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SINGLE-SUBSTRATE-HEAT-PROCESSING 
APPARATUS FOR PERFORMING REFORMATION 

AND CRYSTALLIZATION 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a single-substrate 
heat-processing apparatus and method for performing a 
reforming process for removing inorganic impurities con 
tained in a thin ?lm formed on a target substrate and for 
performing a crystalliZing process for crystalliZing the thin 
?lm, and particularly, to a heat processing apparatus and 
method applied to a metal oxide ?lm deposited by MOCVD 
(Metal Organic Chemical vapor Deposition) method. 

[0002] In the manufacturing process of a semiconductor 
device, a ?lm forming process and a pattern etching process 
are repeatedly applied to a semiconductor Wafer. The speci 
?cation for the ?lm forming process becomes severer and 
severer in recent years in accordance With increases in the 
density and in the degree of integration of the semiconductor 
devices. For example, a further a decrease in thickness and 
a higher insulating properties are required even for a very 
thin insulating ?lm such as an insulating ?lm included in a 
capacitor or a gate insulating ?lm. 

[0003] A silicon oxide ?lm or a silicon nitride ?lm is 
Widely used as such an insulating ?lm. HoWever, a metal 
oxide ?lm such as a tantalum oxide (Ta2O5) ?lm has come 
to be used in recent years as an insulating ?lm exhibiting 
further improved insulating properties. Such a metal oxide 
?lm can be formed by an MOCVD method, in Which an 
organometallic compound is gasi?ed for deposition of the 
metal. The insulating properties of the metal oxide ?lm can 
be further improved by applying a reforming process to the 
surface of the metal oxide ?lm after deposition. Areforming 
processing technique is disclosed in, for example, Jpn. Pat. 
Appln. KOKAI Publication No. 2-283022. 

[0004] A CVD apparatus is used for forming a tantalum 
oxide ?lm. A raW material gas containing, for example, 
tantalum alkoxide (Ta(OC2H5)5) is used as a process gas 
together With O2 gas. The process pressure is set at about 0.2 
to 0.3 Torr, and the process temperature is set at about 250 
to 450° C. Under these conditions, the excited species 
generated by dissociation of the raW material gas perform 
reactions With the oxygen gas, With the result that an 
amorphous tantalum oxide ?lm is deposited on a semicon 
ductor Wafer. 

[0005] A reforming-apparatus is used for performing the 
reforming process of the tantalum oxide ?lm after the 
deposition. The Wafer having the tantalum oxide ?lm formed 
thereon is put under an atmosphere of the atmospheric 
pressure containing oZone. OZone is irradiated With ultra 
violet rays emitted from a mercury lamp so as to generate 
active oxygen atoms. The organic impurities having C-C 
bonds, etc. and contained in the tantalum oxide ?lm are 
decomposed by the active oxygen atoms so as to be removed 
from the tantalum oxide ?lm. As a result, the insulating 
properties of the tantalum oxide ?lm are improved. Inciden 
tally, the reforming process is carried out at a temperature 
loWer than the crystalliZing temperature, e.g., at about 425° 
C., in order to alloW the tantalum oxide ?lm to maintain its 
amorphous state. 

[0006] Then, the Wafer is transferred into a heat processing 
apparatus for crystalliZation. The tantalum oxide ?lm is 
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heated Within the heat processing apparatus in the presence 
of O2 gas to a temperature higher than the crystalliZing 
temperature, e.g., to about 700° C. By this annealing pro 
cess, the tantalum oxide ?lm is crystalliZed and the density 
thereof is increased in the molecule level, With the result that 
the insulating properties of the tantalum oxide ?lm are 
further improved. 

[0007] Jpn. Pat. Appln. KOKAI Publication No. 9-121035 
teaches a tantalum oxide ?lm of a tWo-layer structure. 

[0008] In this prior art, an amorphous ?rst layer is depos 
ited ?rst on a semiconductor Wafer, folloWed by applying a 
reforming process to the ?rst layer. Then, a second amor 
phous layer is deposited on the ?rst layer, folloWed by 
applying a reforming process to the second layer. Finally, the 
Wafer is subjected to a heat process at a high temperature so 
as to crystalliZe both the ?rst and second layers simulta 
neously. The technique disclosed in this prior art makes it 
possible to remove effectively the organic impurities in the 
step of the individual reforming process because each of the 
?rst and second layers is suf?ciently thin so as to further 
improve the insulating properties of the tantalum oxide ?lm. 
HoWever, the number of the process steps and the number of 
transfer steps are increased in this prior art, leading to a 
decrease in the through-put. In addition, the facility cost and 
the manufacturing cost are increased. 

[0009] Further, Jpn. Pat. Appln. KOKAI Publication No. 
10-79377 (US. Pat. Appln. Ser. No. 08/889,590) relating to 
an invention achieved by the present inventors discloses a 
cluster-tool-type ?lm forming system in Which a deposition 
apparatus, a reforming apparatus and a heat processing 
apparatus for crystalliZation are connected to each other via 
a common transfer chamber. The cluster-tool-type ?lm 
forming system permits solving the problem of the through 
put, etc. to some extent. HoWever, a further improvement is 
required. 

BRIEF SUMMARY OF THE INVENTION 

[0010] An object of the present invention is to provide a 
single-substrate-heat-processing apparatus and method for 
performing a reforming process and a crystalliZing process 
While increasing the through-put and reducing the facility 
cost and the manufacturing cost. 

