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DEVELOPING METHOD, DEVELOPING APPARATUS AND
STORAGE MEDIUM

FIELD OF THE INVENTION

[0001]
The present invention relates to a method of developing

an exposed substrate by supplying it with a developer.

BACKGROUND ART

[0002]

In a lithography process in semiconductor device
fabrication processes, a developing process for exposing a resist
pattern is performed to a substrate, on which a resist film has
been formed and which has been exposed with a predetermined
pattern, by using a developer. It has been known a stationary
developing method that forms a puddle on the substrate, by
supplying a developer from a long nozzle extending parallel to
the substrate surface with the substrate being rotated for a
single revolution, or by scanning a long nozzle discharging a
developer from one end to the other end of the substrate.

[0003]

In addition, it has been known another method that
moves a developer nozzle discharging a developer in a radial
direction of the substrate with the substrate being rotated (See
JP4893799B2, paragraph [0026] and Fig. 8, for example). This
method advantageous in that in-plane uniformity of line width
and hole diameter of a pattern is improved as compared with
the stationary developing method, because the developer
having been supplied onto the substrate flows to be agitated
due to centrifugal force.

[0004]

Due to recent development of the semiconductor devices,
smaller line width and hole diameter of a pattern is required.
In order to comply with such a demand, a method for spreading
a developer due to centrifugal force has been studied. In this
method, since a developer is supplied locally to a position onto
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a substrate rotating at a relatively high speed, the developer
spreads from the supplying position with the developer is
swirling or rotating on the substrate due to centrifugal force.
Thus, the concentration of the developer varies when the
developer flows swirlingly. This phenomenon is one of the
causes that prevent improvement of in-plane uniformity of the
degree of progress of development.

[0005]

JPH11-260718A (paragraph [0043] and Fig. 7) discloses
a method for controlling the degree of progress of development.
The method forms a puddle of a developer on the whole surface
of the substrate, and thereafter changes temperature, thickness
or liquid surface condition of the developer by supplying a gas
to the developer from a head member facing the substrate, or
supplying a small amount of pure water to the developer, so as
to locally delay progress of development. This method corrects
the degree of progress of development of a stationary
development by means of a post treatment. This method
requires a complicated apparatus and is difficult to apply to
developing methods other than the stationary development
method.

SUMMARY OF OF THE INVENTION

[0006]

The object of the invention is to provide a developing
method that develops an exposed substrate using a developer,
and is capable of improving in-plane uniformity of the degree of
progress of development.

[0007]

In one embodiment of the present invention, there is
provided a developing method, which includes: causing an
exposed substrate to be held by a rotatable, substrate holding
unit; a developer spreading step Including: a step of forming a
puddle of a developer on a surface of the substrate held by the
substrate holding unit, by discharging the developer from a
discharging port of a first developer nozzle, the first developer
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nozzle comprising a nozzle having a contacting part arranged to
face the surface of the substrate, the contacting part being
smaller than the surface of the substrate; and a step of
subsequently spreading the puddle of the developer over the
whole surface of the substrate, by moving the first developer
nozzle discharging the developer from one of a central part and
a peripheral part to the other of the central part and the
peripheral part of the rotating substrate, with the contacting
part contacting with the puddle; a developer supplying step that
supplies the developer from a second developer nozzle onto the
surface of the substrate with the substrate being rotated,
thereby to uniformize, in a plane of the substrate, distribution of
a degree of progress of development by the developer spreading
step; and a developer removing step that is performed between
the developer spreading step and the developer supplying step
to remove the developer on the surface of the substrate.

[0008]

The developing method may further include any one or
more of the features mentioned below.

(a) The developer supplying step is a development adjusting
step that supplies the developer to an underdeveloped area as
compared with other areas, thereby to accelerate development
in the underdeveloped area.

(b) In the feature (a), the developer spreading step is
performed prior to the development adjusting step.

(c) In the feature (a), the step of spreading the puddle of
the developer moves the first developer nozzle from the central
part to the peripheral part of the rotating substrate, and the
development adjusting step comprises a step of discharging the
developer from the second developer nozzle while moving a
supply position of the developer from one of the central part
and the peripheral part to the other of the central part and the
peripheral part of the substrate.

(d) In the feature (a), the development adjusting step
comprises a step of discharging the developer from the second
developer nozzle locally to a radial position on the substrate.
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In this case, the step of discharging the developer locally is
performed with the second developer nozzle being stopped. In
the development adjusting step, a plurality of radial positions,
to which the second developer nozzle discharges the developer,
are set on the substrate, and wherein the radial positions are
separated from each other with respect to a radial direction of
the substrate. The step of discharging the developer locally is
performed with the second developer nozzle being stopped, and
at least one of a developer discharging rate, a number of
revolution of the substrate per unit time and a developer
supplying period from the second developer nozzle at one of the
plurality of radial positions is different from that at another one
of the plurality of radial positions.

(e) The developer supplying step is a development
preparation step that supplies the developer to form a liquid
film on the surface of the substrate so as to make preparation
for the developer spreading step.

(f) In the feature (e), the first developer nozzle moves from
the central part to the peripheral part of the substrate in the
step of spreading the puddle of the developer. -

(g) In the feature (a), the second developer nozzle is
composed of the nozzle having the contacting part. In this
case, the first developer nozzle and the second nozzle are
composed of a common nozzle. '

(h) In the feature (a), the developer removing step is a step
of rotating the substrate thereby spinning off the developer
from the substrate.

[0009]

The method in the one embodiment forms a puddle on a
part of a surface of a substrate, and spreads the puddle over
the whole surface of the substrate, by moving a first developer
nozzle comprising a nozzle, having a developer discharge port
and a contacting part, above the rotating substrate, while
supplying the developer to the puddle between the substrate
surface and the contacting surface facing the substrate surface.
Thus, in-plane uniformity of the degree of progress of
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development is improved. Furthermore, a supplying process of
the developer using a second developer nozzle is combined with
the developing process using the first developer nozzle. When
performing these processes, the developer existing on the
substrate surface having been supplied beforehand is removed,
so that the distribution of degree of progress of development is
uniformized. As a result, the degree of progress of
development is improved further, so that in-plane uniformity of
line width and hole diameter of a pattern is improved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010]

Fig. 1 is a vertically-sectioned side view of a developing
apparatus in one embodiment of the present invention.

Fig. 2 is a plan view of the developing apparatus.

Fig. 3 is a vertically-sectioned side view of a main
developer nozzle provided in the developing apparatus.

Fig. 4 is a first operation chart of the developing
apparatus.

Fig. 5 is a second operation chart of the developing
apparatus. '

Fig. 6 is a third operation chart of the developing
apparatus.

Fig. 7 is a fourth operation chart of the developing
apparatus.

Fig. 8 is a fifth operation chart of the developing
apparatus.

Fig. 9 is a first explanatory chart showing the distribution
of degree of progress of development using a first developer
nozzie.

Fig. 10 is a second explanatory chart showing the

. distribution of degree of progress of development.

Fig. 11 is an explanatory chart showing the distribution of
degree of progress of development in a developing process in a
second embodiment.

Fig. 12 is a first operation chart of the developing
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apparatus in the second embodiment.

Fig. 13 is a second operation chart of the developing
apparatus in the second embodiment.

Fig. 14 is a third operation chart of the developing
apparatus in the second embodiment.

Fig. 15 shows a first configuration example of a main
developer nozzle having an agitating mechanism.

Fig. 16 shows a second configuration example of a main
developer nozzle having an agitating mechanism.

Fig. 17 is a first operation chart of the developing
apparatus in a third embodiment.

Fig. 18 is a second operation chart of the developing
apparatus in the third embodiment.

Fig. 19 is a third operation chart of the developing
apparatus in the third embodiment.

Fig. 20 is a fourth operation chart of the developing
apparatus in the third embodiment.

Fig. 21 is a fifth operation chart of the developing
apparatus in the third embodiment.

Fig. 22 is a sixth operation chart of the developing
apparatus in the third embodiment.

Fig. 23 is a seventh operation chart of the developing
apparatus in the third embodiment.

Fig. 24 is an eighth operation chart of the developing
apparatus in the third embodiment,

Fig.25 Is a diagram showing the in-plane distribution of
hole diameter of CH after a developing process in a first
reference example.

Fig.26 is a graph showing the in-plane distribution of hole
diameter in a radial direction of a wafer in the first reference
example.

Fig.27 is a diagram showing the in-plane distribution of
hole diameter of CH after a developing process in a second
reference example.

Fig.28 is a graph showing the distribution of hole
diameter in a radial direction of a wafer in the second reference
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Fig.29 is a diagram showing the in-plane distribution of

hole diameter of CH after a developing process in a third

reference example.
Fig.30 is a graph showing the distribution of hole

diameter in a radial direction of a wafer in the third reference
example.

Fig.31 is a diagram showing the in-plane distribution of
hole diameter of CH after a developing process in a fourth
reference example.

Fig.32 is a graph showing the distribution of LS before
and after correction in one example.

Fig.33 is a graph showing the distribution of LS in an
example in which a development preparation and a development
using a main developer nozzle are combined.

