US009271341B2
a2 United States Patent (10) Patent No.: US 9,271,341 B2
Yokogawa et al. 45) Date of Patent: Feb. 23, 2016
(54) HEAT TREATMENT APPARATUS THAT 2,920,234 A *  1/1960 Luce ......ccccvvveeinn, 315/111.01
PERFORMS DEFECT REPAIR ANNEALING 3,109,118 A * 10/1963 Spaciletal. ................. 313/612
3,405,052 A * 10/1968 Schirmer ............. 422/186.05
] . 3,494,852 A *  2/1970 Doctoroff ................ 204/298.04
(75) Inventors: Ken’etsu Yokogawa, 1surugashima (JP); 3705975 A * 12/1972 Wolfetal. .ooooovvvevee. 219/383
Masatoshi Miyake, Kamakura (JP) 4267211 A * 5/1981 Yajimaetal. ......cc........ 427/228
4,292,276 A * 9/1981 Enomoto et al. .............. 422/199
(73) Assignee: HITACHI HIGH-TECHNOLOGIES 4341947 A * 7/1982 Komuraetal. ... 219/383

CORPORATION, Tokyo (JP)
(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 1027 days.

(21)  Appl. No.: 12/955,020

(22) Filed: Now. 29, 2010

(65) Prior Publication Data
US 2012/0055915 Al Mar. 8, 2012

(30) Foreign Application Priority Data
Sep. 88,2010  (IP) oo 2010-200845

(51) Int.CL
HO5B 7/18
HO5B 1/02

(52) U.S.CL
CPC oo, HOS5B 7/18 (2013.01)

(58) Field of Classification Search
CPC ........ HO3B 7/185; HO5B 7/08; HO5B 1/0223;
HO5B 3/0004; GO02B 6/2551; GO5D 23/1931;
GO5D 23/242; G04C 23/16; F24C 14/02;
CO03B 29/00
USPC e, 219/383
See application file for complete search history.

(2006.01)
(2006.01)

(56) References Cited
U.S. PATENT DOCUMENTS

2,485,140 A * 10/1949 Cordero ..........cocevvvvnnnnn, 219/383
8/1950 Watkins ..........coeeevvennnnn, 219/422

2,519,616 A *

21 49

PUMP «—

(Continued)

FOREIGN PATENT DOCUMENTS

JP 61-128519 6/1986
JP 62-221116 9/1987
(Continued)
OTHER PUBLICATIONS

Office Action 1ssued 1n Japanese Patent Application No. 2010-
200845 on May 27, 2014.

Primary Examiner — Eric Stapleton
(74) Attorney, Agent, or Firm — Baker Botts L.L.P.

(57) ABSTRACT

Provided is a heat treatment apparatus that even when anneal-
ing S1C at high temperature, can exhibit a low heat capacity
and perform uniform heating. The heat treatment apparatus
includes a pair of parallel plate electrodes, high-frequency
power supply that applies a high-frequency voltage to the pair
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HEAT TREATMENT APPARATUS THAT
PERFORMS DEFECT REPAIR ANNEALING

CLAIM OF PRIORITY

The present application claims priority from Japanese
Patent Application JP 2010-200845 filed on Sep. 8, 2010, the
content of which 1s hereby incorporated by reference 1nto this
application.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present 1invention relates to a semiconductor fabrica-
tion apparatus that fabricates semiconductor devices. More
particularly, the present invention 1s concerned with a heat
treatment apparatus that performs activation annealing or
defect repair annealing, which 1s preceded by doping of an
impurity and intended to control the conductivity of a semi-
conductor substrate, and oxidation or the like of the surface of
the semiconductor substrate.

2. Description of the Related Art

In recent years, an expectation has been put on introduction
ol a novel maternial having a wide bandgap, such as, silicon
carbide (S1C) (or galllum nitride (GalN)) as a substrate mate-
rial of a power semiconductor device. Since S1C has a wider
bandgap than silicon (S1) that 1s an existing material, 11 S1C 1s
adopted for a switching device or a Schottky barrier diode that
1s used to construct an inverter or the like, a dielectric strength
can be improved and a leakage current can be minimized
accordingly. Eventually, power consumption can be reduced.

A process of fabricating various types of power devices
using S1C as a substrate material 1s almost identical to a
process 1n which S1 1s used as the substrate material, though
the size or the like of the substrate 1s different between the SiC
substrate and S1 substrate. As a sole largely different process,
a heat treatment process 1s cited. What 1s referred to as the
heat treatment process 1s represented by activation annealing
that 1s preceded by 1on implantation of an impurity and
intended to control the conductivity of the substrate. In the
case of a S1 device, the activation annealing 1s performed at
the temperature ranging from 800° C. to 1200° C. However, in
the case of S1C, the temperature ranging from 1800° C. to
2000° C. 1s necessary 1n terms ol the material properties.

As an annealing apparatus, a resistive heating furnace
described, for example, 1n Japanese Patent Application Laid-
Open Publication No. 2009-32774 1s known. Aside from the
resistive heating furnace type, an annealing apparatus of an
induction heating type described in, for example, Japanese
Patent Application Laid-Open Publication No. 2010-34481 1s

known.

SUMMARY OF THE INVENTION

When the resistive heating furnace described in Japanese
Patent Application Laid-Open Publication No. 2009-32774 1s
used to perform heating at 1800° C. or more, problems
described below become severe.

A first problem lies 1n heat efficiency. Heat dissipation
from a furnace body 1s dominated by radiation, and a radiant
quantity increases in proportion to a biquadrate of tempera-
ture. Theretfore, 11 a region to be heated 1s wide, energy effi-
ciency necessary to heating markedly degrades. For a resis-
tive heating furnace, a double-tube structure i1s usually
adopted 1n order to avoid contamination caused by a heater.
The region to be heated therefore gets wider. In addition,
since a sample to be heated recedes from a heat source
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(heater) due to the presence of a double tube, 1t 1s necessary to
set the heater to the temperature higher than the temperature
of the sample to be heated. This also becomes a factor of
largely degrading the efficiency. For similar reasons, the heat
capacity of the region to be heated gets very large, and 1t takes
much time to raise or lower the temperature. Accordingly, the
time 1t takes to eject the sample to be heated after the sample
to be heated 1s inputted gets longer. This becomes a factor of
decreasing a throughput, or a factor of intensifying the sur-
face roughness of the sample to be heated, which will be
described later, because the time during which the sample to
be heated stays in a high-temperature environment gets
longer.

A second problem 1s concerned with wastage of a furnace
material. Materials capable of coping with 1800° C. and
being adopted as the furnace material are limited. A high-
purity material of a high melting point 1s necessary. The
furnace material capable of being used for S1C 1s graphite or
S1C 1tself. In general, a sintered S1C compact or a material
having the surface thereof coated with S1C according to a
chemical vapor phase deposition method 1s adopted. These
materials are usually expensive. If a furnace body 1s large, a
considerable cost 1s necessary to replacement. The higher the
temperature 1s, the shorter the service life of the furnace body
1s. The cost of replacement gets higher than that 1n the normal
S1 process.

