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(57) ABSTRACT

A processing liquid containing a sublimable material is
supplied to a front surface of a substrate to which a liquid
adheres to form a liquid film. The liquid film is solidified
into a solidified body. Nitrogen gas is supplied to the
solidified body formed on the front surface of the substrate
so that the flow rate thereof per unit area is constant over the
entire surface of the substrate. The solidified body is subli-

(86) PCT No.: PCT/IP2018/023259 mated uniformly over the entire surface of the substrate, and
§ 371 (e)(1) a gas-solid interface of the solidified body moves in a
(2) Date: ’ Feb. 14. 2020 direction perpendicular to the front surface of the substrate.
’ T This precludes protrusions of a pattern from being pulled by
the movement of the gas-solid interface of the solidified
(30) Foreign Application Priority Data body, whereby the front surface of the substrate is dried well
while the collapse of the pattern formed on the front surface
Sep. 15, 2017 (JP) coevereeccee 2017-177391 of the substrate is prevented.
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SUBSTRATE DRYING METHOD AND
SUBSTRATE DRYING APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to a substrate drying
method and a substrate drying apparatus which remove a
liquid adhering to a surface of a thin plate-like precision
electronic substrate (hereinafter referred to simply as a
“substrate”) such as a semiconductor wafer to dry the
substrate.

BACKGROUND ART

[0002] Various liquid processes including a cleaning pro-
cess using a chemical liquid, a rinsing process using DIW
(deionized water), and the like are performed on a substrate
in the process steps of manufacturing an electronic compo-
nent such as a semiconductor device. A drying process for
removing a liquid remaining on the substrate is required
after the completion of the liquid processes. For example, a
spin-drying process is typically performed which rotates a
substrate at a high speed to spin off the liquid adhering to the
substrate by centrifugal force, thereby drying the substrate.
[0003] However, if a liquid adhering to a substrate is
removed by a conventional general drying process, the
collapse of a pattern formed on a surface of the substrate
becomes a problem. The collapse of a pattern is a phenom-
enon in which protrusions of the pattern having the protru-
sions and depressions are pulled by the surface tension of the
liquid to fall down. In particular, the aspect ratio of the
protrusions (the ratio between the height and the width of the
protrusions) of the pattern is increasing in recent years,
which in turn makes the pattern liable to collapse. It is hence
an important technical challenge to prevent the collapse of
patterns during the drying process.

[0004] To solve the problem, for example, Patent Docu-
ment 1 proposes a technique in which a liquid film of
deionized water or the like is formed on a substrate and
solidified by cooling (or frozen), and thereafter nitrogen gas
at a low temperature is supplied to the frozen film of
deionized water (an ice film) to sublimate the frozen film,
thereby performing a drying process. A phase transition of
the frozen film directly to a gas phase without passing
through a liquid phase precludes the surface tension of liquid
from acting upon the pattern to prevent the collapse of the
pattern.

PRIOR ART DOCUMENTS

Patent Documents

[0005] Patent Document 1: Japanese Patent Application
Laid-Open No. 2010-199261

SUMMARY

Problem to be Solved by the Invention

[0006] Unfortunately, it has turned out that the phenom-
enon of the collapse of the pattern still occurs even when a
drying gas such as nitrogen gas is blown onto a frozen film
of liquid to sublimate the frozen film.

[0007] Inview of the foregoing, it is therefore an object of
the present invention to provide a substrate drying method
and a substrate drying apparatus which are capable of drying
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a surface of a substrate while preventing the collapse of a
pattern formed on the surface of the substrate.

Means to Solve the Problem

[0008] To solve the aforementioned problem, a first aspect
of the present invention is intended for a substrate drying
method for removing a liquid adhering to a front surface of
a substrate. The substrate drying method comprises: a sup-
plying step for supplying a processing liquid containing a
sublimable material to the front surface of the substrate to
form a liquid film of the processing liquid; a solidifying step
for solidifying the liquid film of the processing liquid
formed on the front surface of the substrate into a solid; and
a sublimating step for supplying a drying gas to the solid
formed on the front surface of the substrate to sublimate the
solid, wherein the drying gas is supplied in the sublimating
step so that the flow rate thereof per unit area is constant over
the entire surface of the substrate.