DETAILED DESCRIPTION OF EMBODIMENTS

[0011]

(First Embodiment)

The structure of a developing apparatus 1 according to a
first embodiment is described with reference to Figs. 1 to 3.
The developing apparatus 1 includes a spin chuck 12 as a
substrate holding unit, a cup 2 for receiving liquids, a main
developer nozzle (first developer nozzle) 3 and an adjusting
developer nozzle (second developer nozzle) 61,

The spin chuck 12 is configured to suction a central part
of a rear surface of a wafer W so as to hold the wafer W
horizontally. The spin chuck 12 is rotatable about a vertical
axis, by a rotation mechanism 13 through a rotation shaft 131,

[0012]

The cup 2 is arranged to surround the wafer W held by
the spin chuck 12. The cup 2 has a substantially cylindrical
shape, and an upper part thereof is inclined inward. The cup 2
can be moved upward and downward by an elevation
mechanism 21, between a delivery position (the position shown
by solid lines in Fig. 1), at which the wafer W is transferred to
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and from the spin chuck, 12 and a treatment position (the
position shown by the broken lines in Fig. 1), at which the wafer
W is subjected to a developing process.

[0013]
A circular plate 22 is disposed below the wafer W held by

the spin chuck 12. A guide member 23 having a chevron shape
in longitudinal section is arranged annularly outside the circular
plate 22. The guide member 23 is configured to guide a
developer and a cleaning liquid flowing from the wafer W to a
liquid receiving unit 24 disposed outside the circular plate 22.
The liquid receiving unit 24 is formed as an annular recess, and
is connected to a draining unit, not shown, through a drain pipe
25. Transfer pins 14 for transferring the wafer W to and from a
substrate transport mechanism, not shown, are provided below
the wafer W held by the spin chuck 12. The transfer pins 14
can be moved upward and downward by an elevation
mechanism 15, between a position projecting above the spin
chuck 12 for transferring the wafer W, and a position retracted
below the spin chuck 12.

[0014]

As shown in the vertically-sectioned side view of Fig. 3,
the main developer nozzle 3 is formed of a nozzle having a
discharging port 31 for discharging a developer to form a puddie
30 on a surface of the wafer W, and a contacting part 32
arranged to face the surface of the wafer W. The discharging
port 31 is opened to the contacting part 32. The contacting
part 32 is smaller than the surface of the wafer W. The main
developer nozzle 3 has, e.g., a cylindrical shape. The bottom
surface of the developer nozzle 3 serves as the contacting part
32. A vertical through-hole 33 is formed in a central part of
the main developer nozzle 3. The lower end of the
through-hole 33 serves as the discharging port 31. The
discharging port 31 is opened, e.qg., around a central axis of the
main developer nozzle 3, i.e., in a central part of the contacting
part 32. A developer supply pipe 36 is inserted to an upper
part of the through-hole 33, and the developer supply pipe 36 is
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in communication with the discharging port 31 through the
through-hole 33.

[0015] .

The developer supply pipe includes a straight pipe 341
inserted into the through-hole 33 and a resin tube 342
connected to a proximal. end of the straight pipe 341. On the
other hand, a lower part of the through-hole 33 into which the
straight pipe 341 is inserted has a reduced diameter, so that the
distal end of the straight pipe 341, which is inserted into the
upper part of the through-hole 33, is stopped by a step on an
upper end of the reduced-diameter part. Thus, the developer
supply pipe 36 is connected in position to the main developer
nozzle 3. The connection between the main developer nozzle 3
and the developer supply pie 36 is not limited to the illustrated
embodiment, and it is possible employ a structure in which a
plug provided on the distal end of the developer supply pipe 36

"is inserted into a socket provided on an upper surface of the

main developer nozzle 3, or a structure in which a flange
provided on the distal end of the developer supply pipe 36 is
joined to the upper surface of the main developer nozzle 3.

[0016]

The contacting part 32 is arranged to face the surface of
the wafer W placed on the spin chuck 12, When the diameter
of the wafer W is 300 mm, for example, the diameter d1 of the
contacting part 32 may be between 30 mm to 200 mm. In this
embodiment, the diameter d1 of the contacting part 32 is set
100 mm. In order that the developer is stirred by utilizing
surface tension, a resin is used as a material of the main
developer nozzle 3, for example. PFA (tetrafluoroethylene -
perfluoroalkyl vinylether copolymer), PTFE
(polytetrafluoroethylene), etc.,, can be used as the resin
material,

[0017]
As shown in Figs. 2 and 3, the upper surface of the main

developer nozzle 3 is fixed to the distal end of an arm 41
through a support member 35, and the proximal end of the arm
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41 is connected to a moving mechanism 42. The moving
mechanism 42 has a function for moving along a
horizontally-extending guide rail 43, thereby moving the main
developer nozzle 3 along the radial direction of the wafer W held
by the spin chuck 12. In addition, the moving mechanism 42
has a function for moving the arm 41 upward and downward,
thereby moving the main developer nozzle 3 upward and

. downward, between a treatment position at which the developer

is supplied onto the wafer W held by the spin chuck 12, and a
height position at which the moving mechanism 42 is moved
along the guide rail 43. A standby unit 5 formed of a nozzle
bath having a draining port is disposed outside the cup 2. The
standby unit 5 can be fitted in the distal end of the main
developer nozzle 3.

[0018]

The developer supply pipe 36 connected to the main
developer nozzle 3 is fixed on the arm 41 and the support
member 35. As shown in Figs. 1 and 3, a supply source 361 of
a developer for developing a negative type resist, for example,
is connected to the upstream end of the developer supply pipe
36. The developer supply source 361 has a pump, a valve and
so on, and is configured to supply the developer to the main
developer nozzle 3 in accordance with a control signal from a
control unit 10 which will be described below.

[0019]

Due to the aforementioned structure, the developer
supplied from the supply source 361 is discharged from the
developer supply pipe 36 onto the wafer W through the
discharging port 31. The structure of the discharging port 31 is
not limited to the illustrated embodiment in which the lower end
of the through-hole 33 is opened toward the wafer W. For
example, a flat developer circulation space extending along the
contacting part 32 may be formed below the through-hole 33,
and a lot of discharging ports in communication with the
circulation space may be formed over the whole surface of the
contacting part 32 positioned below the circulation space.
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[0020]
The developing apparatus 1 further includes a nozzle unit

6. As shown in Figs. 1 and 2, the nozzle unit 6 includes an
adjusting developer nozzle 61, a cleaning liquid nozzle 62 for
supplying a cleaning liquid, such as DIW (Delonized Water) or
MIBC (4-methy-2-pentanol), onto the surface of the wafer W,
and a gas nozzle 63 for spraying a gas onto the surface of the
wafer W, The adjusting developer nozzle 61, the cleaning liquid
nozzle 62 and the gas nozzle 63 are mounted on the distal end
of a common arm 641.

[0021]

In order to uniformize distribution of the degree of
progress of development in a plane of the wafer W that has
been developed by the main developer nozzle 3, the adjusting
developer nozzle 61 is configured to supply the developer again
to the wafer W. The adjusting developer nozzle 61 in this
embodiment is formed of a short pipe extending vertically
downward. The adjusting developer nozzle 61 has on its lower
end an opening (not shown) of, e.g., 0.5 mm to 3mm. The
developer is supplied to the wafer W through the opening
serving as a discharging port, The cleaning liquid nozzle 62
and the gas nozzle 63 are also formed of short pipes each
having a lower opening.

[0022]

As shown in Fig. 1, the adjusting developer nozzle 61,
the cleaning liquid nozzle 62 and the gas nozzle 63 are
connected to the developer supply source 361, a cleaning liquid
supply source 362 and a gas supply source 363 for supplying
gas for drying the wafer W, e.g., nitrogen gas, through supply
channels 611, 621 and 631, respectively. The supply sources
361 to 363 respectively have pumps, valves and so on, so as to
supply the developer, the cleaning liquid and nitrogen gas to the
adjusting developer nozzle 61, the cleaning liquid nozzle 62 and
the gas nozzle 63, in accordance with control signals from the
controller unit 10. |
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[0023]
The arm 641 is supported by a moving mechanism 651

so as to be movable upward and downward. The moving
mechanism 651 is configured to be movable along a
horizontally-extending guide rail 661. As a result, each of the
adjusting developer nozzle 61, the cleaning liquid nozzle 62 and
the gas nozzle 63 is movable between its treatment position at
which fluid (i.e., the developer, the cleaning liquid, the gas) is
supplied onto the wafer W on the spin chuck 12, and its standby
position at which the nozzles 61 to 63 stands by. The moving
mechanism 42 and the moving mechanism 651 can move the
main developer nozzle 3 and the nozzle unit 6 between the
standby positions and the treatment positions, without the main
developer nozzle 3 and the nozzle unit 6 being interfered with
each other.

[0024]

As shown in Fig. 2, the standby position of the nozzles 61
to 63 and the standby unit 5 are located on opposite sides the
cup 2 with respect to the moving direction of the arm 641. A
nozzle bath 671 in which the respective nozzles 61 to 63 stand
by is disposed at the standby position.