In contrast, the induction heating method described 1n
Japanese Patent Application Laid-Open Publication No.
2010-34481 1s a method of heating an object of heating by
feeding a high-frequency induction current to the object of
heating or a placement member on which the object of heating
1s placed. Compared with the atoresaid resistive heating fur-
nace method, the induction heating method enjoys high heat
eificiency. However, in the case of induction heating, 1f the
clectric resistivity of the object of heating 1s low, a large
induction current 1s necessary to heating. The absolute value
ol the heat efficiency of an entire heating system 1s not always
high (a heat loss occurring 1n an induction coil or the like 1s
large). The induction heating method 1s therefore confronted
with a problem on heat efficiency.

Heating uniformity i1s determined with the imduction cur-
rent that flows into the object of heating or the placement
member on which the object of heating 1s placed. The heating
umiformity may not be suificiently attained for a planar disk
like the one employed 1n device fabrication. I1 the heating
uniformity 1s poor, there 1s a fear that the object of heating
may be broken due to a thermal stress during rapid heating.
This becomes a factor of decreasing a throughput because of
the necessity of lowering a speed of a temperature rise to such
an extent that a stress 1s not generated. Further, similarly to the
resistive heating furnace method, steps of producing and
removing a cap film that prevents evaporation of Si1from a SiC
surface at the time of extremely high temperature are addi-
tionally necessary.

An object of the present imnvention 1s to provide a heat
treatment apparatus that even when annealing SiC at high
temperature, can exhibit a low heat capacity and perform
uniform heating.

As an embodiment for accomplishing the above object,
there 1s provided a heat treatment apparatus including a pair
of parallel plate electrodes, a high-frequency power supply
that applies a high-frequency voltage to the pair of parallel
plate electrodes so as to discharge between the pair of parallel
plate electrodes, a temperature measurement 1instrument that
measures the temperature of a sample to be heated which 1s
disposed 1n the pair of parallel plate electrodes, a gas intro-
duction unit that introduces a gas into the pair of parallel plate
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clectrodes, reflection mirrors that surround the pair of parallel
plate electrodes, and a control unit that controls the output of
the high-frequency power supply. The control unit references
the temperature measured by the temperature measurement
instrument, and controls the output of the high-frequency
power supply so as to control the heat treatment temperature
tor the sample to be heated.

Further provided 1s a heat treatment apparatus including a
high-frequency power supply, a lower electrode on which a
sample to be heated 1s placed, an upper electrode to which the
high-frequency power supply 1s connected and which 1s
located at a position opposite to the position of the lower
clectrode, a gas mtroduction unit that introduces a gas, which
1s used to produce plasma due to discharge, into the space
between the upper electrode and lower electrode, and upper
and lower reflection mirrors that cover the upper and lower
clectrodes via a space.

Owing to adoption of glow discharge, there 1s provided a
heat treatment apparatus that even when annealing S1C at
high temperature, can exhibit a low heat capacity and achieve
uniform heating. In particular, inclusion of reflection mirrors
suppresses a radiation loss and permits high-temperature heat
treatment.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1A 1s a diagram showing a basic construction of a heat
treatment apparatus in accordance with a first embodiment of
the present invention employing plasma;

FIG. 1B 1s a diagram showing the relationship between a
thermal electron current and electrode temperature;

FIG. 1C 1s a diagram for use 1n explaining the fact that a
radiation loss 1s minimized by reflection mirrors;

FIG. 2A 1s a sectional view of a discharge formation unit
included 1n a heat treatment apparatus 1n accordance with a
second embodiment of the present invention employing
plasma;

FIG. 2B 1s a sectional view of another discharge formation
unit included 1n the heat treatment apparatus 1n accordance
with the second embodiment of the present invention employ-
ing plasma;

FI1G. 3 1s a diagram showing a basic construction of a heat
treatment apparatus 1n accordance with a third embodiment
of the present invention employing plasma (a state in which
treatment 1s under way);

FI1G. 4 1s a diagram showing the basic construction of the
heat treatment apparatus 1n accordance with the third embodi-
ment of the present invention employing plasma (a state in
which treatment has been completed); and

FIG. 5 1s a diagram showing an example of a sequence of
basic actions of the heat treatment apparatus shown in FIG.

1A.

DESCRIPTION OF THE PR
EMBODIMENTS

L1
M

ERRED

In a mode for implementing the present invention, a sample
to be heated 1s disposed 1n a pair of parallel plate electrodes in
which a gap ranging from 0.1 mm or more to 2 mm or less 1s
created, and the gap 1s filled with a gas that contains as a main
raw material a rare gas (helium (He), argon (Ar), krypton
(Kr), xenon (Xe), or the like) whose pressure 1s close to
atmospheric pressure. A high-frequency voltage 1s applied to
the pair of parallel plate electrodes in order to produce
plasma. The gas 1s heated with the plasma, whereby the
sample to be heated 1s thermally treated.
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Owing to heating of a gas with plasma, a heat treatment
apparatus can be provided for fabrication of semiconductor

devices that needs extremely high temperature of about 2000°
C. Eventually, heating efficiency can be improved, a through-
put can be improved due to shortening of a heating treatment
time, a cost of operation such as a cost incurred by wastage of
a fTurnace material can be reduced, and the surface roughness
of a sample to be heated caused by extremely high tempera-
ture can be suppressed.
Embodiments will be described below.

First Embodiment

FIG. 1A shows a basic construction of a heat treatment
apparatus 1n accordance with the present embodiment
employing plasma. To begin with, the construction of the heat
treatment apparatus will be described below. A sample to be
heated 1 1s placed 1n a pair of parallel plate electrodes includ-
ing an upper electrode 2 and a lower electrode 3. In the present
embodiment, single-crystal silicon carbide (S1C) of 4 inch (&
100 mm)

in diameter was adopted as the sample to be heated 1. The

diameter of the upper electrode 2 and lower electrode 3
was 120 mm, and the thickness thereof was 5 mm. As
cach of the upper electrode 2 and lower electrode 3, a
graphite substrate having silicon carbide accumulated
on the surface thereol according to a chemical vapor
phase deposition method was adopted.

The sample to be heated 1 was placed on the lower elec-
trode 3, and the gap 4 between the upper electrode 2 and lower
clectrode 3 was 0.8 mm. The sample to be heated 1 has a
thickness ranging from 0.5 mm to 0.8 mm. A dent in which the
sample to be heated 1 15 locked 1s formed 1n the lower elec-
trode 3 on which the sample to be heated 1 1s placed, though
it 1s not shown 1n the drawing. The circumierential corners of
the upper electrode 2 and lower electrode 3 that are opposed
to each other are tapered or rounded. This 1s intended to
suppress localization of plasma due to concentration of an
clectric field at the corner of the electrode.

A high-frequency power 1s fed from a high-frequency
power supply 6 to the upper electrode 2 over a feeder line 5.
In the present embodiment, 13.56 MHz was adopted as the
frequency of the high-frequency power supply 6. The lower
clectrode 3 1s grounded over a feeder line 7. The feeder lines
5 and 7 are made of graphite that 1s a material made 1nto the
upper electrode 2 and lower electrode 3 alike. A matching
circuit 8 (M.B 1n the drawing stands for matching box) 1s
interposed between the high-frequency power supply 6 and
upper electrode 2. A structure for efficiently feeding the high-
frequency power from the high-frequency power supply 6 to
the plasma produced between the upper electrode 2 and lower
clectrode 3 1s thus realized.