[0009] A second aspect of the present invention is
intended for the substrate drying method of the first aspect,
wherein a fluid at a temperature lower than the solidifying
point of the sublimable material is supplied to a back surface
of the substrate to solidify the liquid film in the solidifying
step.

[0010] A third aspect of the present invention is intended
for the substrate drying method of the first or second aspect,
which further comprises a temperature controlling step for
increasing the temperature of the substrate to an ambient
temperature or above after the solid is sublimated.

[0011] A fourth aspect of the present invention is intended
for the substrate drying method of any one of the first to third
aspects, wherein the sublimable material is 1,1,2,2,3,3,4-
heptafluorocyclopentane.

[0012] A fifth aspect of the present invention is intended
for a substrate drying apparatus for removing a liquid
adhering to a front surface of a substrate. The substrate
drying apparatus comprises: a liquid supply part for supply-
ing a processing liquid containing a sublimable material to
the front surface of the substrate to form a liquid film of the
processing liquid; a solidified body forming part for solidi-
fying the liquid film of the processing liquid formed on the
front surface of the substrate into a solid; and a gas supply
part for supplying a drying gas to the solid formed on the
front surface of the substrate to sublimate the solid, wherein
the gas supply part supplies the drying gas so that the flow
rate thereof per unit area is constant over the entire surface
of the substrate.

[0013] A sixth aspect of the present invention is intended
for the substrate drying apparatus of the fifth aspect, wherein
the gas supply part includes an annular orifice of a ring-
shaped configuration for ejecting the drying gas toward a
peripheral portion of the substrate in a spreading manner,
and a central orifice provided at the center of the annular
orifice and for ejecting the drying gas toward a central
portion of the substrate in a spreading manner.

[0014] A seventh aspect of the present invention is
intended for the substrate drying apparatus of the fifth
aspect, wherein the gas supply part includes a punched plate
provided in opposed relation to the entire surface of the
substrate and including a plurality of openings for ejecting
the drying gas so as to have an even aperture ratio.

[0015] An eighth aspect of the present invention is
intended for the substrate drying apparatus of any one of the
fifth to seventh aspects, wherein the solidified body forming
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part supplies a fluid at a temperature lower than the solidi-
fying point of the sublimable material to a back surface of
the substrate to solidify the liquid film.

[0016] A ninth aspect of the present invention is intended
for the substrate drying apparatus of any one of the fifth to
eighth aspects, which further comprises a temperature con-
trolling part for increasing the temperature of the substrate
to an ambient temperature or above after the solid is subli-
mated.

[0017] A tenth aspect of the present invention is intended
for the substrate drying apparatus of any one of the fifth to
ninth aspects, wherein the sublimable material is 1,1,2,2,3,
3,4-heptafluorocyclopentane.

Effects of the Invention

[0018] Inthe substrate drying method according to the first
to fourth aspects, the drying gas is supplied so that the flow
rate thereof per unit area is constant over the entire surface
of the substrate in the sublimating step for supplying the
drying gas to the solid formed on the front surface of the
substrate to sublimate the solid. Thus, the solid is sublimated
uniformly over the entire surface of the substrate, whereby
the front surface of the substrate is dried while the collapse
of a pattern formed on the front surface of the substrate is
prevented.

[0019] In particular, in the substrate drying method
according to the third aspect, the temperature of the substrate
is increased to the ambient temperature or above after the
solid is sublimated. This prevents dew condensation from
occurring on the substrate.

[0020] In the substrate drying apparatus according to the
fifth to tenth aspects, the gas supply part for supplying the
drying gas to the solid formed on the front surface of the
substrate to sublimate the solid supplies the drying gas so
that the flow rate thereof per unit area is constant over the
entire surface of the substrate. Thus, the solid is sublimated
uniformly over the entire surface of the substrate, whereby
the front surface of the substrate is dried while the collapse
of a pattern formed on the front surface of the substrate is
prevented.

[0021] In particular, in the substrate drying apparatus
according to the ninth aspect, the temperature of the sub-
strate is increased to the ambient temperature or above after
the solid is sublimated. This prevents dew condensation
from occurring on the substrate.