[0025]

The developing apparatus 1 having the above-described
structure is provided with the control unit 10 comprising a
computer. The control unit 10 includes a program storage unit,
not shown, and a program including steps for performing the
development, which is described below, is stored in the program
storage unit. The control unit 10 outputs control signals to the
respective elements of the developing apparatus 1 based on the
program, so as to control the respective gperations, such as the
movement of the main developer nozzle 3 and the nozzle unit 6
by the moving mechanisms 42 and 651, the supply of the
developing liquid, the cleaning liquid and nitrogen gas from the
respective supply sources 361 to 363 to the main developer
nozzle 3, the adjusting developer nozzle 61, the cleaning liquid
nozzle 62, and the gas nozzle 63, the rotation of the wafer W by
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the spin chuck 12, and the upward and downward movement of
the transfer pins 14. The program storage unit comprises a
storage medium such as a hard disc, a compact disc, a magneto
optical disc, a memory card, etc.

[0026]

Various design parameters of the main developer nozzle
3 provided on the above developing apparatus 1 are, for
example, as follows. The horizontal moving speed of the main
developer nozzle 3, which moves above the wafer W held by the
spin chuck 12, is, e.g., 10 mm/sec to 100 mm/sec, more
preferably, 10 mm/sec to 50 mm/sec. The diameter of the
contacting part 32 is, e.g., 50 mm to 200 mm. The rotation
speed (the number of revolution per unit time) of the wafer W is
preferably 100 rpm or less, more preferably, 10 rpm to 100 rpm,
in order to prevent splashing of the developer upon discharge of
the developer onto the wafer W,

[0027])

The operation of the developing apparatus 1 as
structured above is described with reference to Figs. 4 to 10,
Firstly, a wafer W with a resist film, which has been exposed, is
loaded into the developing apparatus 1 by a substrate transport
mechanism, not shown. The wafer W is held by the spin chuck
12, and then the main developer nozzle 3 is moved from the
standby unit 5 to a position above a central part of the wafer W,
As schematically shown in Fig. 4, the main developer nozzle 3 is
lowered such that the contacting part 32 is located several
millimeters above the upper surface of the wafer W. Then, the
developer is supplied from the discharging port 31 to the wafer
W, while the wafer W is stopped, or while the wafer W is rotated
at. a rotation speed of 10 rpm or less, for example, in the
clockwise direction when viewed from above. Thus, a puddle
30 in contact with the contacting part 32 is formed between the
contacting part 32 of the main developer nozzle 3 and the wafer
W (Figs. 3 and 4). The discharging rate of the developer is 60
to 600 ml/min, for example, although it depends on a planar
dimension of the contacting part 32.



10

15

20

25

30

14

[0028]
Then, the rotation speed of the wafer W is adjusted to 30

to 100 rpm. While the developer is continuously discharged,
the puddle 30 is spread on the surface of the wafer W, by
moving the main developer nozzle 3 from the central part
toward a peripheral part of the wafer W (Fig. 5). The main
developer nozzle 3 is moved for 2 to 15 seconds, until the edge
of the contacting part 32 reaches the edge of the wafer W,
whereby the puddle 30 covering the while surface of the wafer
W is formed. The operation explained with reference to Figs. 4
and 5 corresponds to the developer spreading step.

[0029]

After the puddle 30 has been formed over the whole
surface of the wafer W, the supply of the developer from the
main developer nozzle 3 and the rotation of the wafer W are
stopped, and the main developer nozzle 3 is retracted to the
standby unit 5. Then, stationary development by the puddie 30
formed on the wafer W is performed, while the wafer W is kept
stationary (Fig. 6). The stationary development period is set 1
to 20 seconds, for example, although it depends on a period for
forming the puddle 30 and the total development period.

[0030]

As described below the experiment result, the inventors
have found out that, when the developer is applied by using the
main developer nozzle 3 provided with the contacting part 32
arranged to face the surface of the wafer W, the degree of
progress of development varies along the radial direction of the
wafer W. Thus, on the surface of the developed wafer W, there
is established a distribution having a radially-different degree of
progress of development, while the degree of progress of
development about the rotating center of the wafer W is
substantially uniform.

[0031]

The distribution having different degrees of progress of
development brings about the following phenomena. When the
pattern to be developed on a resist film is a line and space
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pattern (hereinafter also referred to as “LS"), the width of lines
is narrower (the width of spaces is thicker) in overdeveloped
areas, while the width of lines is thick (the width of spaces is
narrow) in underdeveloped areas. On the other hand, when
the pattern to be developed is a contact hole pattern
(hereinafter also referred to as “CH"), the diameter of CH is
larger in overdeveloped areas, while the diameter of CH is
smaller in underdeveloped areas.

[0032] .

The distribution having different degrees of progress of
development may be caused by difference of a period in which a
resist film and a developer are in contact with each other
(contact period), and influence of concentration distribution of
dissolved components dissolved from the resist film into the
developer. As described with reference to Figs. 4 and 5, when
the main developer nozzle 3 is moved from the central part to
the pertipheral part of the wafer W (hereinafter the operation for
moving the main developer nozzle 3 and the adjusting
developer nozzle 6 from the central part to the peripheral part
of the wafer W is also referred to as “scan-out"), the contact
period of the wafer W and the developer, which starts when the
developer is supplied and ends when the developer is removed,
is longer in the central part and shorter in the peripheral part.
The longer the contact period in which the resist film and the
developer is in contact with each other is, the larger the degree
of progress of developmént becomes.

[0033]

Meanwhile, along with the progress of development,
polymer of the resist film is dissolved into the developer forming
the puddle 30 to become dissolved components, which suppress
the progress of development. Focusing on the concentration of
the dissolved components, the concentration of the dissolved
components increases as the period in which the resist film and
the developer are in contact with each other is longer. Thus,
taking account only of the contact period, the concentration of
the dissolved components is higher in the central part of the
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wafer W, and is lower in the peripheral part of the wafer W.
However, since flow of the developer that flows from the central
part toward the peripheral part is formed on the surface of the
rotating wafer W, the concentration of the dissolved components
in the developer is also subjected to the influence of the flow of
the developer.

[0034]
The distribution of degree of progress of development is

formed under the influence of the period in which the resist film
and the developer are in contact with each other, the
concentration of the dissolved components in the puddle 30, the
flow formed in the puddle 30 and so on.

The developing apparatus 1 in this embodiment performs
an adjustment for uniformizing the distribution of degree of
progress of development in a plane of the wafer W, by supplying
the developer again to the surface of the wafer W by using the
adjusting developer nozzle 61.

[0035] '

However, as described above, the puddle 30 after the
stationary development contains the dissolved components that
suppress progress of development. Thus, even when the
developer is again supplied to the puddie 30 containing the
dissolved components, there is a possibility that the degree of
progress of development cannot be sufficiently adjusted.

Thus, as shown in Fig. 7, the developer containing the
dissolved components is spun off to be removed from the
surface of the wafer W, by rotating, after the stationary
development, the wafer W at a rotation speed of, e.g., 100 to
1000 rpm. As a result, a liquid film 30a, which is thinner than
the puddle 30 formed during the stationary development, is
formed on the surface of the wafer W, or the surface of the
wafer W is dried (Figs. 7 and 8 and Figs. 12 to 14 show that the
liquid film 30a is formed). The period for spinning off the
developer is 1 second or less, for example. After the
spinning-off operation, a rinsing operation may be performed by
supplying the cleaning liquid onto the surface of the wafer W.
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[0036]
After the spinning-off of the developer, the rotation speed

of the wafer W is adjusted within a range between 100 and
2000 rpm, and the adjusting developer nozzle 61 (nozzle unit 6)
is moved from the nozzle bath 671 toward the wafer W, such
that the adjusting developer nozzle 61 is moved radially toward
the central part of the wafer W. When the adjusting developer
nozzle 61 reaches a position above a position that is radially
inside by 5 mm from the edge of the wafer W, the discharging of
the developer form the adjusting developer nozzle 61 ontoc the
wafer W is started (Fig. 8). Since the developer containing the
dissolved components is spun off and then the developer is
again supplied, the development is accelerated in the area to
which the developer is supplied again. Thus, the
underdevelopment is compensated, whereby the adjustment for
uniformizing the distribution of degree of progress of
development can be performed.

[0037]

The adjusting developer nozzle 61 is radially moved, over
a period of 5 to 20 seconds, from the peripheral part to the
central part of the wafer W, at a moving speed of 10 to 100
mmy/sec, while the adjusting developer nozzle 61 discharges the
developer at a discharging rate of, e.g., 10 to 600 mi/min
(hereinafter an operation for moving the main developer nozzle
3 and the adjusting developer nozzle 6 from the peripheral part
to the central part of the wafer W is also referred to as
“scan-in”). By discharging the developer while moving the
adjusting developer nozzle 61 above an area which requires the
adjustment of the degree of progress of development, the
development in the underdeveloped area is accelerated,
whereby the distribution of degree of progress of development
can be uniformized.