To a container 9 1n which the upper electrode 2 and lower
clectrode 3 are disposed, a He gas can be introduced at a
pressure, which ranges from 0.1 atm. to 10 atm., by means of
a gas introduction unit 10. The pressure of the gas to be
introduced 1s monitored by a pressure detection unit 11. In
addition, the gas can be exhausted from the container 9 by a
vacuum pump connected to an exhaust vent 12. The container
9 1s deaerated to be vacuum at a step preceding introduction of
the He gas. After the container 9 1s deaerated, the gas 1s
introduced by the gas introduction unit 10 until the gas has a
predetermined pressure. Thus, the atmosphere 1n the con-
tainer 9 can be brought to an atmosphere of a desired pure gas
(He 1n the present embodiment). In addition, the predeter-
mined pressure can be retained by combining introduction of
a certain amount of gas, which 1s performed by the gas intro-
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duction unit 10, with exhaustion thereot. The gas introduction
unit can be controlled by the control unit 18.

The upper electrode 2 and lower electrode 3 1n the con-
tainer 9 are surrounded by reflection mirrors 13 each formed
with a paraboloid of revolution. A protective quartz plate 14 1s
interposed between the upper electrode 2 and the reflection
mirror 13 and between the lower electrode 3 and the reflection
mirror 13. The reflection mirror 13 formed with the parabo-
loid of revolution 1s constructed by optically polishing the
paraboloid of a metallic substrate, and plating or vapor-de-
positing gold on the polished surface. In addition, a coolant
channel 15 1s formed 1n the metallic substrate of the reflection
mirror 13. Cooling water 1s poured into the channel so that the
temperature of the metallic substrate can be held constant.

The upper electrode 2 or lower electrode 3 can be measured
through a window 16 using a radiation thermometer 17. The
radiation thermometer 17 1s used to measure the temperature
of the sample to be heated 1. The result of the measurement by
the radiation thermometer 17 1s processed by the control unit
18, and the output of the high-frequency power supply 6 1s
automatically controlled so that the temperature of the sample
to be heated 1 becomes desired temperature. The temperature
of the sample to be heated 1 can be considered to be 1dentical
to the temperature of the upper electrode 2 or lower electrode
3, or especially, to the temperature of the lower electrode 3.

Next, the basic actions of the heat treatment apparatus
having the construction shown 1n FIG. 1A will be described
below. After the sample to be heated 1 1s placed on the lower
clectrode 3, the gap 4 between the upper electrode 2 and lower
clectrode 3 1s set to 0.8 mm by means of an up-and-down
mechanism 20 (the same applies to the distance between the
upper electrode 2 and the sample to be heated 1). Thereafter,
the container 9 1s deaerated by the vacuum pump, which 1s
connected through the exhaust vent 12, until the pressure
therein becomes 1 Pa or less, and 1s then brought to a vacuum
state by means of a vacuum valve 21. A He gas 1s introduced
from the gas introduction unit 10 to the container 9 until the
gas pressure becomes a desired one. In the present embodi-
ment, the He pressure in the container 9 was set to 1 atm.
(1013 hectopascal).

In a stage 1n which the pressure 1n the container becomes
steady, a high-frequency power 1s applied from the high-
frequency power supply to the upper electrode 2 via the
matching circuit 8 through a power introduction terminal 19
over the feeder line 5. He plasma 1s produced in a glow
discharge region 1n the gap 4. In the present embodiment, the
high-frequency power to be fed to the upper electrode 2 was
set to 2000 W. The ligh-frequency energy 1s absorbed by
clectrons contained 1n the plasma, and atoms or molecules of
the raw gas are heated due to collision of the electrons. In the
plasma produced under a pressure close to atmospheric pres-
sure, the frequency of collision of the electrons with the gas
atoms and molecules 1s so high that a thermal equilibrium
state 1s established, that 1s, the temperature of the electrons
and the temperature of the atoms and molecules become
nearly equal to each other. The temperature of the raw gas can
be readily raised to the temperature ranging from 1000° C. to
2600° C.

The sample to be heated 1 1s heated due to contact of the
heated high-temperature gas and radiation thereof. The tem-
perature ol the sample to be heated 1 can be raised from the
temperature, which 1s 70% or more of the gas temperature, to
the temperature nearly equal to the gas temperature. The
surface of the upper electrode 2 opposed to the sample to be
heated 1 1s also heated and comes to have the temperature
nearly equal to the temperature of the sample to be heated. As
far as a solid whose temperature 1s 1000° C. or more 1s
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concerned, a percentage at which thermal energy 1s emitted
due to radiation 1s high (a magnitude of radiation increases 1n
proportion to the fourth power of temperature). Therelore,
radiation from the upper electrode 2 contributes to heating of
the sample to be heated. Owing to the foregoing principles,
the sample to be heated 1 can be heated from several hundreds
of degrees to the temperature necessary to activate S1C (rang-
ing from about 1800° C. to about 2000° C.).

Since plasma 1s produced 1n a glow discharge region, the
plasma can be formed to uniformly spread between the upper
clectrode 2 and lower electrode 3. The planar plasma 1s used
as a heat source to heat the sample to be heated 1. This makes
it possible to uniformly heat the planar sample to be heated 1.
During the heating, a high-temperature portion 1s limited to
the upper electrode 2 and the lower electrode 3 including the
sample to be heated 1. The heat capacity of a region to be
heated can be extremely reduced, and the temperature of the
sample to be heated can be raised or lowered at a high speed.
In addition, since the sample to be heated can be heated
uniformly on a planar basis, even 1f the temperature thereof 1s
raised rapidly, a risk that a break or the like may stem from
non-uniformity in the temperature of the sample to be heated
1 1s low. Theretore, the temperature of the sample to be heated
can be raised or lowered at a high speed, and the time 1t takes
to complete a series of heating treatment steps can be short-
ened. Owing to this advantage, a throughput of heating treat-
ment can be improved. In addition, unnecessarily long stay of
the sample to be heated 1 1in a high-temperature atmosphere
can be suppressed. Roughness on the S1C surface stemming
from evaporation of S1 from Si1C heated at high temperature
can be minimized.

Since the temperature of the sample to be heated 1 1s nearly
identical to the temperature of the lower electrode 3, when the
temperature ol the lower electrode 3 1s measured with the
radiation thermometer 17, the temperature of the sample to be
heated 1 can be measured. Since the control unit 18 controls
the output of the high-frequency power supply 6 by referenc-
ing the result of the measurement of the temperature of the
sample to be heated 1 performed by the radiation thermom-
cter 17, the temperature of the sample to be heated 1 can be
highly precisely controlled (1800° C.£10° C. or less).

In the present embodiment, according to the foregoing
operation, the sample to be heated 1 was heated up to 1800°
C., which was necessary to activation of a S1C device suc-
ceeding 1on implantation, and annealed for 1 min. As a resulkt,
uniformity represented by an in-plane resistivity of the
sample to be heated that 1s £3% or less was attained. During
the heating, when glow discharge 1s sustained, heating can be
achieved uniformly on a planar basis. When a transition 1s
made from the glow discharge to arc discharge, formation of
plasma 1s localized. Uniform heating becomes hard to do. At
the same time, the temperature of the sample to be heated
becomes several thousands of degrees or more, that is,
becomes unnecessarily high, and 1t becomes hard to control
the temperature. Therefore, 1n the present embodiment, the
upper limit of a range of temperatures up to which the sample
to be heated 1s heated 1s preferably about 2000° C. at which
glow discharge can be sustained. When the temperature 1s
equal to or larger than 2000° C., a quantity of thermal elec-
trons emitted from the electrode surface increases to the gap
4. Eventually, a risk that a transition may be made to arc
discharge gets higher.