BRIEF DESCRIPTION OF DRAWINGS

[0022] FIG. 1 is a view showing an overall configuration
of principal parts of a substrate drying apparatus according
to the present invention.

[0023] FIG. 2 is a sectional view showing a configuration
of a gas nozzle.

[0024] FIG. 3 is a flow diagram showing a procedure in
the substrate drying apparatus.

[0025] FIG. 4 is a view showing that a liquid film of a
drying liquid is formed on a front surface of a substrate.
[0026] FIG. 5 is a view showing that cold water is ejected
onto a back surface of the substrate on which the liquid film
of the drying liquid is formed.

[0027] FIG. 6 is a view showing that nitrogen gas is blown
from the gas nozzle onto a solidified body on the front
surface of the substrate.
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[0028] FIG. 7 is a view schematically showing a phenom-
enon occurring when a gas-solid interface of the solidified
body moves along a main surface of the substrate.

[0029] FIG. 8 is a view schematically showing a phenom-
enon occurring when nitrogen gas is supplied so that the
flow rate thereof per unit area is constant over the entire
surface of the substrate.

[0030] FIG. 9 is a view showing another example of the
gas nozzle.

DESCRIPTION OF EMBODIMENT(S)
[0031] An embodiment according to the present invention
will now be described in detail with reference to the draw-
ings.
[0032] FIG. 1 is a view showing an overall configuration

of principal parts of a substrate drying apparatus according
to the present invention. This substrate drying apparatus 1 is
an apparatus which performs various liquid processes on a
front surface of a disk-shaped substrate W such as a semi-
conductor wafer and performs a drying process by removing
a liquid adhering to the front surface of the substrate W
subjected to the liquid processes. The size of the substrate W
becoming subject to the processes is not particularly limited.
For example, the substrate W becoming subject to the
processes has a diameter of 300 mm and 450 mm (in the
present embodiment, 300 mm). It should be noted that the
dimensions of components and the number of components
are shown in exaggeration or in simplified form, as appro-
priate, in FIG. 1 and the subsequent figures for the sake of
easier understanding.

[0033] The substrate drying apparatus 1 includes a cham-
ber 10 having an inside processing space for receiving the
substrate W therein to perform the liquid processes and the
drying process therein. The substrate drying apparatus 1
includes a spin chuck 20 for rotating the substrate W while
holding the substrate W in a substantially horizontal attitude,
a processing liquid nozzle 30 for ejecting various processing
liquids toward an upper surface of the substrate W, and a gas
nozzle 50 disposed in opposed relation to the upper surface
of the substrate W held by the spin chuck 20, all of which
serve as principal elements within the chamber 10. The
substrate drying apparatus 1 further includes a controller 90
for controlling operating mechanisms provided in the appa-
ratus to cause the operating mechanisms to perform pro-
cesses on the substrate W.

[0034] The spin chuck 20 includes a spin base 23, a
rotation support shaft 21, a spin motor 22, and a plurality of
chuck pins 24. The disk-shaped spin base 23 is coupled to an
upper end portion of the rotation support shaft 21 with a
fastening part such as a screw. The rotation support shaft 21
is coupled to a rotary shaft of the spin motor 22. The driving
of the spin motor 22 is transmitted through the rotation
support shaft 21 to the spin base 23. Thus, the spin motor 22
is driven in response to an operating instruction from the
controller 90, whereby the spin base 23 holding the substrate
W rotates in a horizontal plane at a predetermined rpm.
[0035] The chuck pins 24 for gripping an edge portion of
the substrate W are provided upright on a peripheral portion
of an upper surface of the spin base 23. It is only necessary
that three or more chuck pins 24 are provided to grip the
disk-shaped substrate W with reliability. The chuck pins 24
are spaced at equal angles along the peripheral portion of the
spin base 23. Each of the chuck pins 24 includes a substrate
support portion for supporting the edge portion of the



US 2020/0234980 Al

substrate W from below, and a substrate holding portion for
pressing an outer peripheral edge surface of the substrate W
held by the substrate support portion to grip the substrate W
(both not shown). Each of the chuck pins 24 is allowed to
switch between a pressing state in which the substrate
holding portion presses the outer peripheral edge surface of
the substrate W and a releasing state in which the substrate
holding portion is separated from the outer peripheral edge
surface of the substrate W.