[0011] According to a ?rst aspect of the present invention, 
there is provided a single-substrate-heat-processing appara 
tus for performing a reforming process for removing organic 
impurities contained in a thin ?lm formed on a target 
substrate and a crystalliZing process for crystalliZing the thin 
?lm, the thin ?lm being formed of a material selected from 
the group consisting of metal oxides, metal nitrides and 
metals, the apparatus comprising: 

[0012] 
[0013] a Work table arranged Within the process chamber 
con?gured to place the target substrate thereon; 

[0014] an exhaust mechanism con?gured to exhaust the 
process chamber; 

[0015] a supply mechanism con?gured to supply a process 
gas containing oxygen atoms into the process chamber; 

[0016] a heating mechanism con?gured to heat the thin 
?lm While the target substrate is placed on the Work table; 
and 

an airtight process chamber; 



US 2005/0016687 A1 

[0017] a control section con?gured to serve to control the 
heating mechanism such that the thin ?lm is heated to a ?rst 
temperature loWer than the crystalliZing temperature of the 
material over a ?rst period and, then, the thin ?lm is heated 
to a second temperature higher than the crystalliZing tem 
perature, folloWed by cooling the thin ?lm to a temperature 
loWer than the crystalliZing temperature, the ?rst period 
being longer than a second period during Which the thin ?lm 
has a temperature higher than the crystalliZing temperature. 

[0018] According to a second aspect of the present inven 
tion, there is provided a ?lm forming system for forming a 
crystalliZed thin ?lm on a target substrate, the thin ?lm being 
formed of a material selected from the group consisting of 
metal oxides, metal nitrides and metals, the system com 
prising: 

[0019] 
[0020] a transfer mechanism arranged Within the common 
transfer chamber con?gured to transfer the target substrate; 

[0021] a single-substrate-processing CVD apparatus con 
nected to the common transfer chamber via a gate valve, 
con?gured to deposit an amorphous thin ?lm by CVD on the 
target substrate; and 

[0022] a single-substrate-heat-processing apparatus con 
nected to the common transfer chamber con?gured to per 
form a reforming process for removing organic impurities 
contained in the thin ?lm and a crystalliZing process for 
crystalliZing the thin ?lm, the heat-processing apparatus 
including, 

[0023] 
[0024] a Work table arranged Within the process chamber 
con?gured to place the target substrate thereon, 

[0025] an exhaust mechanism con?gured to exhaust the 
process chamber, 

[0026] a supply mechanism con?gured to supply a process 
gas containing oxygen atoms into the process chamber, 

[0027] a heating mechanism con?gured to heat the thin 
?lm While the target substrate is placed on the Work table, 
and 

[0028] a control section con?gured to serve to control the 
heating mechanism such that the thin ?lm is heated to a ?rst 
temperature loWer than the crystalliZing temperature of the 
material over a ?rst period and, then, the thin ?lm is heated 
to a second temperature higher than the crystalliZing tem 
perature, folloWed by cooling the thin ?lm to a temperature 
loWer than the crystalliZing temperature, the ?rst period 
being longer than a second period during Which the thin ?lm 
has a temperature higher than the crystalliZing temperature. 

an airtight common transfer chamber; 

an airtight process chamber, 

[0029] According to a third aspect of the present inven 
tion, there is provided a method of forming a thin ?lm on a 
target substrate, the thin ?lm being formed of a material 
selected from the group consisting of metal oxides, metal 
nitrides and metals, the method comprising: 

[0030] depositing a thin ?lm in an amorphous state by 
CVD on the target substrate; 

[0031] placing the target substrate having the thin ?lm 
deposited thereon on a Work table arranged Within an airtight 
process chamber; 
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[0032] performing a reforming process for removing 
organic impurities from the thin ?lm by supplying a process 
gas containing oxygen atoms into the process chamber and 
heating over a ?rst period the thin ?lm formed on the target 
substrate placed on the Work table to a ?rst temperature 
loWer than a crystalliZing temperature of the material While 
exhausting the process chamber; and 

[0033] performing a crystalliZing process for crystalliZing 
the thin ?lm after the reforming process by heating the thin 
?lm formed on the target substrate placed on the Work table 
to a second temperature higher than the crystalliZing tem 
perature, folloWed by cooling the thin ?lm to a temperature 
loWer than the crystalliZing temperature, the ?rst period 
being longer than a second period during Which the thin ?lm 
has a temperature higher than the crystalliZing temperature. 

[0034] According to a fourth aspect of the present inven 
tion, there is provided a method of forming a thin ?lm on a 
target substrate, the thin ?lm including a ?rst layer and a 
second layer formed of a material selected from the group 
consisting of metal oxides, metal nitrides and metals, the 
method comprising: 

[0035] depositing a ?rst layer in an amorphous state by 
CVD on the target substrate; 

[0036] performing a reforming process for removing 
organic impurities contained in the ?rst layer by heating the 
?rst layer to a temperature loWer than a crystalliZing tem 
perature of the material Within an atmosphere containing 
active oxygen atoms; 

[0037] depositing a second layer in an amorphous state by 
CVD on the ?rst layer having being reformed; 

[0038] placing the target substrate having the second layer 
deposited thereon on a Work table arranged Within an airtight 
process chamber; 
[0039] performing a reforming process for removing 
organic impurities contained in the second layer by supply 
ing a process gas containing oxygen atoms into the process 
chamber and by heating over a ?rst period the second layer 
deposited on the target substrate placed on the Work table to 
a ?rst temperature loWer than the crystalliZing temperature; 
and 

[0040] performing a crystalliZing process for crystalliZing 
the ?rst and second layers after the reforming process of the 
second layer by heating the ?rst and second layers deposited 
on the target substrate placed on the Work table to a second 
temperature higher than the crystalliZing temperature, fol 
loWed by cooling the ?rst and second layers to a temperature 
loWer than the crystalliZing temperature, the ?rst period 
being longer than a second period during Which the ?rst and 
second layers have a temperature higher than the crystalliZ 
ing temperature. 
[0041] Additional objects and advantages of the invention 
Will be set forth in the description Which folloWs, and in part 
Will be obvious from the description, or may be learned by 
practice of the invention. The objects and advantages of the 
invention may be realiZed and obtained by means of the 
instrumentalities and combinations particularly pointed out 
hereinafter. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

[0042] The accompanying draWings, Which are incorpo 
rated in and constitute a part of the speci?cation, illustrate 
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presently preferred embodiments of the invention, and 
together With the general description given above and the 
detailed description of the preferred embodiments given 
beloW, serve to eXplain the principles of the invention. 