A transition to arc discharge 1s, as mentioned previously,
largely related to emission of thermal electrons deriving from
a temperature rise at an electrode. Glow discharge 1s sustained
with emission of secondary electrons from the electrode.
However, when the quantity of thermal electrons exceeds that
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of secondary electrons, discharge becomes unstable and
makes a transition to the arc discharge. The quantity of ther-
mal electrons emitted from the electrode 1s expressed by the
Richardson-Dushman’s formula (1) presented below, and
determined with the temperature of the electrode material and
a work function.

|[Formula 1]

5 damk* e 5 -W (1)
J(A/M") = e X T exp(ﬁ)

In the formula (1), J denotes a quantity of emitted thermal
clectrons per unit area, m denotes a mass of electrons, k
denotes a Boltzmann coelficient, ¢ denotes an elementary
clectric charge, h denotes a Planck constant, T denotes an
absolute temperature of an electrode, and W denotes a work
function of an electrode material. FIG. 1B shows the relation-

ships between the quantities of emitted thermal electrons of
tungsten (W), silicon carbide (S1C), and carbon (C) deduced

from the formula (1) and the temperature. Tungsten 1s cited
for reference because 1t 1s widely adopted as a thermal elec-
tron source. In the case of tungsten, the quantity of thermal
clectrons exceeds the quantity of secondary electrons, and the
temperature at which a transition 1s made from glow dis-
charge to arc discharge ranges from about 1800° C. to about
2100° C. An electrode material employed 1n the present
embodiment 1s carbon or S1C (which may be coated over
carbon). Both of S1C and carbon are larger than tungsten 1n
terms of the work function. Therefore, as long as the tempera-
ture remains unchanged, the quantity of thermal electrons 1s
smaller than that from tungsten. Since the transition to arc
discharge 1s determined with the quantity of thermal elec-
trons, when carbon or S1C 1s adopted as the electrode mate-
rial, the temperature at which the transition to arc discharge 1s
made 1s higher than that observed when tungsten 1s adopted.

Assuming that the temperature determined with a quantity
of thermal electrons emitted {from carbon, which 1s 1dentical
to the quantity of thermal electrons emitted from tungsten at
the time of a transition to arc discharge 1s the temperature at
which a transition 1s made to arc discharge, the temperature
ranges from about 2030° C. to about 2300° C. Therelore,
when a carbon electrode 1s employed, glow discharge can be
sustained at about 2000° C. or less, and heating based on glow
discharge can be achieved. Likewise, for an electrode made of
S1C or formed by coating a carbon substrate with S1C accord-
ing to a chemical vapor deposition (CVD) method or the like,
the temperature ranges from 1900° C. to 2200° C. Heating,
based on glow discharge can be achieved at about 1900° C. or
so. In reality, emission of thermal electrons will not over-
whelm sustention of discharge at a lower limit of tempera-
tures at which glow discharge 1s sustained. Therefore, glow
discharge can be sustained at about 2000° C. at most 1rrespec-
tive of whether 1t 1s caused by a carbon electrode or SiC
clectrode.

In order to highly efficiently raise the temperature of the
upper electrode 2 and lower electrode 3 (including the sample
to be heated 1), 1t 1s necessary to suppress heat transier over
the feeder lines 5 and 7, heat transfer through an He gas
atmosphere, and radiation from a high-temperature region (1n
the infrared spectrum and visible light region). In particular,
in an extremely high-temperature state of 1800° C., heat
dissipation due to radiation 1s quite dominant. Minimization
of a radiation loss 1s essential to improvement of heating
eificiency. In the present embodiment, the minimization of
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the radiation loss 1s implemented by the reflection mirrors 13.
The reflection mirror 13 1s formed by coating a paraboloid of
revolution, which 1s optically polished, with gold that
upgrades the reflectance of infrared light. The reflection mir-
rors 13 are disposed to cover the upper electrode 2 and lower
clectrode 3 with the paraboloids of revolution with which the
reflection mirrors are formed. Thus, radiant light can be
reflected to the perimeters of the upper electrode 2 and lower
clectrode 3 that are regions to be heated. This permits the
minimization of the radiation loss.

FIG. 1C shows a radiant spectrum emitted from an elec-
trode having 1800° C., and the retlectance of gold (Au) hav-
ing been polished to have a mirror surface. In the case of gold,
the reflectance thereof decreases with respect to visible light
(600 nm or less), but the high reflectance (ranging from 95%
to 98%) 1s retained with respect to the nearly entire radiant
spectrum available at 1800° C. As seen from the drawing, the
reflectance of about 97% on average 1s ensured. In reality,
since various losses are produced, the reflectance 1s about
90% on average. When the mirror surface having the reflec-
tance 1s used to form the reflection mirrors 13 shown in FIG.
1A, a loss caused by radiation can be minimized.

The mirror surfaces of the reflection mirrors 13 exhibit the
reflectance of about 90% with respect to radiant light. How-
ever, since the reflection mirrors 13 provide multipath retlec-
tion, absorbed radiant energy causes the temperature of the
reflection mirrors 13 to rise. A heat loss transferred from the
upper electrode 2 and lower electrode 3 through a He gas
atmosphere leads to a rise in the temperature of the reflection
mirrors 13. When the temperature of the reflection mirrors 13
becomes several hundreds of degrees or more, there arises a
possibility that the sample to be heated 1 may be contami-
nated due to a decrease 1n the reflectance, which derives from
deterioration of the mirror surfaces, and emission of an 1mpu-
rity. In the present embodiment, the coolant channel 15 1s
formed in the metallic substrate of each of the reflection
mirrors 13 so that cooling water can flow through the channel.
Thus, the temperature rise at the reflection mirrors 13 them-
selves 1s suppressed. The protective quartz plates 14 are inter-
posed between the reflection mirrors 13 and the upper elec-
trode 2 or lower electrode 3. The protective quartz plates 14
have the capability to prevent contamination of the surfaces of
the reflection mirrors 13 by an entity emitted from the upper
clectrode 2 and lower electrode 3 that have extremely high
temperature (a sublimate of graphite or a product of an added
gas), or to prevent mmvasion of a contaminate, which has a
possibility of being mixed 1n the sample to be heated, 1 from
any of the reflection mirrors 13. Incidentally, even when the
reflection mirrors 13 are not included, a heat treatment appa-
ratus that can exhibit a low heat capacity and perform uniform
heating can be provided.