The above operation explained with reference to Fig. 8
corresponds to the developer supplying step that supplies the
developer onto the surface of the rotating wafer W, in particular,
the development adjusting step that supplies the developer to
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underdeveloped areas as compared with other areas, thereby to
accelerate development in the underdeveloped areas.

[0038]

A preliminary experiment may be conducted for studying
a distribution of degree of progress of development with the use
of only the main developer nozzle 3. Based on the preliminary
experiment result, areas whose degree of progress of
development should be adjusted by .using the adjusting
developer nozzle 61 are determined beforehand. The graphs
shown in Figs. 9 and 10 schematically show the distribution of
degree of progress of development in the radial direction of the
wafer W. ’

For example, in the case .of LS formed on the wafer W, a
line width of LS shows the distribution shown in the graph of Fig.
9. In this case, as described in the lower part of the graph of
Fig 9, since the line width "w" of the LS at the point "b" in the
peripheral part of the wafer W is larger than the line width "w™
at the point "a" in the central part, it can be understood that the
the peripheral part is underdeveloped.

[0039]

On the other hand, when the peripheral part of the wafer
W is underdeveloped, the hole diameter of CH is smaller, Thus,
the hole diameter of CH shows the distribution shown in Fig. 10
in which the hole diameter "d™ of CH at the point "b" in the
peripheral part of the wafer W is smaller than the hole diameter
"d" at the point "b" in the central part. '

[0040]

Thus, in the developing process using the adjusting
developer nozzle 61, there is performed the scan-in gperation in
which the supply of the developer is started from the
underdeveloped peripheral part, in order that a period in which
the resist film and the developer are in contact with each other
in the peripheral part is longer than that in the central part.
Thus, development in the underdeveloped area is accelerated,
whereby the distribution of degree of progress of development
can be uniformized.
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[0041]

Contrary to the above example, suppose that the line
width of LS shows the distribution shown in the graph of Fig. 10.
In this case, as described in the lower part of the graph of Fig.
10, since the line width "w" of LS at the point "a" in the central
part of the wafer W is larger than the line width "w"™ at the
point "b" in the peripheral part, it an be understood that the
central area is underdeveloped.

[0042]

When the central part of the wafer W is underdeveloped,
CH shows the distribution shown in the graph of Fig. 9 in which
the hole diameter "d™ of CH at the point "a" in the central part
of the wafer W is smaller than the hole diameter "d" at the point
"b" in the peripheral part.

[0043]

In this case, there is performed the scan-out operation in
which the supply of the developer is started from the
underdeveloped central part, in order that a period in which the
resist film and the developer are in contact with each other in
the central part is longer than that in the peripheral part. Thus,
development in the underdeveloped area is accelerated,
whereby the distribution of degree of progress of development
can be uniformized.

[0044]

The supply of the developer by the adjusting developer
nozzle 61 may not be performed over the whole surface of the
wafer W, and the scan-in operation and the scan-out operation
may be performed only to underdeveloped areas. Parameters
for adjusting the degree of progress of development include the
number of repetition of the operation for supplying the
developer while moving the adjusting developer nozzle 61, a
speed at which the adjusting developer nozzle 61 is moved, the
discharging rate of the developer discharged from the adjusting

" developer nozzle 61, and the rotation speed of the wafer W, As

to the respective parameters, the degree of progress of
development per unit time can be accelerated, by increasing the
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number of repetition of the developer supplying operation, by
decreasing the moving speed of the adjusting developer nozzle
61, by increasing the discharging rate of the developer, or by
decreasing the rotation speed of the wafer W. Further, the
supplying rate of the developer may be changed by changing
the moving speed of the adjusting developer nozzle 61 in the
course of the movement, or by temporarily stopping the
movement.

[0045]

In the conventional developing process In which the
exposed wafer W is developed by using the adjusting developer
nozzle 61 having a short-pipe shape, the rotation speed of the
wafer W has to be increased up to 100 rpm or more, in order to
spread a small amount of developer over the whole surface of
the wafer W. However, in this conventional method, it was
found that the degree of progress of development is uneven in a
circumferential direction of the wafer W, so that there are some
areas, in which the degree of progress of development are
different from the other areas, sparsely radiating from the
central part to the peripheral part of the wafer W (see Fig. 31).
In particular, this phenomenon becomes noticeable at an initial
development stage where the degree of progress of
development per unit time is larger.

[0046]

On the other hand, when the degree of progress of
development is adjusted by using the adjusting developer
nozzle 61, the main part of the developing reaction has been
completed by the developer supplied from the main developer
nozzie 3 beforehand. Since the developing process by using
the adjusting developer nozzle 61 is a supplemental developing
process, the change of the line width of LS and the hole
diameter of CH in the adjustment process is smaller than those
in the whole developing process. In addition, in the later stage
of the developing process in which the degree of progress of
development per unit time is smaller, it is found that the
aforementioned radial distribution (Fig. 31) is unlikely to be
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formed even when the developing process is performed while
the wafer W is rotated at a relatively high speed. Thus, even
when the adjustment is performed by increasing the rotation
speed of the wafer W up to, e.g., 1000 rpm or more, the degree
of the radial distribution occurred in the conventional method is
not problematic.

[0047]

Returning to the explanation of the treatment of the
wafer W by the developing apparatus 1, when the adjustment of
the degree of progress of development, which supplies the
developer while moving the adjusting developer nozzle 61, is
finished, the supply of the developer from the adjusting
developer nozzle 61 is stopped. Then, the cleaning nozzle 62 is
moved to a position above the central part of the wafer W, and a
cleaning liquid is supplied, while the wafer W is rotated at a
rotation speed of 1000 to 2000 rpm. By spreading the cleaning
liquid over the whole surface of the wafer W, the cleaning
process for removing the developer on the surface of the wafer
W is performed.

[0048]

After the cleaning liquid process has been performed for
a predetermined period, the supply of the cleaning liquid is
stopped. Then, while the wafer W is continuously rotated, the
gas nozzle 63 is moved to a position above the central part of
the wafer W, and supply of nitrogen gas is started. Due to the
rotation of the wafer W and the supply of nitrogen gas, the
cleaning liquid is removed from the surface of the wafer W, and
the wafer W is dried. The cleaning process by the cleaning
liquid and the supply of gas for drying the wafer W may be
omitted depending on circumstances. Thereafter, the nozzle
unit 6 is retracted toward the nozzle bath 671, and the wafer W
is transferred to the external substrate transport mechanism so
as to be unloaded from the developing apparatus 1, according
to an operation reverse to the loading operation.

[0049]

With the developing apparatus in this embodiment, the
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below advantages can be obtained. A puddle is formed on a
part of the surface of a wafer W, and the puddle 30 is spread
over the whole surface of the wafer W by moving the
discharging port 31 of the developer and the contacting part 32
above the rotating wafer W, while supplying a developer to the
puddle 30 between the contacting part 32 facing surface of the
wafer W and the wafer W. Thus, uniformity of the degree of
progress of development in a plane of the wafer W is improved.
In the developing process using the main developer nozzle 3, a
distribution having different degrees of progress of development
is formed in a radial direction of the wafer W. Thus, following
thereto, by using the adjusting developer nozzle 61, the
distribution of the degree of progress of development can be
easily uniformized. As a result, the uniformity of the degree of
progress of development can be further improved, whereby
excellent in-plane uniformity can be obtained as to the line
width and a hole diameter of a pattern.

[0050]

(Second Embodiment)

Next, the developing process according to a second
embodiment is described with reference to Figs. 11 to 14,
Since the developing apparatus 1 used in this developing
process is the same as the developing apparatus 1 according to
the first embodiment, which is described with reference to Figs.
1 to 3, duplicative description is omitted. 1In Figs. 12 to 14, the
constituent elements common to those shown in Figs. 1 to 6 are
indicated by the same reference numerals.

[0051]

Fig. 11 shows a developing process performed with the
use of the main developer nozzie 3, in which the line width of LS
becomes larger in two locations, i.e., the central area of the
wafer W and an area near the point P in the peripheral part.
Namely, there is considered a case in which a plurality of
underdeveloped areas are generated locally and discontinuously.
In this case, the adjustment can be more effectively performed
by locally supplying the developer to the respective areas,
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rather than by moving the adjusting developer nozzle 61 while
discharging the developer from the central area of the wafer W
to the area near the point P.

[0052]

Thus, for example, after the developing process by
means of the main developer nozzle 3, the stationary
development and the spinning-off operation of the puddle 30
containing the dissolved components, which have been
described with reference to Figs. 4 to 7, have been performed,
the adjusting developer nozzle 61 is moved to a position above
the underdeveloped central part of the wafer W, as shown in Fig.
12. Then, the wafer W is rotated at a rotation speed of 100 to
2000 rpm, the developer is discharged from the stopped
adjusting developer nozzle 61, at a discharging rate of, e.g., 10
to 600 ml/min, so as to adjust the degree of progress of
development in the central area of the wafer W.

