemical
reactions at a substrate surface described by the Eley-Rideal model. T he reac-
tion processes determining the growth rate consist of chemisorption of SiHClz and
decomposition by Hy, rate constants of which are evaluated from the model and
measured results. The state of the surface during the epitaxial growth is also dis-
cussed considering the intermediate species, elementary reactions and rate limiting
processes.

In Chap. 6, the boron concentration profile in silicon epitaxial wafers grown under
atmospheric pressure is investigated in two types of epitaxial reactors, a single-
wafer horizontal reactor and a pancake reactor. Transport phenomena are studied
in these reactors by numerical calculations or by a gas flow visualization technique.
The difference between the measured boron concentration profile and the calculated
one using Fick’s law is assumed to be due to autodoping which is mainly due to
recirculation of gas in an epitaxial reactor.

In Chap. 7, surface roughness of a silicon wafer heated at 800-1100°C under
atmospheric pressure in hydrogen ambient is studied. Haze of the surface is discussed
from the viewpoint of the competitive etching reactions of silicon and silicon dioxide
with hydrogen gas. The behavior of surface roughness with pressure and heating

time agrees well with that predicted by the pit formation model in this study.
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