[0036] For transfer of the substrate W to and from the spin
base 23, all of the chuck pins 24 are in the releasing state.
For processes of the substrate W, all of the chuck pins 24 are
in the pressing state. By placing the chuck pins 24 in the
pressing state, the chuck pins 24 grip the edge portion of the
substrate W to hold the substrate W in a substantially
horizontal attitude at a predetermined distance from the
upper surface of the spin base 23.

[0037] The rotation support shaft 21 of the spin chuck 20
is a hollow shaft. A lower processing liquid supply pipe 25
for supplying a processing liquid to a lower surface of the
substrate W is inserted through the inside of the rotation
support shaft 21. The rotation support shaft 21 and the lower
processing liquid supply pipe 25 achieve a double-pipe
structure. A gap between an inner wall surface of the rotation
support shaft 21 and an outer wall surface of the lower
processing liquid supply pipe 25 serves as a cylindrical
lower gas supply passage 29. The lower processing liquid
supply pipe 25 and the lower gas supply passage 29 extend
to a position close to the lower surface of the substrate W
held by the spin chuck 20, and have distal ends which form
orifices for ejecting DIW (deionized water) and nitrogen gas
(N,), respectively, toward the center of the lower surface of
the substrate W.

[0038] The lower gas supply passage 29 is connected in
communication with a nitrogen gas supply part 61 through
a valve 62. When the valve 62 is open, the nitrogen gas
supply part 61 feeds nitrogen gas to the lower gas supply
passage 29. The nitrogen gas fed to the lower gas supply
passage 29 is jetted out from the orifice at the distal end of
the lower gas supply passage 29 toward the vicinity of a
central portion of the lower surface of the substrate W held
by the spin chuck 20. It should be noted that the nitrogen gas
supply part 61 may include a gas cooling mechanism to
supply cooled nitrogen gas to the substrate W.

[0039] The lower processing liquid supply pipe 25 is
connected in communication with a deionized water supply
part 63 through a valve 65. When the valve 65 is open, the
deionized water supply part 63 feeds deionized water to the
lower processing liquid supply pipe 25. The deionized water
supply part 63 includes a cooling unit 64. The cooling unit
64 is formed, for example, by a heat exchanger, and cools
the deionized water to a temperature lower than room
temperature. The deionized water supply part 63 feeds the
deionized water (cold water) cooled by the cooling unit 64
to the lower processing liquid supply pipe 25. The deionized
water fed to the lower processing liquid supply pipe 25 is
ejected from the orifice from the orifice at the distal end of
the lower processing liquid supply pipe 25 toward the
vicinity of the central portion of the lower surface of the
substrate W held by the spin chuck 20.

[0040] A splash guard 28 is provided so as to surround the
spin chuck 20. The splash guard 28 receives and collects a
processing liquid splashed from the spin base 23 and the
substrate W which are rotating. The splash guard 28 may be
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of a multi-stage configuration for receiving processing lig-
uids (e.g., a chemical liquid and deionized water) in different
opening portions depending on the type of the processing
liquids to collect the respective processing liquids through
separate paths.

[0041] The processing liquid nozzle 30 is provided within
the chamber 10. The processing liquid nozzle 30 is attached
to a distal end of a nozzle arm 31 provided so as to extend
in a horizontal direction. The nozzle arm 31 has a proximal
end coupled to a rotary shaft 32. The rotary shaft 32 is
connected to a pivot motor 33. Thus, the pivot motor 33 is
driven in response to an operating instruction from the
controller 90 to thereby enable the processing liquid nozzle
30 to pivot between an ejecting position lying over the center
of the substrate W and a retracted position lying outside the
splash guard 28.

[0042] The processing liquid nozzle 30 is connected in
communication with a chemical liquid supply part 71, a
deionized water supply part 73, and a drying liquid supply
part 75 through a valve 72, a valve 74, and a valve 76,
respectively. When the valve 72 is open, a chemical liquid
such as SC1 (a mixed solution of aqueous ammonia, a
hydrogen peroxide solution, and deionized water) and SC2
(a mixed solution of hydrochloric acid, a hydrogen peroxide
solution, and deionized water), for example, is fed from the
chemical liquid supply part 71 to the processing liquid
nozzle 30. Also, the chemical liquid supply part 71 is able to
feed IPA (isopropyl alcohol) as a chemical liquid to the
processing liquid nozzle 30. When the valve 74 is open,
deionized water is fed from the deionized water supply part
73 to the processing liquid nozzle 30.