[0053]

Then, the supply of the developer from the adjusting
developer nozzle 61 is stopped, while the wafer W js
continuously rotated. After that, the adjusting developer
nozzle 61 is moved toward a position above the point P of Fig.
11 (Fig. 13). After the adjusting developer nozzle 61 reaches
the position above the point P, the developer is discharged from
the adjusting developer nozzle 61 which is being stopped, so as
to adjust the degree of progress of development in the area
near the point P (Fig. 14).

[0054]

As shown in Fig. 11, when the degree of progress of

development differs between the central area of the wafer W

and the area near the point P (in the example shown in Fig. 11,
the area near the point P is more underdeveloped), by changing
at least one of the parameters including the developer
discharging rate, the rotation speed of the wafer W and the
developer supplying period, the adjustment for uniformizing the
degree of progress of development can be performed. As to
the respective parameters, the degree of progress of
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development in the one area can be more accelerated as
compared with the other area, by increasing the developer
discharging rate, by decreasing the rotation speed of the wafer
W, or by increasing the developer supplying period.

[0055]

In addition, in each of the central area of the wafer W
and the peripheral area near the point P, the adjusting
developer nozzle 61 may be locally moved to scan each area.
In this case, the parameters for adjusting the degree of
progress of development further include a number of repetition
of the scanning operation and a moving speed of the adjusting
developer nozzle 61.

[0056]

The main developer nozzle 3 used in the developing
process described in the first and second embodiment is further
described. The contacting part 32 of the main developer nozzle
3 has a function for stirring the developer in the puddle 30,
which is formed between the wafer W and the contacting part
32, by utilizing a surface tension (see the description about Fig.
3). A nozzle having the contacting part 32 is called “pad type
nozzle”. The pad type nozzle may be provided with a stirring
mechanism that further promotes the stirring of the developer
in the puddle 30.

A configuration example of the stirring mechanism for the
developer is described below. In Figs. 15 and 16 showing pad
type nozzles 3a and 3b, the same constituent elements as those
shown in Fig. 3 are indicated by the same reference numerals.
The pad type nozzle having the structure shown in Fig. 3 is also
referred to as “pad type nozzle 3",

[0057]

The pad type nozzle 3a shown in Fig. 15 includes a
plurality of branch channels 331, which are formed in a body of
the pad type nozzle 3a such that the developer supplied through
the straight pipe 341 branches off. In order that streams of the
developer discharged from the respective discharging ports 31
merge together, the orientation of each branch channel 331 at
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the outlet side and the position of each discharging port 31 are
determined.

[0058]

When the developer is supplied by using the pad type
nozzle 3a having the above structure, streams of the developer
discharged from the discharging ports 31 are formed in the
puddle 30 between the wafer W and the pad type nozzle 3a. As
described above, since the branch channels 331 are designed
such that the developer streams merge together, the developer
streams collide at a merging point, so that the stirring of the
puddle 30 is promoted.

[0059]
The branch channels 331 may be formed such that a total

cross-sectional area of the respective branch channels 331 is
smaller than a cross-sectional area of the straight pipe 341 for
supplying the developer to the pad type nozzle 3a. By
increasing the flow speed of the developer discharged from each
discharging port 31, energy of the developer streams can be
increased to improve the stirring effect upon collision,

[0060]

The pad type nozzle 3b shown in Fig. 16 includes a
two-fluid nozzle that makes the developer to be supplied to the
wafer W into droplets. A concrete configuration example of the
two-fluid nozzle is described below. Similarly to the main
developer nozzle 3 shown in Fig. 3, the pad type nozzle 3b
includes a through-hole 33 as a liquid channel through which
the developer supplied from the straight pipe 341 flows. A
tubular gas channel 333, through which gas for dispersing the
developer into droplets flows, is formed around the straight pipe
341. A gas supply pipe 332 for supplying gas, such as clean air,
to the gas channel 333 is connected to the upstream side of the
gas channel 333.

[0061]
The lower area of the gas channel 333 has a conical

shape tapering downward toward the center. The lower end of
the gas channel 333 merges with the lower end of the
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through-hole 33. Since the developer and the gas are mixed
violently at the merging point, the developer droplets are
formed. A gas-liquid mixture flow including the droplets is
discharged from the discharging port 31. The droplets in the
gas-liquid mixture flow collide against the surface of the wafer
W facing the discharging port 31 to be assembled together, so
that a bulky puddle 30 is formed. The puddle 30 contains a lot
of bubbles derived from the gas in the gas-liquid mixture flow.
These bubbles pass through the puddie 30 and go outside. At
this time, the stirring of the puddle 30 is promoted.

[0062]

Another stirring mechanism may utilize relative
movement between the pad type nozzle 3 and the wafer W, in
order to promote the stirring of the puddle 30. For example,
the pad type nozzle 3 is provided with an oscillator comprising a
piezoelectric element or an air driven type vibrator, which
vibrates the pad type nozzle 3 to promote the stirring of the
puddle 30.

[0063] 4
As another method of utilizing relative movement

between the pad type nozzle 3 and the wafer W, there can be
employed a method in which the wafer W is rotated by the spin
chuck 12 alternately in a normal rotation direction and a reverse
rotation direction so as to promote the stirring of the puddle 30.
When this method is employed, it is necessary to uniformly stir
the puddle 30, which is formed over the whole surface of the
wafer W, as much as possible, similarly to the case in which the
pad type nozzle (main developer nozzle) 3 is moved without the
alternate rotation,

[0064]

When the scan-out operation that moves the pad type
nozzle 3 from the central part to the peripheral part is employed,
the amount of rotation and the rotation speed of the wafer W in
each of the normal rotation direction and the reverse rotation
direction are set such that the amount of rotation of the wafer
W when the pad type nozzle 3 is moved without the alternate
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rotation, and the net amount of rotation of the wafer W when
the promotion of stirring by the alternate rotation is performed,
are the same with each other per unit time. More specifically,
when the ratio between the amount of rotation in the normal
rotation direction and the amount of rotation in the reverse
rotation direction is set 3:2, the spin chuck 12 is driven to
rotate the wafer W at a rotation speed five times as fast as that
in the case that does not perform the alternate rotation.
Similarly, when the ratio between the amounts of rotation is set
2:1, the spin chuck 12 is driven to rotate the wafer W at a
rotation speed three times as fast as that in the case that does
not perform the alternate rotation.

[0065]

In the respective embodiments described with reference
to Figs. 1 to 14, a nozzle having a short pipe shape is used as
the adjusting developer nozzle 61 used in the adjustment of the
degree of progress of development. However, the shape of the
nozzle forming the adjusting developer nozzle 61 is not limited
to that in those embodiments. For example, the adjustment
may be performed by using the pad type nozzle 3, 3a or 3b
shown in Figs. 3, 15 and 16. Also in this case, the developer is
discharged from the discharging port 31 at an adjustment
position to form the puddle 30 thereat, and the developing
process is performed with the contacting part contacting with
the puddle 30. When the pad type nozzie 3, 3a or 3b is used
as the adjusting developer nozzle 61, the main developer nozzle
(first developer nozzle) 3 and the adjusting developer nozzle
(second developer nozzle) 61 may be composed of the common
pad type nozzle 3, 3a or 3b. As another embodiment, a nozzle
having a discharging port, which extends like a slit toward the
radial direction of the wafer W, may be used as the adjusting
developer nozzle 61.

The developer supplied from the respective developer
nozzles 3 and 61 is not limited to a developer for negative type
resist film. It goes without saying that a developer for positive
type resist film may be supplied depending on the type of the
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resist film to be developed.

[0066]

In addition, the operation for the developing process by
forming the puddle 30 by using the main developer nozzle 3 is
not limited to a case that employs the scan-out operation in
which the main developer nozzle 3 is moved from the central
part to the peripheral part of the wafer W, which is described
with reference to figs. 4 and 5. There may be employed the
scan-in operation in which the main developer nozzle 3 is
located on a position above the peripheral part of the wafer W,
the discharging of the developer is started, and after that the
main developer nozzle 3 is moved toward the central part.

[0067]

Further, the order of the developing process using the
main developer nozzle 3 and the developing process for
adjustment using the adjusting developer nozzle 61 is not
limited to the above embodiments. For example, the
developing process for adjustment wusing the adjusting
developer nozzle 61 may be performed prior to the developing
process using the main developer nozzle 3. In this case, an
area to be scanned and various parameters are determined
based on a preliminary experiment, such that the degree of
progress of development is uniform in the plane of the wafer W
after the developing process for adjustment and the developing
process using the main developer nozzle 3 which are performed
in this order.

[0068]
In addition thereto, selection of the scan-in operation or

the scan-out operation for the adjustment by the adjusting
develop nozzle 61, a start position and an end position of the
scan-in operation or the scan-out operation, and various
parameters during the supply of the developer from the
adjusting developer nozzle 61 may not necessarily follow those
determined by the result of the prior preliminary experiment.
For example, measuring equipment may be provided inside or
outside the coating and developing apparatus including the
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developing apparatus 1 in this embodiment. 1In this case, the
line width of LS and the hole diameter of CH may be measured
for each time when a predetermined number of wafers W are
developed by using the main developer nozzle 3 and the
adjusting developer nozzle 61, and the above various
parameters may be changed based on the measurement result.