The basic actions of the heat treatment apparatus using
plasma and being shown in FIG. 1A have been described on
the assumption that heating treatment 1s performed by filling
the container 9, which 1s deaerated to become vacuum, with a
He gas of a certain pressure (1 atm.) and sealing the container.
When heating treatment 1s performed with the container filled
with the He gas, the operation 1s simple. However, there 1s a
fear that heating may invite a variation 1n a pressure or a
decrease in the purity of a gaseous atmosphere. Therelore,
while a certain amount of He gas 1s introduced by the gas
introduction unit 10 during heat treatment, a magmtude of
exhaustion 1s preferably controlled in order to sustain a pre-
determined pressure (1 atm. in the present embodiment). If a
flow rate ol He to be introduced 1s high, a heat loss 1s increased
and heating efficiency 1s degraded. In contrast, 11 the flow rate
1s too low, the ability of sustaining the purity of the He
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atmosphere 1s degraded. Therefore, an amount of gas to be
introduced during heat treatment should preferably range
from 10 sccm to 10000 scem.

In the basic construction of the heat treatment apparatus
shown 1n FIG. 1A, the gap 4 1s set to 0.8 mm. Even when the
gap 4 ranges from 0.1 mm to 2 mm, the same advantage can
be exerted. Even when the gap 1s narrower than 0.1 mm,
discharge can be formed. However, unfavorably, a high-pre-
cision facility becomes necessary to maintain the parallelism
between the upper electrode 2 and lower electrode 3, and
alteration (roughness) of an electrode surface adversely
alfects plasma. In contrast, when the gap 4 exceeds 2 mm,
degradation 1n the 1gnitability of plasma or an increase 1n a
radiation loss occurring in the gap unfavorably poses a prob-
lem.

For the basic actions of the heat treatment apparatus shown
in FI1G. 1A, the pressure at which plasma 1s formed 1s 1 atm.
The same actions can be performed even when the pressure
ranges from 0.1 atm. to 10 atm. When the heat treatment
apparatus 1s allowed to act under a pressure lower than 0.1
atm., a heat loss caused by heat transter from the upper
clectrode 2 and lower electrode 3 through a gaseous atmo-
sphere can be minimized. In addition, a transition from glow
discharge to arc discharge dertving from a temperature rise
can be suppressed. However, when the pressure 1s lower than
0.1 atm., 10ns 1n the plasma enter the sample to be heated 1
while gaining relatively high energy. This 1s unfavorable
because the sample to be heated may be damaged. In general,
kinetic energy that damages a crystalline surface 1s 10 elec-
tronvolt (eV) or more. When 1ons are accelerated to gain the
kinetic energy exceeding 10 ¢V, they damage the sample to be
heated. Therefore, 1t 1s necessary to restrict the energy of 1ons,
which enter the sample to be heated 1, to 10 eV or less. Ions
contained in plasma are accelerated with a voltage developed
in an 10n sheath formed on the surface of the sample to be
heated 1, and then enter the sample to be heated. The Voltage
in the 1on sheath 1s developed with an energy difference
between 1ons and electrons 1n a plasma bulk. Therefore, under
atmospheric pressure under which ions, electrons, and neutral
particles are 1n a thermal equilibrium state, development of a
voltage 1n the 1on sheath 1s rare. In addition, since collision
with neutral atoms on the 10n sheath occurs about 100 to 1000
times, damaging the surface of the sample to be heated 1 with
incidence of 10ons hardly take place However, while the pres-
sure 1s being decreased, there arises a difference 1n kinetic
energy between 1ons and electrons. A voltage that accelerates
the 10ns 1s developed in the 1on sheath.

Assume that a potential difference ranging from, for
example, several tens of volts to about 100V occurs in the 10n
sheath. The thickness of the ion sheath usually ranges from
several tens ol micrometers to several hundreds of microme-
ters. In contrast, the mean free path of He 10ns 1s 20 um or less
in an He atmosphere of 0.1 atm. or less and 1800° C. This
raises the possibility that: the number of times of collision in
the 10n sheath may range about 1 to 10; a percentage by which
1ions are accelerated with a voltage close to a voltage equiva-
lent to the potential difference may get larger; and 10ns having
energy which exceeds 10 eV may enter the sample to be
heated.

For the basic actions of the heat treatment apparatus shown
in FIG. 1A, He 1s adopted as a raw gas to be used to produce
plasma. Needless to say, even when a rare gas such as Ar, Xe,
or Kr 1s adopted, the same advantages can be exerted.
Although He used to describe the actions 1s superior 1n 1gnit-
ability of plasma at a pressure near atmospheric pressure and
safety, the thermal conductivity of the gas 1s so high that a heat
loss caused by heat transter through a gaseous atmosphere 1s
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relatively large. In contrast, a gas of a large mass such as Ar1s
poor 1in the thermal conductivity. This 1s advantageous in
terms of heat efficiency. When a gas of a hydrocarbon series
1s added to the rare gas in order to produce plasma, a carbon
protective film that prevents surface roughness deriving from
heating can be formed on the surface of the sample to be
heated 1 1n a stage preceding heating. Likewise, when gas-
cous oxygen 1s added after completion of heating (1n a stage
in which the temperature of the sample to be heated 1 1s
decreased to some extent) 1n order to produce plasma, the
carbon-series coating can be removed.

In the aforesaid embodiment, graphite coated with silicon
carbide according to a chemical vapor deposition (CVD)
method 1s used to form the upper electrode 2 and lower
clectrode 3. Alternatively, even when graphite alone, a mem-
ber produced by coating graphite with thermolytic carbon, a
member produced by vitrifying a graphite surface, a com-
pound of carbon and a high-melting point metal (tantalum
(Ta), tungsten (W), or the like), or S1C (sintered compact,
single crystal, or polycrystalline material) 1s adopted, the
same advantages can be exerted. Needless to say, thatis a base
material of the upper electrode 2 and lower electrode 3, and a
coating to be applied to the graphite surface are both
requested to exhibit high purity in terms of contamination
prevention. At extremely high temperature, contamination
may atlfect the sample to be heated 1 over the feeder lines 5
and 7. Therefore, 1in the present embodiment, the feeder lines
5 and 7 are, similarly to the upper electrode 2 and lower
clectrode 3, made of graphite. Heat dissipated from the upper
clectrode 2 and lower electrode 3 1s transferred over the feeder
lines 5 and 7 and then lost. Therefore, 1t 1s necessary to limait
heat transfer over the feeder lines 5 and 7 to a minimal
necessary level. Therefore, the sectional area of the feeder
lines 5 and 7 made of graphite has to be as small as possible,
and the length thereot has to be as long as possible. However,
if the sectional area of the feeder lines 5 and 7 1s made
extremely small and the length thereof 1s made too long, a
high-frequency power loss on the feeder lines 5 and 7
increases. This mvites degradation in heating efficiency for
the sample to be heated 1. In the present embodiment, from
the foregoing viewpoints, the sectional area of the feeder lines
5 and 7 made of graphite is set to 12 mm?, and the length
thereof 1s set to 40 mm. The same advantages can be exerted
as long as the sectional area ranges from 5 mm~ to 30 mm~ and
the length ranges from 30 mm to 100 mm.