[0043] When the valve 76 is open, a drying liquid is fed
from the drying liquid supply part 75 to the processing liquid
nozzle 30. The term “drying liquid” refers to a processing
liquid containing a sublimable material. The term “sublim-
able material” refers to a material having the property of
making a phase transition (sublimating) from a solid phase
to a gas phase or vice versa without passing through a liquid
phase. Examples of the sublimable material having such a
property include 1,1,2,2,3,3,4-heptafluorocyclopentane (a
vapor pressure of 8.2 kPa at 20° C., a surface tension of 19.6
mN/m at 25° C., and a melting point of 20.5° C.) and
dodecafluorocyclohexane (a vapor pressure of 33.1 kPa at
20° C., a surface tension of 12.6 mN/m at 25° C., and a
melting point of 51° C.). In the present embodiment, 1,1,2,
2,3,3 4-heptafluorocyclopentane is used as the sublimable
material. The drying liquid may be made of only a sublim-
able material in a liquid phase or be a mixture of a sublim-
able material and an organic solvent such as alcohols.
[0044] The term “processing liquid” used in the present
description means a concept including all of the chemical
liquid, the deionized water, and the drying liquid. When fed
to the processing liquid nozzle 30 placed in the ejecting
position lying over the center of the substrate W held by the
spin chuck 20, the processing liquid is ejected from the
processing liquid nozzle 30 toward the vicinity of the center
of the upper surface of the substrate W.

[0045] The gas nozzle 50 is provided over the spin chuck
20 within the chamber 10. The gas nozzle 50 has a cylin-
drical shape. The gas nozzle 50 of a cylindrical shape has a
diameter smaller than that of the substrate W. The gas nozzle
50 is held movably in upward and downward directions over
the spin chuck 20 by an elevating mechanism not shown.
The elevating mechanism moves the gas nozzle 50 upwardly
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and downwardly to thereby adjust the distance between the
substrate W held by the spin chuck 20 and the gas nozzle 50.

[0046] FIG. 2 is a sectional view showing a configuration
of the gas nozzle 50. A central supply passage 51 is provided
s0 as to pass through the central axis of the gas nozzle 50
having the cylindrical shape. The central axis of the gas
nozzle 50 coincides with the central axis of the substrate W
held by the spin chuck 20. A central orifice 53 which is open
toward the central portion of the substrate W held by the spin
chuck 20 is formed at a lower end of the central supply
passage 51. The central orifice 53 is in a tapered form such
as to flare out downwardly (i.e., toward the substrate W).

[0047] A buffer space 52 of a ring-shaped configuration is
formed inside the gas nozzle 50 so as to surround the central
supply passage 51. An annular orifice 54 of a ring-shaped
configuration is formed in a peripheral portion of a lower
end of the gas nozzle 50. The annular orifice 54 is in
communication with the buffer space 52, and serves also as
an opening for the buffer space 52. The annular orifice 54 is
also in a tapered form such as to flare out downwardly. The
central orifice 53 is positioned in the center of the annular
orifice 54 of a ring-shaped configuration when the gas
nozzle 50 is viewed from below.

[0048] A gas inlet 55 is formed in an upper end of the
central supply passage 51. A gas inlet 56 is formed on the
upper side of the buffer space 52. As shown in FIG. 1, the
gas inlet 55 is connected in communication with a nitrogen
gas supply part 81 through a gas pipe 82, and the gas inlet
56 is connected in communication with the nitrogen gas
supply part 81 through a gas pipe 83. A valve 84 and a flow
regulating valve 85 are interposed in the path of the gas pipe
82. A valve 86 and a flow regulating valve 87 are interposed
in the path of the gas pipe 83.