[0043] FIG. 1 schematically shoWs the constitution of the 
main part of a cluster-tool-type ?lm forming system accord 
ing to one embodiment of the present invention; 

[0044] FIGS. 2A to 2D are cross-sectional vieWs collec 
tively shoWing a thin ?lm forming method according to one 
embodiment of the present invention; 

[0045] FIG. 3 is a graph shoWing changes in the process 
temperature in a heat processing apparatus; 

[0046] FIG. 4 is a graph shoWing the insulation break 
doWn characteristics of a tantalum oXide ?lm; 

[0047] FIGS. 5A to 5D are cross-sectional vieWs collec 
tively shoWing a thin ?lm forming method according to 
another embodiment of the present invention; 

[0048] FIGS. 6A and 6B are cross-sectional vieWs col 
lectively shoWing a thin ?lm forming method according to 
still another embodiment of the present invention; 

[0049] FIG. 7 schematically shoWs the constitution of the 
main part of the heat processing apparatus included in the 
?lm forming system shoWn in FIG. 1; 

[0050] FIG. 8 is a plan vieW shoWing the shoWer head of 
the apparatus shoWn in FIG. 7; 

[0051] FIG. 9 schematically shoWs the constitution of the 
main part of a heat processing apparatus according to 
another embodiment of the present invention; 

[0052] FIG. 10 schematically shoWs the constitution of 
the main part of a cluster-tool-type ?lm forming system 
according to another embodiment of the present invention; 

[0053] FIG. 11 schematically shoWs the constitution of 
the main part of a heat processing apparatus according to 
still another embodiment of the present invention; 

[0054] FIG. 12 is a graph comparing the prior art in Which 
reformation is carried out by ultraviolet rays alone With the 
method of the present invention in Which reformation is 
carried out by using both ultraviolet rays and an infrared 
light; 

[0055] FIG. 13 schematically shoWs the constitution of 
the main part of a heat processing apparatus according to 
still another embodiment of the present invention; 

[0056] FIG. 14 is a top vieW schematically shoWing the 
apparatus shoWn in FIG. 13; 

[0057] FIG. 15 is a graph shoWing changes in the scan 
ning speed of light; 

[0058] FIG. 16 schematically shoWs the constitution of 
the main part of a heat processing apparatus according to 
still another embodiment of the present invention; 

[0059] FIG. 17 schematically shoWs the constitution of 
the main part of a heat processing apparatus according to 
still another embodiment of the present invention; 

[0060] FIG. 18 schematically shoWs the constitution of 
the main part of a heat processing apparatus according to 
still another embodiment of the present invention; and 
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[0061] FIG. 19 is a top vieW schematically shoWing the 
apparatus shoWn in FIG. 18. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0062] Embodiments of the present invention Will be 
described hereinafter With reference to the accompanying 
draWings. In the folloWing description, the constituent ele 
ments having substantially the same function and arrange 
ment are denoted by the same reference numerals, and a 
repetitive description Will be made only When necessary. 

[0063] FIG. 1 schematically shoWs the constitution of the 
main part of a cluster-tool-type ?lm forming system 1 
according to one embodiment of the present invention. 

[0064] In the ?lm forming system 1 shoWn in FIG. 1, tWo 
CVD apparatuses 4 and 6, a reforming apparatus 8 and a heat 
processing apparatus 10 are connected to a common transfer 
chamber 3. Further, tWo cassette chambers 14A and 14B are 
also connected to the common transfer chamber 3 for 
improving the Wafer transfer ef?ciency. A Wafer is trans 
ferred among these apparatuses 4, 6, 8, 10 and the cassette 
chambers 14A, 14B through the common transfer chamber 
3. For transferring the Wafer, an arm mechanism 16 con 
sisting of a multi-joint arm that can be elongated, shrunk and 
sWingable is arranged Within the common transfer chamber 
3. 

[0065] The common transfer chamber 3 is connected to 
the cassette chamber 14A via a gate valve G1 and to the 
cassette chamber 14B via a gate valve G2. The cassette 
chambers 14A and 14B are provided With gate doors G3 and 
G4, respectively, that can be opened or closed to alloW the 
inner spaces of the cassette chambers 14A, 14B to commu 
nicate With the outer Working environment. 

[0066] Further, the common transfer chamber 3 is con 
nected to the CVD apparatuses 4, 6, the reforming apparatus 
8, and the heat processing apparatus 10 via gate valves G5, 
G6, G7 and G8, respectively. 

[0067] Each of the common transfer chamber 3 and the 
cassette chambers 14A and 14B is of an airtight structure. 
The cassette chambers 14A and 14B constitute the Wafer 
load/unload of the entire ?lm forming system. A cassette C 
housing a plurality of semiconductor Wafers is transferred 
into and taken out of each of the cassette chambers 14A and 
15B through the gate doors G3 and G4 that are opened. Each 
of the cassette chambers 14A and 14B is provided With a 
cassette stage (not shoWn) that can be moved in a vertical 
direction and sWung. Further, these cassette chambers 14A, 
14B can be vacuum-exhausted With the cassette C housed 
therein. 