In the present embodiment, heat dissipation from the upper
clectrode 2 and lower electrode 3 which determines heating
elficiency 1s, as mentioned above, dominated mainly by (1)
radiation, (2) heat transfer through a gaseous atmosphere, and
(3) heat transfer over the feeder lines 5 and 7. Among the
dominators, the primary one 1s (1) radiation. The reflection
mirrors 13 are used to suppress the radiation. Heat dissipation
over the feeder lines 35 and 7 1s minimized by, as mentioned
above, optimizing the sectional area of the feeder lines and the
length thereot. (2) Heat transfer through the gaseous atmo-
sphere 1s suppressed by controlling an electrothermal dis-
tance of a gas (a distance from each of the upper electrode 2
and lower electrode 3, which are regarded as a high-tempera-
ture portion, to one of the reflection mirrors 13 or the wall of
the container 9 which 1s regarded as a low-temperature por-
tion). The percentage of heat dissipation due to heat transier
through a gas gets relatively high 1n a He atmosphere under
atmospheric pressure (because the thermal conductivity of
He 1s high). Therefore, the present embodiment adopts a
structure 1n which 30 mm or more is preserved as the distance
from each of the upper electrode 2 and lower electrode 3 to
one of the reflection mirrors 13 or the wall of the container 9.
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The longer distance 1s more advantageous for suppression of
heat dissipation. However, unfavorably, the size of the con-
tainer 9 becomes too large for a region to be heated. Once the
distance of 30 mm or more 1s preserved, while the size of the
container 9 1s suppressed, heat dissipation due to heat transfer
through a gaseous atmosphere can be suppressed. Needless to
say, when Ar or the like exhibiting low thermal conductivity
1s adopted or a gas pressure 1s decreased (0.1 atm. or more),
heat transier through the gaseous atmosphere can be further
suppressed.

In the first embodiment, 13.56 MHz 1s employed 1n bring-
ing about electric discharge. This 1s because since 13.56 MHz
1s a frequency for industrial use, a power source 1s available at
a low cost. In addition, a criterion for leakage of an electro-
magnetic wave 1s so low that the cost of the apparatus can be
lowered. However, needless to say, heating can be achieved at
any other frequency under the same principles. In particular,
a Irequency that 1s equal to or larger than 1 MHz and {falls
below 100 MHz 1s preferred for the present invention. At a
frequency lower than 1 MHz, a high-frequency voltage
needed to feed power necessary to heating gets higher. This 1s
unfavorable because abnormal discharge (unstable discharge
or discharge occurring other than the space between the upper
clectrode and lower electrode) occurs and 1t becomes hard to
perform stable actions. A frequency exceeding 100 MHz 1s
not preferred because the impedance 1n the gap between the
upper electrode 2 and lower electrode 3 1s low and 1t becomes
hard to develop a voltage necessary to produce plasma.

In relation to the first embodiment, a description has been
made of a construction 1n which the one sample to be heated
1 1s placed on the lower electrode 3 disposed inward the sole
reflection mirror 13. Alternatively, the reflection mirrors 13,
upper electrode 2, and lower electrode 3 may be made large in
s1ze, and the plural samples to be heated 1 may be disposed on
the lower electrode 3. Thus, the number of samples to be
heated capable of being treated at a time may be increased. In
this case, a high-frequency power suitable for the size of the
upper electrode 2 and lower electrode 3 (nearly proportional
to the area of the upper electrode 2 and lower electrode 3) has
to be fed.

Likewise, 1in relation to the first embodiment, a description
has been made of such a construction that a pair of the reflec-
tion mirrors 13 and a pair of the upper electrode 2 and lower
clectrode 3 (including the sample to be heated 1) are disposed
in the container 9. Needless to say, a large container may be
used, and plural pairs of the reflection mirrors 13, and plural
pairs of the upper electrode 2 and lower electrode 3 may be
disposed. Thus, needless to say, the number of samples to be
heated capable of being treated at a time may be increased.

In the first embodiment, a member on which gold 1s plated
or vapor-deposited 1s adopted as the surfaces of the reflection
mirrors 13. Needless to say, even when aluminum, an alumi-
num alloy, silver, a silver alloy, or a stainless steel 1s adopted
as the material of the mirror surfaces, the same advantages
can be exerted. In addition, although the reflection mirrors 13
are formed with paraboloids of revolution, even when planar
reflection mirrors are disposed on the perimeters of the upper
clectrode 2 and lower electrode 3, the same advantages are
exerted.

FIG. 5 shows an example of a sequence of basic actions to
be performed 1n the heat treatment apparatus shown 1n FIG.
1A. FIG. 5 1s concerned with a case where formation and
removal of a surface protective film that prevents the surface
roughness of a sample to be heated are performed concur-
rently with a series of heating treatment steps. To begin with,
a rare gas (He) 180 that 1s a base material and a fluorocarbon
gas 190 to be used to form the surface protective film are
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introduced. Electrical discharge 1s formed with a relatively
low power (500 W), and a protective film 1s formed on the

surface of the sample to be heated (treatment time 230).
Thereatter, feed of the protective film formation gas 190 1s
ceased, and a flow rate of the rare gas (He) 180 1s lowered. The
discharge power 210 1s raised up to a power necessary to
heating (2000 W). Accordingly, the temperature 220 of the
sample to be heated rises to 1800° C. (treatment time 240).
After heating treatment 1s completed, the tlow rate of the rare
gas (He) 180 1s raised for the purpose of cooling, and the
discharge power 210 i1s decreased. When the temperature
decreases to some extent (600° C.), oxygen gas 200 for use 1n
removing the protective film 1s added to the rare gas 180 in
order to remove the protective film (treatment time 250). The
example of the series of treatment steps has been described so
far. In the sequence shown 1n FIG. 5, steps of forming and
removing the protective film are added. As for suppression of
surface roughness, 1t can be achieved by cutting an extra
heating time through shortening of heating and cooling times
that 1s a feature of the present embodiment, or by forming in
advance the protective film on the surface of the sample to be
heated. In this case, treatment 1s carried out according to a
sequence having formation of the protective film shown 1n
FIG. § excluded therefrom.

As mentioned above, according to the present embodi-

ment, owing to inclusion of a temperature measurement
instrument that measures the temperature of a sample to be
heated (lower electrode) which 1s heated with plasma gener-
ated through glow discharge formed 1n a pair of parallel plate
clectrodes, and a control unit that controls the output of a
high-frequency power supply using the temperature mea-
sured by the temperature measurement instrument,
a heat treatment apparatus that can exhibit a low heat capacity
and perform uniform heating can be provided. In addition,
when reflection mirrors that minimize a radiation loss are
turther included, even when Si1C 1s annealed at high tempera-
ture, there 1s provided the heat treatment apparatus that can
exhibit a low heat capacity and perform uniform heating.

Second Embodiment

A second embodiment will be described 1n conjunction
with FIG. 2A and FIG. 2B. Items that have been described in
relation to the first embodiment but will not be described 1n
relation to the present embodiment will apply to the present
embodiment unless the circumstances are exceptional.