[0049] When the valve 84 is opened, nitrogen gas is fed
from the nitrogen gas supply part 81 through the gas pipe 82
and the gas inlet 55 to the central supply passage 51. The
flow rate of the nitrogen gas flowing in the gas pipe 82 is
controlled by the flow regulating valve 85, based on an
instruction from the controller 90. The nitrogen gas fed to
the central supply passage 51 is ejected from the central
orifice 53 toward the substrate W held by the spin chuck 20.

[0050] When the valve 86 is opened, on the other hand,
nitrogen gas is fed from the nitrogen gas supply part 81
through the gas pipe 83 and the gas inlet 56 to the buffer
space 52. The flow rate of the nitrogen gas flowing in the gas
pipe 83 is controlled by the flow regulating valve 87, based
on an instruction from the controller 90. The nitrogen gas fed
to the buffer space 52 is ejected from the annular orifice 54
toward the substrate W held by the spin chuck 20. The
nitrogen gas fed through the gas pipe 83 is supplied tem-
porarily to the buffer space 52, in which the flow velocity of
the nitrogen gas is suppressed. Thus, the nitrogen gas is
ejected at a uniform flow rate over the entire circumference
of the annular orifice 54.

[0051] As shown in FIG. 2, the nitrogen gas fed to the
central supply passage 51 is ejected from the tapered central
orifice 53 toward the vicinity of the central portion of the
substrate W in a spreading manner. Similarly, the nitrogen
gas fed to the buffer space 52 is ejected from the tapered
annular orifice 54 toward a peripheral portion of the sub-
strate W in a spreading manner. As a result, the nitrogen gas
is jetted out from the gas nozzle 50 toward the entire upper
surface of the substrate W held by the spin chuck 20.
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[0052] The positioning of the gas nozzle 50 is effected so
that the distance between the substrate W held by the spin
chuck 20 and the gas nozzle 50 has a predetermined value,
and the respective flow rates of the nitrogen gas ejected from
the central orifice 53 and the annular orifice 54 are adjusted
by the flow regulating valves 85 and 87, whereby the
nitrogen gas is blown onto the entire surface of the substrate
W at a uniform flow rate. More precisely, the nitrogen gas
is ejected from the gas nozzle 50 so that 2mr:N is constant
over the entire upper surface of the substrate W where N is
the total flow rate of the nitrogen gas blown onto the
circumference of a circle having a distance (radius) r from
the center of the substrate W. This means that the nitrogen
gas is supplied from the gas nozzle 50 so that the flow rate
thereof per unit area is constant over the entire surface of the
substrate W. It should be noted that the total flow rate of the
nitrogen gas ejected from both the central orifice 53 and the
annular orifice 54 is on the order of 50 to 200 liters per
minute when the substrate W is a semiconductor wafer
having a diameter of 300 mm.

[0053] The nitrogen gas supply part 81 includes a tem-
perature control unit 88. The temperature control unit 88 is
formed, for example, by a heat exchanger, and controls the
temperature of the nitrogen gas fed from the nitrogen gas
supply part 81 at a predetermined temperature. The gas
nozzle 50 ejects the nitrogen gas temperature-controlled by
the temperature control unit 88 onto the entire upper surface
of the substrate W so that the flow rate thereof per unit area
is constant.

[0054] The controller 90 controls the aforementioned vari-
ous operating mechanisms (motors, valves, and the like)
provided in the substrate drying apparatus 1. The controller
90 is similar in hardware configuration to a typical computer.
Specifically, the controller 90 includes a CPU that is a circuit
for performing various computation processes, a ROM or
read-only memory for storing a basic program therein, a
RAM or readable/writable memory for storing various
pieces of information therein, and a magnetic disk for
storing control software, data and the like thereon. The CPU
in the controller 90 executes a predetermined processing
program, whereby the processes in the substrate drying
apparatus 1 proceed.

[0055] Next, a processing operation in the substrate drying
apparatus 1 having the aforementioned configuration will be
described. FIG. 3 is a flow diagram showing a procedure in
the substrate drying apparatus 1. FIGS. 4 to 6 are views
schematically showing operations in the processes of FI1G. 3.
The procedure in the substrate drying apparatus 1 to be
described below proceeds under the control of the controller
90 over the operating mechanisms of the substrate drying
apparatus 1.