[0069]

In this case, influence on distribution of the degree of
progress of development when the various parameters are
changed may be examined beforehand, and the knowledge may
be reflected when conditions are set for the adjustment using
the adjusting developer nozzle 61 for a succeeding wafer W to
be treated, such that a desired distribution can be obtained
based on the measurement result by the aforementioned

“measurement equipment. Namely, the succeeding wafer W

may be considered to be subjected to feed-forward control in
which the conditions are previously set for uniformizing
distribution of the degree of progress of development.

[0070]

(Third Embodiment)

Next, there is described a method for reducing difference
in the degree of progress of development in a plane of the wafer
W (unevenness in the degree of progress of development),
when the developing process by the main developer nozzle 3 is
performed by a development preparation process that supplies
the developer over the whole surface of the wafer W for only a
short time period and removal of developer following thereto.

[0071]

As described above, generation of dissolved component
produced by the developer supplied to the resist film is one of
factors suppressing the progress of development by the
developer. Thus, distribution of the degree of progress of
development changes under the influence of concentration
distribution of the dissolved components in the plane of the
wafer W, the period in which the dissolved components remain,
the stream of developer containing the dissolved component,
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and so on.
The dissolved components are mainly generated

immediately after the developer contacts with the resist film.
Thus, if the dissolved components generated at an initial
development stage can be removed from the surface of the
wafer W to reduce the dissolved components existing on the
surface of the wafer W in the developing process, the difference
in degree of progress of development caused by the above
factor can be decreased.

[0072]

In addition, in a case where the main develop nozzle 3 is
positioned above the wafer W to which the developer is not yet
supplied, and the developing process is started, the amounts of
developer and the dissolved components and the concentration
of the dissolved component are considerably different between
an area below the main developer nozzle 3 and an area outside
the area below the main developer nozzle 3. In addition, as
described above, the dissolved components are mainly
generated at an initial development stage. Thus, at the time
when the main developer nozzle 3 is moved to a certain area
and the developing process is started in that area, the
concentration of the dissolved components (previously
generated) contained in the puddle 30 below the main developer
nozzle 3 at the starting of the development process at the
certain area and the concentration of the dissolved components
newly generated at the certain area may be different from those
in the other areas. Thus, there is a possibility that the
developing result at the certain area differs from that of other
areas. As a result, as shown in Figs. 26 and 28, there is
formed a distribution having different degree of progress of
development in the radial direction of the wafer W (impact
effect), along the moving direction (trajectory) of the main
developer nozzie 3.

[0073]
On the contrary, by removing the dissolved components,

which have been generated at an initial development stage,
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from the surface of the wafer W, the difference in developing
conditions  (difference in  the  dissolved component
concentrations), which differs before and after the movement of
the main developer nozzle 3 to each area, can be reduced.

On the other hand, as described above, it is necessary to
consider that, when the developer supply period in the
conventional method without using the main developer nozzle 3
is prolonged, there are formed some sparsely radiating areas in
which the degree of progress of development are different from
the other areas (Fig. 31). Moreover, when the dissolved
components remain on the surface of the wafer W, the dissolved
components suppress the sufficient development of the resist
film to invite development failure.

[0074]

Thus, this embodiment performs the development
preparation for generating the dissolved components, in which
the developer is supplied from, e.g., a conventional developer
nozzle (hereinafter referred to as “developer nozzle 61” in the
third embodiment) to the wafer W rotated at a rotation speed
within a range between 100 and 2000 rpm, for only a short
period such as 1 to 5 seconds, at a supply (discharge) rate of
the developer ensuring that separation of liquid film of the
developer in the circumferential direction of the wafer W does
not occur. After the supply of the developer, the wafer W is
continuously rotated to remove the developer. Thus, the
dissolved components generated at the initial stage are removes,
and the developing process by the main developer nozzie 3 can
be started under the condition where development defects are
unlikely to occur.

The supply of the developer by the developer nozzle
(second developer nozzle) 61 corresponds to the developer
supplying step, in particular, the development preparation step
that makes preparation for the developing process by the main
developer nozzle (first developer nozzle) 3 (developer spreading
step).
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[0075]
Herebelow, there is described an embodiment of the

method of developing a wafer W by using the main developer
nozzle 3, after the development preparation, with reference to
Figs. 17 to 24. In Figs. 17 to 24, the same constituent
elements as those shown in Figs. 1 to 6 are indicated by the

same reference numerals.

[0076]

A wafer W is firstly caused to be held by the spin chuck
13. Then, the wafer W is rotated at a rotation speed within a
range between 100 to 2000 rpm, e.g., at a rotation speed of
1500 rpm, and the developer nozzle 61 is moved to a position
above the central part of the wafer W. Thereafter, there is
performed the development preparation in which the developer
is supplied from the developer nozzle 61, at a flow rate of 60
ml/sec by which a liquid film 30a can be formed without
liquid-film discontinuity in the circumferential direction of the
wafer W, for only a short period within a range between 1 and 5
seconds, e.g., 1 second (Fig. 17). Regarding the supply rate of
the developer, it is not absolutely necessary that the liquid film
30a covers the whole surface of the wafer W at a certain time
point, as long as there is no liquid-film discontinuity in the
circumferential direction of the wafer W. The supply (flow) rate
of the developer may be such that annular (ring-shaped) liquid
film 30a spreads on the surface of the wafer W.

[0077]

Also in the develgopment preparation, the resist film in
contact with the developer is developed, along with the
generation of the dissolved component. However, since the
contacting period is short as described above, the progress of
development can be restrained such that it does not go beyond
the initial stage. Thus, the level of formation of radial areas
having different degrees of progress of development, which has
been problematic in the conventional art, is not problematic.

[0078]

After the developer has been supplied for a preset period,
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the supply of the developer from the developer nozzle 61 is
stopped, and the rotation speed of the wafer W is decreased
from 1500 rpm to 30 rpm (Fig. 18). When the supply of the
developer is stopped, the developer containing relatively a large
amount of dissolved components, which have been generated at
the initial development stage, is removed from the surface of
the rotating wafer W during the deceleration. During the
removal, the developer nozzle 61 is retracted from above the
wafer W, and the main developer nozzle 3 is moved to a position
above the peripheral part of the wafer W.

[0079]

When the rotation speed reaches 30 rpm, the developer
containing the dissolved component is almost removed from the
surface of the wafer W, but the surface of the wafer W is still
wetted with the developer. Under this condition, the main
developer nozzle 3, which has been moved to the position above
the peripheral part of the wafer W, is lowered to a height
position at which the developer is supplied. Then, the
developer is supplied from the discharging port 31 to form the
puddle 30 of the developer between the nozzle and the wafer W
(Fig. 19). The supply rate of the developer is adjusted to a
value within a range between 60 and 600 ml/min, for example.

[0080]

After that, while the main developer nozzle 3 is moved
from the peripheral part to the central part of the wafer W at a
moving speed within a range between 10 and 100 mm/sec, e.g.,
22 mm/sec, the rotation speed of the wafer W is increased from
30 rpm to 60 rpm so as to spread the puddle 30 of the
developer on the wafer W (Fig. 20). Namely, in this
embodiment, the puddle 30 is spread on the wafer W by the
scan-in operation. Although the developing process is
performed after the development preparation which has been
performed prior thereto, the developer in the puddle 30
contains the dissolved component, along with the progress of
development by the developer supplied from the main developer
nozzle 3.



10

15

20

25

30

35

34

[0081]
Under this condition, when the puddie 30 is spread by the

scan-out operation, the developer containing the dissolved
components may flow out from the puddie 30 ahead of the
position of the main developer nozzle 3. As a result, even
when the main developer 3 formed of a pad type nozzle is used,
there is a possibility that the progress of development by the
new developer is suppressed by the dissolved component. If
the influence of the developer flowing out from the puddle 30 is
serious, the puddle 30 may be spread by the scan-in operation,
with the wafer W being rotated. In this case, by utilizing the
centrifugal force acting on the puddle 30, it is possible to
suppress the developer containing the dissolved component to
flow ahead of the main developer nozzle 3. If the influence of
the developer flowing out from the puddle 30 is not so serjous,
it goes without saying that the puddle 30 can be spread by the
scan-out operation, similarly to the example described with
reference to Figs. 4 to 6.

[0082]

After the whole surface of the wafer W has been covered
with the puddle 30 of the developer supplied from the main
developer nozzle 3, the rotation of the wafer W is stopped.
Then, the stationary development is performed for a period by
which the development is sufficiently accelerated, e.g., for 20
seconds (Fig. 21).

Thereafter, the wafer W is rotated at a rotation speed of,
e.g., 1000 rpm, to spin out the puddle 30, and the peripheral
area of the rear surface of the wafer W is cleaned by using a
back surface cleaning nozzle 68 located beside the spin chuck
12 (Fig. 22).

[0083]

Further, the cleaning liquid nozzle 62 is moved to a
position above the central part of the wafer W. At a time when
the puddle 30 on the wafer W is spun out, the rotation speed of
the wafer W is increased to about 2000 rpm. Then, the
cleaning liquid is supplied from the cleaning liquid nozzle 62,
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and the cleaning liquid 301 is spread over the whole surface of
the wafer W so as to perform the cleaning process that removes
the developer remaining on the surface of the wafer W.