FIG. 2A 1s a sectional view of an electrical discharge for-
mation unit included 1n a heat treatment apparatus 1n accor-
dance with the present embodiment employing plasma. In
relation to the second embodiment, only a difference from the
first embodiment will be described below. FIG. 2A and FIG.
2B are enlarged view of a portion equivalent to the upper
clectrode 2 and lower electrode 3 included 1n the first embodi-
ment. In the second embodiment shown 1n FIG. 2A and FIG.
2B, unlike the embodiment shown 1n FIG. 1A to FIG. 1C, the
upper electrode 2 1s provided with a second gas introduction
umt 22, a gas diftuse layer 23, and gas jet holes 24. The other
components are i1dentical to those of the first embodiment
shown 1n FIG. 1A to FIG. 1C. A difference 1n a construction
between FI1G. 2A and FIG. 2B lies in a point that in FIG. 2B,
the second gas introduction unit 22 1s incorporated in the
teeder line 5. When the upper electrode 2 1s used as part of the
gas introduction unit, a gas composition in the gap 4 1n which
plasma 1s produced 1s altered from a gas composition 1n the
container 9. For example, a He gas that 1s superior in 1gnit-
ability for electrical discharge and in stableness 1s introduced
from the second gas introduction unit 22, while Ar exhibiting
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low thermal conductivity 1s introduced into the container 9.
Thus, both improvement of heating efficiency through sup-

pression ol heat dissipation and stabilization of plasma pro-
duction can be accomplished. In addition, when a protective
f1lm for use 1n preventing surface roughness 1s formed on the
surface of the sample to be heated 1, 11 the raw gas (hydro-
carbon-series gas) 1s mixed 1n arare gas and introduced by the
second gas mtroduction unit 22, the protective film can be
uniformly formed with a small amount of raw gas. When the
second gas introduction unit 22 1s, as shown i FIG. 2B,
incorporated in the feeder line 5, radiation i the vicinity of
the upper electrode 2 1s made uniform.

Even the present embodiment provides the same advan-
tages as the first embodiment does. Further, when the second
gas introduction unit 22 1s icluded, both improvement of
heating efliciency and stabilization of plasma production can
be accomplished.

Third Embodiment

A third embodiment will be described 1n conjunction with
FIG. 3 and FIG. 4. Items that have been described in relation
to the first or second embodiment but will not be described in
relation to the present embodiment can apply to the present
invention unless the circumstances are exceptional.

FIG. 3 and FIG. 4 are diagrams showing a basic construc-
tion of a heat treatment apparatus 1n accordance with the third
embodiment of the present invention employing plasma. FIG.
3 shows a state 1n which heating treatment 1s under way, and
FIG. 4 shows a state 1n which the treatment 1s completed. In
relation to the third embodiment, only a difference from the
first embodiment will be described below. In FIG. 3 and FIG.
4, an up-and-down driving mechanism 25 for the reflection
mirrors 13 1s added to the construction of the first embodi-
ment shown 1n FIG. 1A to FIG. 1C. As shown 1n FIG. 3,
during heating treatment, the upper electrode 2 and lower
clectrode 3 are located as close to the reflection mirrors 13 as
possible (a distance of 30 mm or more making it possible to
suppress an adverse effect of heat transter through a gaseous
atmosphere described 1n relation to the first embodiment).
This 1s intended to suppress a loss caused by radiation. In
contrast, after heating 1s completed, the temperature has to be
lowered as quickly as possible. The suppression of a radiation
loss by the reflection mirrors 13 hinders cooling. Therefore,
alter heating treatment 1s completed, the up-and-down
mechanism 25 1s, as shown 1 FIG. 4, used to separate the
reflection mirrors 13 from the upper electrode 2 and lower
electrode 3. Thus, the effect of the reflection mirrors 13 1s
mimmized in order to raise a temperature-drop speed. Pret-
erably, the distance between the upper retlection mirror and
upper electrode 2, and the distance between the lower reflec-
tion mirror and lower electrode 3 are adjusted so that they
become i1dentical to each other (especially, during heating
treatment).

The advantages of the present invention described in rela-
tion to the first, second and third embodiments will be sum-
marized below. According to the present technology, heating
ol a gas due to glow discharge formed at atmospheric pressure
in the narrow gap 1s used as a heat source to heat the sample
to be heated 1. Based on the principles, four advantages
unavailable in related arts and described below are provided.

A first advantage lies in heating efficiency. Since the gas in
the gap between the upper electrode and lower electrode as
well as the upper electrode and lower electrode (sample
stand) should merely be heated, the heat capacity can be
drastically lowered. In addition, the upper electrode 2 and
lower electrode 3 including the sample to be heated 1 are
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covered by the retlection mirrors formed with paraboloids of
revolution. Therefore, since the sample to be heated 1 can be
heated 1n a system 1n which a heating loss caused by radiation
1s very small, high energy efficiency can be realized and
high-temperature heating can be achieved.

A second advantage lies 1n heating responsiveness and
uniformity. Owing to the aforesaid construction, the heat
capacity of a heating unit 1s so small that a rapid temperature
rise and a rapid temperature drop can be achieved. Since
heating of a gas due to glow discharge 1s used as a heat source,
heating can be achieved uniformly on a planar basis owing to
a spread of the glow discharge. The temperature uniformity 1s
so high that a variance 1n device characteristics on the surface
of the sample to be heated 1, which derives from heat treat-
ment, can be suppressed. At the same time, a damage caused
by a thermal stress deriving from a temperature difference on
the surface of the sample to be headed 1 occurring when a
rapid temperature rise 1s attaimned can be suppressed.

A third advantage lies 1n minimization of the number of
parts wasted during heating treatment. In the present technol-
0gy, since a gas that comes 1nto contact with the sample to be
heated 1 1s directly heated, a region 1n which the temperature
rises 1s limited to a member disposed very close to the sample
to be heated 1, and the temperature 1n the region 1s equal to or
lower than the temperature of the sample to be heated 1.
Therefore, the service life of the member 1s long, and a region
in which a part has to be replaced with a new one because of
deterioration 1s limited.

A Tourth advantage lies 1n suppression of surface rough-
ness ol the sample to be heated 1. According to the present
technology, since the temperature rise time and temperature
drop time can be shortened according to the foregoing advan-
tages, even 1f the sample surface 1s bared, the time 1t takes to
expose the sample to be heated 1 to a igh-temperature envi-
ronment 1s shortened to be a minimal necessary time. Accord-
ingly, the surface roughness can be suppressed. In addition,
according to the present technology, the sample to be heated
1s exposed to plasma due to atmospheric-pressure glow dis-
charge and 1s thus heated. In the stage of heating, plasma
produced from a rare gas 1s employed. A reactive gas 1s added
to the rare gas 1n the course of a temperature rise or drop,
whereby formation of a protective film and removal thereof
can be consistently performed during heating. Therelore, the
steps of forming and removing the protective film which are
performed 1n an apparatus other than the heat treatment appa-
ratus become unnecessary. This leads to a reduction 1n a cost

ol fabrication.

In the first to third embodiments, the reflection mirrors 13
are used to improve the efficiency 1n heating the upper elec-
trode 2, lower electrode 3, and sample to be heated 1. For
example, when treatment 1s performed at relatively low tem-
perature of, for example, 1200° C. or less, the retlection
mirrors 13 are not always necessary. The retlection mirrors
are mntended to minimize a heat loss caused by radiant emis-
sion. At 1200° C. or less at which a radiation loss 1s not very
large, a structure devoid of the reflection mirrors 13 can fulfill
the required role. In this case, the basic construction includes
the upper electrode 2 and lower electrode 3 which include the
sample to be heated 1, the high-frequency power supply 6 that
teeds a high-frequency power to the electrodes, an instrument
that monitors the temperature of any of the sample to be
heated 1 and the upper and lower electrodes (radiation ther-
mometer 17), a unit that controls the power of the high-
frequency power supply 6 by referencing the monitored value
of the temperature, and a mechanism that controls a region to
be discharged 1n an atmosphere of a rare gas whose pressure
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ranges from 0.1 atm. to 10 atm. or a gas to be added to the rare
gas 1n order to form a protective film or remove the protective
f1lm.