[0068] Each of the CVD apparatuses 4 and 6 is used for 
forming an amorphous metal oXide ?lm on a target substrate, 
e.g., a semiconductor Wafer, under a vacuum atmosphere 
containing an evaporated metal oXide ?lm raW material and 
an oXidiZing gas. The reforming apparatus 8 is used for 
subjecting a metal oXide ?lm to a reforming process by 
eXposing the metal oXide ?lm to active oxygen atoms under 
a vacuum atmosphere. 

[0069] Further, the heat processing apparatus 10 is used 
for subjecting a metal oXide ?lm successively to a reforming 
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process and to a crystalliZing process by heating the metal 
oxide ?lm to a temperature higher than the crystalliZing 
temperature. 

[0070] Each of the apparatuses 4, 6, 8, 10 and the cassette 
chambers 14A and 14B is connected to a gas supply mecha 
nism (not shoWn) for purging the inner spaces With an inert 
gas, e.g., N2 gas, and to a vacuum exhaust mechanism (not 
shoWn) for vacuum-exhausting the inner spaces. The N2 gas 
supply to these apparatuses 4, 6, 8, 10 and the cassette 
chambers 14A, 14B and the vacuum exhaust of these 
apparatuses 4, 6, 8, 10 and the cassette chambers 14A, 14B 
can be controlled independently of each other. 

[0071] The CVD apparatus and the reforming apparatus 
disclosed in Jpn. Pat. Appln. KOKAI Publication No. 
10-79377 (US. Pat. Appln. Ser. No. 08/889,590, the teach 
ings of Which are hereby incorporated by reference) can be 
used as the CVD apparatuses 4, 6 and as the reforming 
apparatus 8. In each of these CVD apparatuses 4 and 6, an 
amorphous metal oxide ?lm, e.g., a tantalum oxide (Ta2O5) 
?lm, is deposited on the surface of a Wafer by CVD. As a raW 
material of the metal oxide ?lm, an organic compound of a 
liquid metal alkoxide, e.g., Ta(QC2H5)5, Which is bubbled 
by, for example, a He gas, is supplied to the CVD apparatus. 
The process gas is mixed With 02 gas used as an oxidiZing 
gas Within the process chamber so as to carry out a CVD ?lm 
forming reaction under the particular atmosphere. TWo CVD 
apparatuses of the same constitution are used in the present 
invention so as to improve the through-put. It is possible to 
use as an oxidiZing gas 03, N20, NO, a gasi?ed alcohol, etc. 
in addition to O2. 

[0072] In the reforming apparatus 8, the surface of the 
Wafer placed on a Work table having a heater arranged 
therein is exposed to active oxygen atoms so as to reform the 
metal oxide ?lm formed on the Wafer surface. The active 
oxygen atoms are obtained by irradiating oZone (O3) intro 
duced from the outside With ultraviolet rays emitted from a 
lamp 18 on the ceiling of the apparatus. The active oxygen 
atoms can also be obtained by using N20 gas in place of 
oZone. The organic impurities having C-C bonds or hydro 
carbons contained in the metal oxide ?lm are decomposed 
by the active oxygen atoms so as to be removed from the 
metal oxide ?lm. The reforming process should be carried 
out at a temperature loWer than the crystalliZing temperature 
of the metal oxide ?lm in order to remove the organic 
impurities completely from the metal oxide ?lm. 

[0073] In the heat processing apparatus 10, the Wafer is 
heated in the presence of active oxygen atoms from a 
temperature not higher than the crystalliZing temperature to 
a temperature not loWer than the crystalliZing temperature of 
the metal oxide ?lm. As a result, a reforming process of the 
metal oxide ?lm formed as the uppermost layer of the Wafer 
and a crystalliZing process of all the metal oxide ?lms 
formed on the Wafer are carried out successively. The 
reforming process and the crystalliZing process may be 
carried out substantially simultaneously by heating the Wafer 
in the presence of active oxygen atoms. 

[0074] FIG. 7 schematically shoWs the constitution of the 
main part of an apparatus 32 used as the heat processing 
apparatus 10 of the ?lm forming system shoWn in FIG. 1. 

[0075] As shoWn in FIG. 7, the heat processing apparatus 
32 comprises a process chamber 34 made of, for example, 

Jan. 27, 2005 

aluminum having the surface covered With anodiZed alumi 
num. A bottom plate 38 is airtightly arranged in a bottom 
portion of the process chamber 34 using a seal member 36 
such as an O-ring. 

[0076] A Work table 44 on Which a semiconductor Wafer 
is placed is arranged Within the process chamber 34. The 
Work table 44 comprises a base 45 and a cover 46 removably 
mounted onto the base 45 via a clamp 48. The cover 46 is 
made of a transparent quartZ, and a plurality of pins 47 made 
of quartZ are arranged on the cover 46 for supporting a Wafer 
W. An airtight space separated from the atmosphere Within 
the process chamber 34 is formed betWeen the base 45 and 
the cover 46. 

[0077] A plurality of heating lamps 50 consisting of, for 
example, halogen lamps are arranged Within the airtight 
space of the Work table 44. The Wafer W is heated from the 
back side by the lamps 50. The poWer supply to the lamps 
50 can be controlled individually by a controller 51, making 
it possible to set the temperature of the Wafer W and the 
metal oxide ?lm formed on the Wafer W at an optional 
desired value. A re?ective mirror 52 that is substantially 
elliptical or parabolic in cross section is arranged beloW the 
lamp 50 so as to permit the back surface of the Wafer W to 
be ef?ciently irradiated With light radiated from the lamp 50. 