After the the cleaning process has been performed for a
preset period, the supply of the cleaning liquid from the
cleaning liquid nozzle 62 is stopped. The rotational speed of
the wafer W is Iincreased up to 3000 rpm, so as to dry the wafer
W by spinning. After the wafer W has been dried, the rotation
of the wafer W is stopped, and the developed wafer W is
unloaded.

[0084]

According to the developing process in the third
embodiment, due to the development preparation and the
succeeding removal of developer that are performed beforehand,
the developing process can be performed under the condition
where the dissolved component mainly generated at the initial
development stage has been removed. As a result, the
concentration of the dissolved component in the puddle 30,
which is to be spread by the main developer nozzle 3, is low, as
well as the developing process is performed uniformly in the
plane of the wafer W. Thus, the distribution of the degree of
progress of development can be uniformized, while reducing
unevenness in the degree of progress of development.

[0085] ‘

The nozzle for supplying the development for
development preparation (second developer nozzle) is not
limited to the developer nozzle 61 having a short-pipe shape.
The development preparation can be performed by using the
aforementioned pad type nozzle 3, 3a or 3b. In this case, the
pad type nozzle 3, 3a or 3b is located at a position above the
central part of the wafer W, and the developer is supplied from
the discharging port 31 for the above-described period. The
puddle 30 may be formed between the pad type nozzle 3, 3a or
3b and the wafer W, but need not be formed between the pad
type nozzle 3, 3a or 3b and the wafer W.
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[0086]
When the developer nozzle 61 is constituted by using a

pad type nozzle (3, 3a or 3b), the main developer nozzle (first
developer nozzle) 3 and the developer nozzle (second developer
nozzle) 61 may be composed of a common pad type nozzle (3,
3a or 3b), which is similar to the first and second embodiments.
It goes without saying that the pad type nozzle 3, 3a or 3b may
be vibrated and/or the wafer W may be rotated alternately in
the normal rotation direction and the reverse rotation direction,
so as to promote stirring.

[0087]

In the above respective developing process according to
the first to third embodiments, the method of removing the
puddle 30 containing the dissolved component from the wafer W
is not limited to the spin-off method by the rotation of the wafer
W shown in Figs. 7 and 22. For example, the puddle 30 may be
eliminated by using a tubular hose for sucking the developer, or
the puddle 30 on the surface of the wafer W may be swept away
by means of a spatula. '

[0088]

EXAMPLES
<Preliminary Experiment>

A wafer W developing process was perfarmed using the
main developer nozzle 3 shown in Figs. 1 to 3, and the
distribution of degree of progress of development was abserved. |
In addition, the distribution of degree of progress of
development was observed in a developing process using a
conventional nozzle having a short-pipe shape.

A. Experiment Condition

(Reference Example 1)
The main developer nozzle 3 of 40mm diameter was used.
A scan-out operation was used in which the discharging of the
developer is started at the central part of a wafer of 300mm
diameter and then the main developer nozzle 3 was moved to
the peripheral part, whereby a puddle 30 was formed on the
whole surface of the wafer W to- perform development. In the
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period during which the developerv was being supblied, the wafer
rotation speed was 30 rpm, the developer discharging rate was
60 mi/min, and the moving speed of the developer nozzle 3 was
20 mm/sec.

(Reference Example 2)
A developing process is performed by forming a puddle

30 using a scan-in operation in which the main developer nozzle
3 was moved from the peripheral part to the central part, while
the other experiment conditions were the same as those of the
reference example 1. '

(Reference Example 3)
After a wafer W was subjected to a developing process

using the scan-out operation under the same conditions as
those of the reference example 1, the wafer W was subjected to
a second developing process using the scan-in operation under
the same conditions as those of the reference example 2,
(Reference Example 4)

A developer nozzle having a short-pipe shape was used.
A developing process is performed by starting discharging of the
developer at the central part of a wafer of 300mm diameter and
then the main developer nozzle was moved to the peripheral
part. In the period during which the developer was being
supplied, the wafer rotation speed was 100 rpm, the developer
discharging rate was 20 mi/min, and the moving speed of the
developer nozzle was 20 mm/sec.

[0089]
B. Experiment Result

The experiment result for reference example 1 is shown
in Figs. 25 and 26; the experiment result for reference example
2 is shown in Figs. 27 and 28; the experiment result for
reference example 3 is shown in Figs. 29 and 30; and the
experiment result for reference example 4 is shown in Fig. 31.
Each of Figs. 25, 27, 29 and 31 shows the in-plane distribution
of hole diameter of CH (Contact Holes), which were made by
exposing the resist film on the wafer with a CH pattern including
a plurality of holes of the same diameter, and by developing the
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resist film. In the actual diagram, the hole diameter is
distinguished by colors assigned to respective hole diameter
ranges. Due to restriction of indication on the drawings, the
hole diameter distribution is indicated by monochromatic image.
Each of Figs. 26, 28 and 30 shows the distribution of hole
diameter in a radial direction of a wafer. In these figures, the
horizontal axis indicates the distance from the center of the
wafer W, the vertical axis indicates the hole diameter of CH.

[0090]

As shown in Fig. 26, in reference example 1 in which the
developing process was performed by using the scan-out
operation, the degree of progress of the development was larger
at the central part of the wafer W, in which the hole diameter of
CH was large. On the other hand, the degree of progress of
the development was smaller at the peripheral part, in which
the hole diameter of CH was small. As shown in Fig. 25, it can
be understood that the hole diameter distribution was
substantially rotational symmetrical. In view of the above, it
can be understood that if the developing process was performed
by using the scan-out operation, the distribution of degree of
progress of development over the wafer W has a shape of a
reverse cup.

[0091]

As shown in Fig. 28, in reference example 2 in which the
developing process was performed by using the scan-in
operation, the degree of progress of the development was larger
at the peripheral part of the wafer W, in which the hole diameter
of CH was large. On the other hand, the degree of progress of
the development was smaller at the central part, in which the
hole diameter of CH was small. As shown in Fig. 27, it can be
understood that the hole diameter distribution was substantially
rotational symmetrical. In view of the above, it can be
understood that if the developing process was performed by
using the scan-in operation, the distribution of degree of
progress of development over the wafer W has a shape of a cup.
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[0092]

As shown in Fig. 30, in reference example 3 in which a
developing process is performed twice, combining the scan-out
operation and the scan-in operation, the distribution of degree
of progress of development was eliminated, and a uniform hole
diameter distribution was established. As shown in Fig. 29, no
specific symmetrical pattern was found. In view of the above,
it was confirmed that, even if a distribution of degree of
progress of development that varies along the radial direction of
the wafer is established, a correction for uniformizing the
distribution of degree of progress of development can be
performed by supplying the developer such that the distribution
can is cancelled. '

[0093]

On the contrary, in the result of the experiment using a
conventional developer nozzle having a short-pipe shape as
shown in Fig. 31, there were some areas, in which the degree of
progress of development are different from the other areas,
sparsely radiating from the central part to the peripheral part of
the wafer W. It was also confirmed that, if a similar developing
process was performed with a higher wafer rotation speed up to
1000 rpm, the difference of the degree of progress of
development between the radial areas having the different
degree of progress of development became larger. In a case
where the degree of progress of development is uneven with
respect to the circumferential direction of the wafer W, it is
difficult to uniformize the distribution of degree of progress of
development even if the wafer W is rotated and the developer is
supplied to the wafer W again.

In view of the above results, it can be said that the
adjustment (correction) operation, which supplies a developer
again to a wafer W having been developed once to uniformize
the distribution of degree of progress of development, is
specifically effective in a case where a developing process is
performed using the main developer nozzle 3 having the
contacting part disposed to face the surface of the wafer W.



10

15

20

25

30

35

40

[0094]
(Experiment 1)

A developing process of LS (Line and Space) and a
subsequent adjustment process were performed using the
method having been described with reference to Figs. 4 to 8.
The line width distribution of the LS was measured after each
process.

A. Experiment Condition
(Example 1)

The main developer nozzle 3 of 40mm diameter was used.
A scan-out operation was used in which the discharging of the
developer is started at the central part of a wafer of 300mm
diameter and then the main developer nozzle 3 was moved to
the peripheral part, whereby a puddle 30 was formed on the
whole surface of the wafer W to perform development. In the
period during which the developer was being supplied, the wafer
rotation speed 30 rpm, the developer discharging rate was 60
ml/min, and the moving speed of the developer nozzle 3 was 20
mmy/sec. |

Next, the adjustment process of degree of progress of
development was performed by supplying the developer to an
area extending from a position radially inside by 5 mm from the
edge of the wafer W to a position radially inside by 20 mm from
the edge of the wafer W, using the scan-in operation. During
the adjustment process, the wafer rotation speed was 100 rpm,
the developer discharging rate was 20 ml/min, and the moving
speed of the developer nozzle 3 was 20 mm/sec.