As mentioned above, even the present embodiment can
provide the same advantages as the first embodiment can.
When the up-and-down driving mechanism that moves the
reflection mirrors up and down 1s further included, a tempera-
ture rise/drop speed can be raised.

The present invention has been described so far. The major
modes of the present invention will be listed below.

(1) A heat treatment apparatus including:

a pair of parallel plate electrodes;

a high-frequency power supply that applies a high-fre-
quency voltage to the pair of parallel plate electrodes so
as to discharge between the pair of parallel plate elec-
trodes;

a temperature measurement mstrument that measures the
temperature of a sample to be heated which 1s disposed
in the pair of parallel plate electrodes;

a gas ntroduction unit that introduces a gas to the pair of
parallel plate electrodes; and

a control unit that controls the output of the high-frequency
power supply.

Herein, the control unit references the temperature mea-
sured by the temperature measurement mstrument, and con-
trols the output of the high-frequency power supply so as to
control the heat-treatment temperature for the sample to be
heated.

(2) A heat treatment apparatus including;:

a pair of parallel plate electrodes;

a high-frequency power supply that applies a high-ire-
quency voltage to the pair of parallel plate electrodes so
as to discharge between the pair of parallel plate elec-
trodes;

a temperature measurement mstrument that measures the
temperature of a sample to be heated which 1s disposed
in the pair of parallel plate electrodes;

a gas mtroduction unit that introduces a gas to the pair of
parallel plate electrodes;

reflection mirrors that surround the pair of parallel plate
electrodes; and

a control unit that controls the output of the high-frequency
power supply.

Herein, the control unit references the temperature mea-
sured by the temperature measurement mstrument, and con-
trols the output of the high-frequency power supply so as to
control the heat-treatment temperature for the sample to be
heated.

(3) In the heat treatment apparatus as set forth in paragraph
(2), the gas introduction unit includes a first gas introduction
unit and a second gas introduction unit. The first gas intro-
duction unit has a gas introduction port thereot located out-
side a gap created 1n the pair of parallel plate electrodes, while
the second gas introduction unit has a gas 111tr0duct10n port
thereot located within the gap in the pair of parallel plate
clectrodes. The first and second gas introduction units 1ntro-
duce a gas independently of each other.

(4) In the heat treatment apparatus as set forth 1n paragraph
(2), as the pair of parallel plate electrodes, plural pairs of
clectrodes are included.

(5) In the heat treatment apparatus as set forth in paragraph
(2), the control unit controls the gas introduction unit so that
before heat treatment 1s performed on the sample to be heated
or while the temperature 1s rising, a carbon-containing
molecular gas can be added to plasma stemming from dis-
charge i order to form a protective film, which 1s a carbon-
series coating, on the surface of the sample to be heated.
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(6) In the heat treatment apparatus as set forth 1n paragraph
(5), after heat treatment 1s performed, the control unit extends
control so that oxygen can be added to the plasma, which
stems from discharge, in order to remove the protective film.
(7) A heat treatment apparatus including;:

a high-frequency power supply;

a lower electrode on which a sample to be heated 1s placed;

an upper electrode to which the high-frequency power
supply 1s connected and which 1s located at a position
opposite to the position of the lower electrode;

a gas 1troduction unit that introduces a gas, from which
plasma 1s produced, to the gap between the upper elec-
trode and lower electrode; and

upper and lower reflection mirrors that cover the upper and
lower electrodes via a space.

(8) In the heat treatment apparatus as set forth in paragraph
(7), the upper and lower reflection mirrors are each formed by
optically polishing the surface of a metallic substrate shaped
like a paraboloid of revolution, and the optically polished
surface 1s made of any of gold, aluminum, an aluminum alloy,
silver, a silver alloy, and stainless steel.

(9) In the heat treatment apparatus as set forth in paragraph
(7), a quartz plate 1s interposed between the upper electrode
and upper reflection mirror, and between the lower electrode
and lower reflection mirror.

(10) The heat treatment apparatus as set forth 1n paragraph (7)
further includes:

a thermometer that measures the temperature of the sample
to be heated; and

a conftrol unit that references the temperature measured
with the thermometer, and controls the output of the

high-frequency power supply.

(11) The heat treatment apparatus as set forth 1n paragraph (7)
turther includes a control unit that controls a type of gas to be
introduced by the gas introduction unit, a gas flow rate, and
the output of the high-frequency power supply.

Herein, the control unit controls the gas mtroduction unit
so that a protective film can be formed on the surface of the
sample to be heated, controls the output of the high-frequency
power supply so that the sample to be heated can be heated

with the surface thereotf coated with the protective film, and
controls the gas introduction unit so that the protective film
can be removed.

(12) In the heat treatment apparatus as set forth 1n paragraph
(2), the reflection members are disposed above and below the
pair of parallel plate electrodes, and the heat treatment appa-
ratus further includes a driving mechanism that drives the
reflection mirrors 1in up-and-down directions.

(13) The heat treatment apparatus as set forth in paragraph (7)
further includes a driving mechanism that drives the upper
and lower reflection mirrors 1n up-and-down directions.

What 1s claimed 1s:

1. A heat treatment apparatus comprising;:

a heat treatment chamber 1n which a sample to be heated 1s
heat treated;

a planar first electrode disposed 1n the heat treatment cham-
ber;

a planar second electrode, which is facing the first elec-
trode, on which the sample 1n mounted, disposed 1n the
heat treatment chamber;

a high-frequency power supply supplies a high-frequency
power to the first electrode through a first feeder line 1n
order to generate plasma between the first electrode and
the second electrode:
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first and second reflection mirrors that are disposed so as to
cover the first electrode and the second electrode and
suppress radiation from the first electrode and the sec-
ond electrode;

wherein the second electrode 1s grounded through a second
feeder line,

a distance from the first electrode to the first reflection
mirror 1S longer than a distance between the first elec-
trode and the second electrode, and

a distance from the second electrode to the second reflec-
tion mirror 1s longer than the distance between the first
clectrode and the second electrode.

2. The heat treatment apparatus according to claim 1,
wherein a surface maternal of the first and second reflection
mirrors 1s gold, aluminum, an aluminum alloy, silver, a silver
alloy, or stainless steel.

3. The heat treatment apparatus according to claim 1,
wherein the first and second reflection mirrors mclude cool-
ant channels flowing coolant to cool the reflection mirrors.
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4. The heat treatment apparatus according to claim 1, fur-
ther comprising:

quartz plates disposed between the first electrode and the
first reflection mirror and between the second electrode
and the second reflection mirror 1n order to prevent con-
tamination of surfaces of the first and second retlection
MIrrors.

5. The heat treatment apparatus according to claim 1,

wherein a base material of the first electrode and the second
clectrode 1s graphite.

6. The heat treatment apparatus according to claim 1,
wherein each of the first feeder line and the second feeder line
1s made of graphaite.

7. The heat treatment apparatus according to claim 5,
wherein each of the first feeder line and the second feeder line
1s made of graphaite.

8. The heat treatment apparatus according to claim 1,
wherein the first and second reflection mirrors are formed
with a paraboloid of revolution.
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