[0078] A plurality of exhaust ports 54 connected to a 
vacuum exhaust mechanism 55 are formed in the bottom 
plate 38 of the process chamber 34. The vacuum exhaust 
mechanism 55 makes it possible to exhaust the process 
chamber 34 and to set up a vacuum condition Within the 
process chamber 34. A gate valve G7 that is opened When the 
Wafer W is transferred into and out of the process chamber 
34 is formed in the side Wall of the process chamber 54. 
Also, a shoWer head 56 is arranged above the Work table 44 
to face the Work table 56. The shoWer head 56 is connected 
to a gas source 59 of a process gas (O2 or O3) through a line 
58 extending through the side Wall of the process chamber 
54. 

[0079] The shoWer head 56 has a lattice shape as shoWn in 
FIG. 8. To be more speci?c, the shoWer head 56 includes a 
ring pipe 60A connected to a line pipe 58 and an inside pipe 
60B connected inside the ring pipe 60A and arranged to form 
a lattice. A large number of gas spurting holes 61 are 
equidistantly formed on the loWer side of the inside pipe 
60B. 

[0080] An opening having a diameter larger than that of 
the Wafer W is formed in the ceiling plate 42 of the process 
chamber 34. A WindoW 64 made of a transparent quartZ is 
airtightly arranged to close the opening via a seal member 62 
such as an O-ring. Alarge number of ultraviolet lamps 66 are 
arranged above the WindoW 64. Ultraviolet rays having a 
Wavelength of, for example, 254 nm are emitted from the 
ultraviolet lamp 66 to alloW the process gas and the target 
surface of the Wafer W to be irradiated With the ultraviolet 
rays through the WindoW 64. As a result, active oxygen 
atoms are generated from the process gas. 

[0081] FIG. 9 schematically shoWs the constitution of the 
main part of a heat processing apparatus 72, Which may be 
used as the heat processing apparatus 10, according to 
another embodiment of the present invention. As shoWn in 
the draWing, the heat processing apparatus 72 comprises a 
process chamber 74 made of, for example, aluminum having 
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the surface covered With anodized aluminum. The shower 
head 56, the WindoW 64 and the ultraviolet lamp 66 as shown 
in FIG. 7 are not arranged in the heat processing apparatus 
72. In place of the particular constitution employed in the 
apparatus shoWn in FIG. 7, a noZZle 78 connected to a gas 
source 59 of a process gas (O2) via a plasma cavity 76 is 
connected to the ceiling plate 42 of the process chamber 74. 
In the plasma cavity 76, the process gas is converted into a 
plasma by application of the poWer of a microWave poWer 
source 80. As a result, active oxygen atoms are supplied 
from the noZZle 78 into the process chamber 72. A distrib 
uting plate 82 having a large number of apertures 84 is 
arranged to face the noZZle 78, With the result that active 
oxygen atoms are uniformly distributed on the surface of the 
Wafer. 

[0082] A ?lm forming method of the present invention is 
carried out as folloWs by using the ?lm forming system 1 
shoWn in FIG. 1. The folloWing description covers the case 
Where a thin metal oxide ?lm of a double layer structure is 
formed as an insulating ?lm. 

[0083] Let us describe ?rst the overall How of, for 
example, an 8 inch Wafer. Speci?cally, a cassette C housing, 
for example, 25 unprocessed Wafers is placed on a cassette 
stage (not shoWn) Within the ?rst cassette chamber 14A. 
Then, the gate door G3 is closed to establish an inert gas 
atmosphere consisting of N2 gas Within the ?rst cassette 
chamber 14A. At the same time, the chamber 14A is 
vacuum-exhausted. 

[0084] Then, the gate valve G1 is opened to permit the 
cassette chamber 14A to communicate With the common 
transfer chamber 3 evacuated in advance to set up an inert 
gas atmosphere. Then, the Wafer W is transferred from the 
cassette chamber 14A into the common transfer chamber 3 
by the arm mechanism 16. 

[0085] Then, the Wafer W is transferred through the 
opened gate valve G5 into the ?rst CVD apparatus 4 
evacuated in advance. Within the ?rst CVD apparatus 4, a 
metal oxide ?lm, e.g., tantalum oxide (Ta2O5) ?lm, is 
deposited as a ?rst layer of an insulating thin ?lm. After 
completion of the deposition step of the ?rst layer, the Wafer 
W is transferred from the ?rst CVD apparatus 4 into the 
common transfer chamber 3 maintained at vacuum, by using 
the arm mechanism 16. 

[0086] Then, the Wafer W is transferred through the 
opened gate valve G6 into the reforming apparatus 8 evacu 
ated in advance. A reforming process is carried out Within 
the reforming apparatus 8. Speci?cally, organic impurities 
such as hydrocarbons and C-C bonds, Which are contained 
in the ?rst tantalum oxide layer formed on the Wafer surface, 
are removed by using the ultraviolet rays emitted from the 
ultraviolet irradiating means 18 and oZone. 

[0087] After completion of the reforming process, the 
Wafer W is transferred from the reforming apparatus 8 into 
the common transfer chamber 3 maintained at vacuum, by 
using the arm mechanism 16. Then, the Wafer W is trans 
ferred through the opened gate valve G8 into the second 
CVD apparatus 6 evacuated in advance. Within the second 
CVD apparatus 6, a second tantalum layer is deposited under 
the same conditions as in the ?lm formation Within the ?rst 
CVD chamber 4. 