[0095]

B. Experiment Result

Fig. 32 shows the experiment result for example 1. In
Fig. 32, the horizontal axis indicates the radial distance [mm]
from the center of the wafer W, the vertical axis indicates the
line width [nm] of the LS. Gray plots indicates the line width of
the LS before the correction (adjustment) using the developer
nozzle 61, and black plots ‘indicates the line width of the LS
after the correction (adjustment) using the developer nozzie 61.
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[0096]
As shown in Fig. 32 showing the experiment result, after

the development using the main developer nozzle 3, a
distribution, in which the line width of the LS was thicker and
thus the degree of progress of development was small in the
peripheral portion of the wafer W, was observed. A uniform
distribution of the line width of the LS with respect to the radial
direction was achieved, by supplying the adjusting developer
nozzle 61 thereby adjusting the degree of progress of
development. From this result, it was confirmed that, even in a
case where the developing process using the main developer
nozzle 3 formed a distribution in which the degree of progress
of development varies along the radial direction, an adjustment
that uniformize the degree of progress of development can be
performed by supplying a developer by the adjusting developer
nozzie 61 so as to cancel the distribution.

[0097]

(Experiment 2)

A development preparation process and a developing
process of the LS were performed using the method according
to the third embodiment.

A. Experiment Condition
(Example 2-1) ‘

A wafer of 300mm diameter was developed using the
main developer nozzle 3 of 40mm diameter using the scan-in
operation in which the nozzle moving speed was 10 mm/sec.
The other experiment conditions were the same as those in the
example having been described with reference to Figs. 17 to 24.
(Example 2-2)

The scan-in of the main developer nozzle 3 started with
the nozzle moving speed of 20 mm/ sec, and thereafter the
nozzle moving speed was gradually reduced such that the nozzle
moving speed was reduced to 10 mm/ sec at the position
distant from the center of the wafer W by 75 mm, and
thereafter the nozzle moving speed was maintained at 10 mm/
sec. The other experiment conditions for the developing
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process were the same as example 2-1.
(Example 2-3)

The scan-in of the main developer nozzle 3 started with
the nozzle moving speed of 5 mm/ sec, and thereafter the
nozzle moving speed was gradually increased such that the
nozzle moving speed was reduced to 10 mm/ sec at the position
distant from the center of the wafer W by 75 mm, and
thereafter the nozzle moving speed was maintained at 10 mm/
sec. The other experiment conditions for the developing
process were the same as example 2-1.

[0098]

B. Experiment Result

The experiment results for examples 2-1 to 2-3 are
shown in Fig. 33. In Fig. 33, the horizontal axis indicates the
radlal distance [mm] from the center of the wafer W, the
vertical axis indicates the difference that was obtained by
subtracting the measured value of the line width [nm] of the LS
in each positions from the average of the measured values, in
each of examples 2-1 to 2-3. In Fig. 33, square plots indicate
the experiment data for example 2-1, rhombic plots indicate the
experiment data for example 2-2, triangular plots indicate the
experiment data for example 2-3.

[0099]

According to the result for example 2-1 shown in Fig. 33,
when the developing process using the main developer nozzle 3
was performed after performing the development preparation
process and then the removal of the developer, the variation of
the line width was suppressed within the range from about Onm
to +1 nm. The result of example 2-1 can be evaluated that it
could achieve a substantially uniform distribution of degree of
progress of development with respect to the radial direction, as
compared with the reference examples 1 and 2 as shown in Figs.
26 and 28. As shown in the experiment results of examples
2-2 and 2-3, it was found that a higher nozzle moving speed
resulted in delay of the progress of the development and thicker
line width (the peripheral part of the wafer in example 2-2),
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while a lower nozzle moving speed resulted in acceleration of
the progress of the development and thinner line width (the
peripheral part of the wafer in example 2-2).

[0100]

The experiment results for the examples 2-2 and 2-3
indicate that, even in a case where the development preparation
process is performed, the speed of progress of development can
be adjusted by changing the moving speed of the main
developer nozzle 3 (the moving speed can be interpreted to
correspond to the amount of the developer supplied to each
area of the wafer surface per unit time). It was also confirmed
that the experiment result of example 2-1 can be improved
using this knowledge.
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What is Claimed is:

1. A developing method comprising:

causing an exposed substrate to be held by a rotatable, substrate
holding unit;

a developer spreading step including:

a step of forming a puddle of a developer on a surface of the
substrate held by the substrate holding unit, by discharging the developer
from a discharging port of a first developer nozzle, the first developer
nozzle comprising a nozzle having a contacting part arranged to face the
surface of the substrate, the contacting part being smaller than the
surface of the substrate; and

a step of subsequently spreading the puddle of the developer over
the whole surface of the substrate, by moving the first developer nozzle
discharging the developer from one of a central part and a peripheral part
to the other of the central part and the peripheral part of the rotating
substrate, with the contacting part contacting with the puddle;

a developer supplying step that supplies the developer from a second
developer nozzle onto the surface of the substrate with the substrate being
rotated, thereby to uniformize, in a plane of the substrate, distribution of a
degree of progress of development by the developer spreading step, wherein
the developer supplying step is a development adjusting step that supplies the
developer to an underdeveloped area as compared with other areas, thereby to
accelerate development in the underdeveloped area; and

a developer removing step that is performed between the developer
spreading step and the developer supplying step to remove the developer on

the surface of the substrate.

2. The developing method according to claim 1, wherein the

developer spreading step is performed prior to the development adjusting step.
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3. The developing method according to claim 1, wherein the step of
spreading the puddle of the developer moves the first developer nozzle from the
central part to the peripheral part of the rotating substrate, and wherein the
development adjusting step comprises a step of discharging the developer from
the second developer nozzle while moving a supply position of the developer
from one of the central part and the peripheral part to the other of the central

part and the peripheral part of the substrate.

4. The developing method according to claim 1, wherein the
development adjusting step comprises a step of discharging the developer from

the second developer nozzle locally to a radial position on the substrate.

5. The developing method according to claim 4, wherein the step of
discharging the developer locally is performed with the second developer nozzle

being stopped.

6. The developing method according to claim 4, wherein in the
development adjusting step, a plurality of radial positions, to which the second
developer nozzle discharges the developer, are set on the substrate, and
wherein the radial positions are separated from each other with respect to a

radial direction of the substrate.

7. The developing method according to claim 6, wherein the step of
discharging the developer locally is performed with the second developer nozzle
being stopped, and wherein at least one of a developer discharging rate, a
number of revolution of the substrate per unit time and a developer supplying
period from the second developer nozzle at one of the plurality of radial

positions is different from that at another one of the plurality of radial positions.

8. The developing method according to claim 1, wherein the

developer supplying step is a development preparation step that supplies the
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developer to form a liquid film on the surface of the substrate so as to make

preparation for the developer spreading step.

9. The developing method according to claim 8, wherein the first
developer nozzle moves from the central part to the peripheral part of the

substrate in the step of spreading the puddle of the developer.

10.  The developing method according to claim 1, wherein the second

developer nozzle is composed of the nozzle having the contacting part.

11.  The developing method according to claim 10, wherein the first

developer nozzle and the second nozzle are composed of a common nozzle.

12. The developing method according to claim 1, wherein the
developer removing step is a step of rotating the substrate thereby spinning off

the developer from the substrate.

13. A non-transient computer-readable storage medium storing
computer program, which is to be used in the developing apparatus, which
performs a developing process by supplying a developer onto a surface of the
substrate, on which an exposed resist film is provided, wherein the computer
program includes steps for performing the developing method according to

claim 1.

14. A developing apparatus comprising:

a rotatable, substrate holding unit that holds an exposed substrate
horizontally;

a first developer nozzle that comprises a nozzle having a contacting part
and a developer discharge port, the contacting part being arranged to face the
surface of the substrate and being smaller than the surface of the substrate,
wherein first developer nozzle is configured to form a puddle of a developer on

a surface of the substrate held by the substrate holding unit by discharging the
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developer from the discharging port, and subsequently spread the puddle of the
developer over the whole surface of the substrate by supplying the developer to
the puddle with the contacting part contacting with the puddle and with the first
developer nozzle moving from one of a central part and a peripheral part to the
other of the central part and the peripheral part of the rotating substrate, thereby
to perform a developing process of the substrate; and

a second developer nozzle configured to supply, before or after
preforming development using the first developer nozzle, the developer onto an
underdeveloped area of the surface of the substrate with the substrate being
rotated, thereby to accelerate development in the underdeveloped area and to
uniformize, in a plane of the substrate, distribution of a degree of progress of
development in the developing process using the first developer nozzle,

wherein a developing process using the first developer nozzle and the
supplying of the developer using the second developer nozzle are performed
after removing the developer, having been supplied beforehand, from the

surface of the substrate.

15. The developing apparatus according to claim 14, wherein the
second developer nozzle is composed of the nozzle having the contacting part,
and wherein the second developer nozzle performs a developing process with
the contacting surface contacting with the puddle, which is formed on the
substrate held by the substrate holding unit and is formed by discharging the

developer from the discharging port.

16. The developing apparatus according to claim 15, wherein the first

developer nozzle and the second nozzle are composed of a common nozzle.