[0056] The front surface of the substrate W becoming
subject to the processes by the aforementioned substrate
drying apparatus 1 is previously patterned by a technique
including photolithography and the like. In the present
description, the “front surface” of the substrate W refers to
a main surface of the substrate W which is patterned, and the
“back surface” of the substrate W refers to a main surface of
the substrate W which is not patterned on the side opposite
from the front surface. The “upper surface” of the substrate
W refers to a main surface of the substrate W which faces
upward, and the “lower surface” of the substrate W refers to
a main surface of the substrate W which faces downward.
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The front surface of the substrate W sometimes becomes the
upper surface, and sometimes becomes the lower surface.

[0057] In the substrate drying apparatus 1, the patterned
substrate W is transported into the chamber 10 and held in
a substantially horizontal attitude by the spin chuck 20, and
various cleaning processes are performed on the substrate W.
For example, the processing liquid nozzle 30 moves to the
ejecting position lying over the center of the substrate W,
and a chemical liquid such as SC1 is supplied from the
processing liquid nozzle 30 to the center of the front surface
of the substrate W rotated by the spin chuck 20, whereby a
front surface cleaning process is performed. It should be
noted that the substrate W transported into the chamber 10
is held by the spin chuck 20 in such an attitude that the
patterned front surface of the substrate W is the upper
surface.

[0058] Typically, after the completion of the cleaning
process using the chemical liquid, deionized water is sup-
plied from the processing liquid nozzle 30 to the center of
the front surface of the rotating substrate W, whereby a
deionized water rinsing process is performed (Step S1). In
the deionized water rinsing process, deionized water may be
supplied from the lower processing liquid supply pipe 25
toward the back surface of the substrate W in addition to the
deionized water supplied to the front surface. The deionized
water supplied to the front surface (and the back surface) of
the rotating substrate W flows over the front surface of the
substrate W by centrifugal force, is splashed from the edge
portion of the substrate W, and is collected by the splash
guard 28. At the point in time when the deionized water
rinsing process is completed, deionized water adheres to the
front surface of the substrate W. The deionized water is
removed by a substrate drying technique according to the
present invention in a manner to be described below.
[0059] First, IPA is supplied from the processing liquid
nozzle 30 to the front surface of the substrate W, so that the
deionized water adhering to the front surface is replaced
with the IPA (Step S2). Specifically, the valve 72 is opened
to feed the IPA from the chemical liquid supply part 71 to the
processing liquid nozzle 30, thereby supplying the IPA from
the processing liquid nozzle 30 to the center of the front
surface of the substrate W rotated by the spin chuck 20. The
IPA supplied to the front surface of the substrate W flows
over the front surface of the substrate W from the center to
the peripheral portion thereof by centrifugal force, and
spreads over the entire front surface of the substrate W. This
causes the replacement of the deionized water adhering to
the front surface of the substrate W after the deionized water
rinsing process with the IPA. Such a replacement process
with the IPA is performed for the reason that the sublimable
material (in the present embodiment, 1,1,2,2,3,3,4-hepta-
fluorocyclopentane) contained in the drying liquid to be
supplied in the next step is poor in solubility in water, so that
the drying liquid is immiscible with the deionized water
remaining on the front surface of the substrate.

[0060] Next, the drying liquid is supplied from the pro-
cessing liquid nozzle 30 to the front surface of the substrate
W to form a liquid film of the drying liquid on the front
surface (Step S3). During the execution of this liquid film
forming step, the spin chuck 20 rotates the substrate W at a
constant speed, based on an operating instruction from the
controller 90. Then, the valve 72 is closed and the valve 76
is opened to feed the drying liquid from the drying liquid
supply part 75 to the processing liquid nozzle 30, thereby
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supplying the drying liquid from the processing liquid
nozzle 30 to the center of the front surface of the rotating
substrate W. The temperature of the drying liquid supplied
from the processing liquid nozzle 30 to the substrate W is
equal to or higher than the melting point (20.5° C.) of the
sublimable material contained in the drying liquid and lower
than the boiling point thereof. Setting the temperature of the
drying liquid within such a temperature range allows the
processing liquid nozzle 30 to supply the drying liquid in a
liquid phase to the substrate W.