[0088] After completion of the depositing step of the 
second layer, the Wafer W is transferred from the second 
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CVD apparatus 6 into the common transfer chamber 3 
maintained at vacuum, by using the arm mechanism 16. 
Then, the Wafer W is transferred through the opened gate 
valve G7 into the heat processing apparatus 10 evacuated in 
advance. Within the heat processing apparatus 10, the Wafer 
having the ?rst and second tantalum layers formed thereon 
is heated under an atmosphere including ultraviolet rays and 
oZone to a loW temperature, such as 450° C., to perform a 
reforming process, and then heated to a temperature not 
loWer than the crystalliZing temperature of tantalum oxide, 
folloWed by loWering the temperature in 60 seconds. As a 
result, a reforming process of the second tantalum oxide 
layer and a crystalliZing process of the ?rst and second 
tantalum oxide layers are performed successively. After 
completion of the crystalliZing step, the processed Wafer is 
transferred into the common transfer chamber 3 and, then, 
housed in the cassette C arranged Within the second cassette 
chamber 14B. 

[0089] Let us describe each of the process steps described 
above With reference to FIGS. 2A to 2D. 

[0090] First, a ?rst tantalum oxide ?lm 20 is formed as a 
metal oxide ?lm in a predetermined thickness on the Wafer 
W Within the ?rst CVD apparatus 4, as shoWn in FIG. 2A. 
In this step, the raW material gas is supplied by bubbling a 
liquid metal alkoxide of Ta(OC2H5) With a He gas. At the 
same time, an oxidiZing gas such as 02 gas is supplied to the 
reaction system. The supply rate of the metal alkoxide, 
Which depends on the ?lm forming rate, is, for example, 
about several mg/min. 

[0091] The process pressure of the CVD process is about 
0.2 to 0.3 Torr, and the process temperature should be set to 
fall Within a range of 250 to 450° C., e.g., 400° C. In this 
case, the ?rst tantalum oxide ?lm 20 is deposited in a 
thickness t1 of, for example, 3.5 to 5.0 nm. The ?rst tantalum 
oxide layer 20 as deposited is in an amorphous state. Since 
an organic material is used as a raW material in forming the 
?rst tantalum oxide layer 20, it is unavoidable for the ?rst 
layer 20 to contain organic impurities. 

[0092] Then, the Wafer W is transferred into the reforming 
apparatus 8 for applying a reforming process to the ?rst 
tantalum oxide layer 20. In this reforming process, an 
oxidiZing gas, e.g., oZone, is used as a process gas serving 
to provide active oxygen atoms, and the ?rst layer 20 is 
irradiated With a large amount of ultraviolet rays emitted 
from the ultraviolet irradiating means 18, as shoWn in FIG. 
2B. As a result, the oZone is excited by irradiation With the 
ultraviolet rays so as to generate a large amount of active 
oxygen atoms. It should be noted that the active oxygen 
atoms serve to oxidiZe the organic impurities contained in 
the ?rst tantalum oxide layer 20 formed on the surface of the 
Wafer W. At the same time, the C-C bonds, etc. of the organic 
impurities are broken by the energy of the ultraviolet rays so 
as to decompose the organic impurities. As a result, the 
organic impurities contained in the ?rst tantalum oxide layer 
20 can be removed substantially completely. 

[0093] In this reforming process, the ?rst tantalum oxide 
layer 20 is irradiated With a large amount of the ultraviolet 
rays having a Wavelength of mainly 185 nm and 254 nm. 
Also, the process pressure is set to fall Within a range of 
about 1 to 600 Torr, and the process temperature is set at 
600° C., Which is the crystalliZing temperature of tantalum 
oxide, or less. To be more speci?c, the process temperature 
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is set to fall Within a range of 320 to 600° C., e.g., about 425° 
C. Where the process temperature is loWer than 320° C., the 
processed ?rst tantalum oxide layer 20 fails to exhibit a 
sufficiently high insulating breakdown voltage. On the other 
hand, if the process temperature is higher than 600° C., the 
?rst tantalum oxide layer 20 begins to be crystallized, 
resulting in failure to achieve a suf?cient reformation. Also, 
the reforming time, Which depends on the ?lm thickness, 
should desirably be at least 10 minutes. Incidentally, Where 
the thickness t1 of the ?rst tantalum oxide layer 20 is smaller 
than 4.5 nm, the reforming process can be performed by the 
oZone supply alone Without employing the ultraviolet irra 
diation. 

[0094] After completion of the reforming process, the 
Wafer W is transferred into the second CVD apparatus 6 for 
depositing a second tantalum oxide layer 22 on the ?rst 
tantalum oxide layer 20, as shoWn in FIG. 2C. The depos 
iting conditions of the second layer 22 such as the kind of the 
raW material gas, the How rate of the raW material gas, the 
process pressure, and the process temperature are exactly 
equal to those for deposition of the ?rst layer 20. The 
thickness t2 of the second layer 22 is set equal to the 
thickness t1 of the ?rst layer 20, i.e., 3.5 to 5.0 nm. At the 
time When deposition of the second layer 22 is ?nished, each 
of the ?rst and second tantalum oxide layers 20 and 22 is in 
an amorphous state. 

[0095] Then, the Wafer W is transferred into the heat 
processing apparatus 10 for the processes described beloW. 
Speci?cally, a process gas, e.g., oZone, is supplied into the 
heat processing apparatus 10 as a source of active oxygen 
atoms as in the reforming process described above, and the 
process pressure is set to fall Within a range of about 1 to 600 
Torr, as shoWn in FIG. 2D. On the other hand, the process 
temperature is varied across the crystalliZing temperature of 
tantalum oxide. The temperature of the Wafer W including 
the ?rst and second tantalum oxide layers 20 and 22 (here 
inafter simply referred to as the Wafer temperature) is 
controlled by alloWing a controller 51 shoWn in FIG. 7 to 
adjust the electric poWer supply to each of the lamps 50. 

[0096] First the temperature of the Wafer is set loWer than 
the crystalliZing temperature (700° C.) of the tantalum oxide 
and, preferably, is set at a ?rst temperature loWer than the 
upper limit (600° C.) of the reforming temperature in order 
to apply a reforming process to the second tantalum oxide 
layer 22. Then, the Wafer temperature is rapidly elevated to 
a second temperature higher than the crystalliZing tempera 
ture so as to apply a crystalliZing process to the ?rst and 
second tantalum oxide layers 20 and 22, folloWed by 
promptly cooling the Wafer to a temperature loWer than 600° 
C. It should be noted that the period during Which the Wafer 
temperature is maintained at the ?rst temperature is longer 
than the period during Which the Wafer temperature is held 
higher than the crystalliZing temperature. 

[0097] By the particular process, the second tantalum 
oxide layer 22 constituting the uppermost metal oxide layer 
is subjected to a reforming process until the Wafer tempera 
ture is elevated to reach the crystalliZing temperature. It 
should also be noted that, When the Wafer temperature 
exceeds 700° C., all the tantalum layers including the ?rst 
tantalum layer 20 and the second tantalum layer 22 are 
crystalliZed. What should be noted is that, in the present 
invention, the reforming process of the second tantalum 
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oxide layer 22 constituting the uppermost layer and the 
crystalliZing process of the ?rst and second tantalum oxide 
layers 20 and 22 are carried out successively Within the same 
chamber. 

[0098] FIG. 3 is a graph shoWing the changes in the 
process temperature of the heat processing apparatus 10. In 
the graph of FIG. 3, time Ti (sec) is plotted on the abscissa, 
With the process temperature TP(° C.) being plotted on the 
ordinate. As shoWn in FIG. 3, the Wafer W is transferred into 
the process chamber 34 (see FIG. 7) under the condition that 
each of the Wafer temperature and the temperature Within the 
process chamber 34 is set at about 450° C. A reforming 
process is carried out by maintaining the set temperature for 
a predetermined period of time, e.g., for about 2 minutes. 
Then, the poWer supply to the lamps 50 is increased so as to 
rapidly increase the Wafer temperature to a level not loWer 
than 700° C., e.g., 750° C. In this case, the temperature 
should be elevated at a rate of 30 to 130° C./sec, e.g., 100° 
C./sec. Before the Wafer temperature is elevated to reach 
about 600° C., a reforming process is applied to the second 
tantalum oxide layer 22. Also, in the temperature region 
exceeding 700° C., a crystalliZing process is applied to the 
?rst and second tantalum oxide layers 20 and 22. 

[0099] There is a gap of about 100° C. betWeen the upper 
limit (600° C.) of the reforming temperature and the crys 
talliZing temperature (700° C.) of the tantalum oxide layer. 
This is because the crystalliZation does not take place 
instantly When a certain temperature level is exceeded, but 
proceeds gradually over a certain temperature range. To be 
more speci?c, the second tantalum oxide layer 22 is 
reformed and, at the same time, the ?rst and second tantalum 
oxide layers 20 and 22 are gradually crystalliZed so as to 
perform both the reforming process and the crystalliZing 
process simultaneously When the Wafer temperature is 
elevated from 600° C. to 700° C. 

[0100] In this case, the reforming time T1 of the tantalum 
oxide layer 22, Which depends on the thickness of the 
tantalum oxide layer 22, should be about 120 seconds When 
the second tantalum oxide layer 22 has a thickness of about 
4.5 nm. On the other hand, the crystalliZation takes place 
instantly. Therefore, the time t2 during Which the Wafer 
temperature is not loWer than 700° C., should be set at, for 
example, about 60 seconds. It is desirable for the crystal 
liZing temperature to fall Within a range of 700 to 800° C. If 
the Wafer temperature is higher than 800° C., the underlying 
substance under the tantalum oxide layer is oxidiZed so as to 
increase the effective ?lm thickness. Also, a serious thermal 
effect is given to the semiconductor device so as to deterio 
rate the characteristics of the semiconductor device. After 
the crystalliZing process, the process chamber 34 is purged 
With N2 gas, folloWed by loWering the temperature Within 
the process chamber to about 425° C. Further, the pressure 
Within the process chamber 34 is adjusted, folloWed by 
taking the processed Wafer out of the heat processing 
apparatus 10. 

[0101] As described previously, the step shoWn in FIG. 
2D can be carried out by using oZone alone Without employ 
ing the ultraviolet irradiation. HoWever, it is of course 
possible to apply the ultraviolet (UV) irradiation for pro 
moting the reforming process as in the step shoWn in FIG. 
2B. In addition, the ultraviolet irradiation permits further 
promoting the reforming process of the second tantalum 
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oxide layer 22 so as to shorten the reforming time Ti shown 
in FIG. 3. Even in this case, however, the period during 
which the wafer temperature is maintained at the reforming 
temperature is longer than the period during which the wafer 
temperature is held higher than the crystalliZing tempera 
ture. 

[0102] Evaluated were the insulating properties of the 
insulating ?lm consisting of the ?rst and second tantalum 
oxide ?lms 20 and 22, which was prepared by the method of 
the present invention, and the insulating ?lm consisting of 
the ?rst and second tantalum oxide ?lms, which was pre 
pared by the conventional method in which each reforming 
process and each crystalliZing process were carried out quite 
independently of each other. 

[0103] FIG. 4 is a graph showing the results of the 
experiment. In the graph of FIG. 4, the effective ?lm 
thickness ET is plotted on the abscissa, with the insulation 
breakdown voltage BV being plotted on the ordinate. Line 
LA shown in FIG. 4 denotes the properties of the insulating 
?lm prepared by the conventional method. On the other 
hand, line LB denotes the properties of the insulating ?lm 
prepared by the method of the present invention, in which 
oZone alone was used without employing the ultraviolet 
irradiation. Further, line LC shown in FIG. 4 denotes the 
properties of the insulating ?lm prepared by the method of 
the present invention, in which the ultraviolet irradiation and 
oZone were both employed. 

[0104] As shown in FIG. 4, the insulating ?lms prepared 
by the method of the present invention exhibit insulation 
breakdown voltages slightly higher than that exhibited by 
the insulating ?lm prepared by the conventional method. 
What should be noted is that the number of process steps 
employed in the method of the present invention is smaller 
by one than that employed in the conventional method. 
Nevertheless, the insulating ?lms prepared by the method of 
the present invention exhibit insulating properties better than 
those exhibited by the insulating ?lm prepared by the 
conventional method. What should also be noted is that the 
insulation breakdown voltage can be further increased by 
employing both oZone and the ultraviolet irradiation, as 
denoted by line LC. 

[0105] In the method shown in FIGS. 2A to 2D, the 
tantalum oxide layers 20 and 22 are set at the same thick 
ness, i.e., at about 3.5 to 5.0 nm. However, it is also possible 
to make the thickness t1 of the ?rst tantalum oxide layer 20 
somewhat larger than 4.5 nm, as shown in FIGS. 5A to 5D. 
For example, the thickness t1 can be set at 5.5 to 6.0 nm. By 
contraries, the thickness t2 of the second tantalum oxide 
layer 22 can be made somewhat smaller than 4.5 nm. For 
example, the thickness t2 of the second tantalum oxide layer 
22 can be set at 2.5 to 4.0 nm. In this case, the decrease in 
the thickness of the second tantalum oxide layer 22 makes 
it possible to perform the reformation promptly. It follows 
that, in the step shown in FIG. SD, the thin tantalum oxide 
layer 22 can be reformed suf?ciently in a short time by only 
the process with oZone without employing the ultraviolet 
irradiation. In other words, the reforming time Ti shown in 
FIG. 3 can be shortened. 

[0106] In the embodiment described above, the tantalum 
oxide insulating ?lm is of a two-layer structure. However, it 
is possible to form a tantalum oxide layer 24 as a single layer 
as shown in FIGS. 6A and 6B. In this case, the tantalum 
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oxide layer 24 is deposited in a predetermined thickness as 
shown in FIG. 6A, followed by applying a reforming and 
crystalliZing process to the tantalum oxide layer 24, as 
shown in FIG. 6B. As already described in conjunction with 
FIG. 2D, the tantalum oxide layer 24 is subjected to the 
reforming process and the crystalliZing process substantially 
simultaneously. It also suffices to determine whether to use 
oZone alone or both the oZone and the ultraviolet irradiation 
depending on the thickness of the tantalum oxide layer 24. 
In this case, two or three process steps can be omitted, 
compared with the conventional method, while maintaining 
suf?ciently high insulation breakdown properties of the 
insulating ?lm. 

[0107] FIG. 10 schematically shows the constitution of 
the main part of a cluster-tool-type ?lm forming system 
according to another embodiment of the present invention. 

[0108] The ?lm forming system 1M shown in FIG. 10 
differs from the ?lm forming system 1 shown in FIG. 1, in 
that it has no reforming apparatus 8, but has two heat 
processing apparatuses 10. Using the ?lm forming system 
1M shown in FIG. 10, a thin metal oxide ?lm of a double 
layer structure can be formed by the following method in 
which a reforming process and a crystalliZing process of 
each layer are successively performed. 

[0109] First, a cassette C. housing, for example, 25 
unprocessed wafers is placed on a cassette stage (not shown) 
within the ?rst cassette chamber 14A. Then, the gate door 
G3 is closed to establish an inert gas atmosphere consisting 
of N2 gas within the ?rst cassette chamber 14A. At the same 
time, the chamber 14A is vacuum-exhausted. 

[0110] Then, the gate valve G1 is opened to permit the 
cassette chamber 14A to communicate with the common 
transfer chamber 3 evacuated in advance to set up an inert 
gas atmosphere. Then, the wafer W is transferred from the 
cassette chamber 14A into the common transfer chamber 3 
by the arm mechanism 16. 

[0111] Then, the wafer W is transferred through the 
opened gate valve Gs into the ?rst CVD apparatus 4 evacu 
ated in advance. Within the ?rst CVD apparatus 4, a metal 
oxide ?lm, e.g., tantalum oxide (Ta2O5) ?lm, is deposited as 
a ?rst layer of an insulating thin ?lm. After completion of the 
deposition step of the ?rst layer, the wafer W is transferred 
from the ?rst CVD apparatus 4 into the common transfer 
chamber 3 maintained at vacuum, by using the arm mecha 
nism 16. 

[0112] Then, the wafer W is transferred through the 
opened gate valve G6 into one of the heat processing 
apparatuses 10 evacuated in advance. Within this one of the 
heat processing apparatuses 10, the wafer having the ?rst 
tantalum layer formed thereon is heated under an atmo 
sphere including ultraviolet rays and oZone to a low tem 
perature, such as 450° C., to perform a reforming process of 
the ?rst tantalum oxide layer, and then heated to a tempera 
ture not lower than the crystalliZing temperature of tantalum 
oxide, followed by lowering the temperature in 60 seconds. 
As a result, reforming and crystalliZing processes of the ?rst 
tantalum oxide layer are performed successively. 

[0113] After completion of the processes within this one of 
the heat processing apparatuses 10, the wafer is transferred 
into the common transfer chamber 3 maintained at vacuum, 
by using an arm mechanism 16. 