[0061] The drying liquid supplied to the center of the front
surface of the substrate W spreads uniformly radially out-
wardly over the front surface of the substrate W by cen-
trifugal force resulting from the rotation of the substrate W.
Part of the supplied drying liquid is spun off outwardly from
the substrate W by centrifugal force. This causes the replace-
ment of the IPA adhering to the front surface of the substrate
W with the drying liquid, and forms a liquid film of the
drying liquid having a uniform thickness over the entire
front surface of the substrate W. The thickness of the liquid
film of the drying liquid is preferably at least greater than the
height of protrusions of the pattern formed on the front
surface of the substrate W. FIG. 4 is a view showing that the
drying liquid is supplied from the processing liquid nozzle
30 to form a liquid film 5 of the drying liquid on the front
surface of the substrate W. The drying liquid may be
supplied to the front surface of the substrate W to form the
liquid film 5, with the rotation of the substrate W stopped.
After the liquid film 5 of the drying liquid is formed on the
front surface of the substrate W, the valve 76 is closed, and
the processing liquid nozzle 30 is moved to the retracted
position lying outside the splash guard 28.

[0062] Subsequently, cooled deionized water is ejected
onto the back surface of the substrate W to solidify the liquid
film 5 of the drying liquid (Step S4). During the execution
of this solidifying step, the spin chuck 20 rotates the
substrate W at a constant speed, based on an operating
instruction from the controller 90. Then, the valve 65 is
opened to supply the deionized water from the deionized
water supply part 63 to the lower processing liquid supply
pipe 25, thereby ejecting the deionized water toward the
vicinity of the center of the back surface of the rotating
substrate W. The deionized water supplied from the deion-
ized water supply part 63 is cooled by the cooling unit 64 to
a temperature lower than the solidifying point (=melting
point) of the sublimable material contained in the drying
liquid. That is, cold water is ejected onto the back surface of
the substrate W. In the present embodiment, the deionized
water supplied from the deionized water supply part 63 is
cooled to approximately 2° C.

[0063] FIG. 5 is a view showing that cold water is ejected
onto the back surface of the substrate W on which the liquid
film 5 of the drying liquid is formed. The cold water ejected
toward the vicinity of the center of the back surface of the
substrate W runs from the vicinity of the center of the back
surface of the substrate W toward the peripheral portion
thereof by centrifugal force resulting from the rotation of the
substrate W, and spreads over the entire back surface of the
substrate W. This cools the liquid film 5 of the drying liquid
formed on the front surface of the substrate W to a tem-
perature lower than the solidifying point of the sublimable
material to solidify the liquid film 5 of the drying liquid,
thereby forming a solidified body (frozen body) 7 of the
drying liquid on the front surface of the substrate W. That is,
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the drying liquid on the front surface of the substrate W
makes a phase transition from a liquid phase to a solid phase.
There is a possibility that a volume change occurs when the
drying liquid is solidified. However, the pressure applied to
the pattern of the substrate W due to the volume change is
equal in every direction to cancel out the force applied to the
pattern. As a result, the collapse of the pattern resulting from
the solidification of the drying liquid is prevented.

[0064] After the entire liquid film 5 of the drying liquid is
solidified to form the solidified body 7, nitrogen gas is blown
as a drying gas from the gas nozzle 50 onto the front surface
of the substrate W to sublimate the solidified body 7 (Step
S5). During the execution of this sublimating step, the spin
chuck 20 rotates the substrate W at a constant speed, based
on an operating instruction from the controller 90. The
cooled deionized water continues to be ejected onto the back
surface of the substrate W. This allows the solidified body 7
on the front surface of the substrate W to be maintained at
a low temperature lower than the solidifying point of the
sublimable material, thereby preventing the solidified body
7 from melting into a liquid again with reliability.

[0065] For the sublimating step, the vertical positioning of
the gas nozzle 50 is effected so that the distance between the
substrate W held by the spin chuck 20 and the gas nozzle 50
has a previously set predetermined value. Then, the valve 84
and the valve 86 are opened to feed nitrogen gas from the
nitrogen gas supply part 81 to the gas nozzle 50, thereby
blowing the nitrogen gas from the gas nozzle 50 onto the
solidified body 7 on the front surface of the substrate W. The
temperature of the nitrogen gas fed from the nitrogen gas
supply part 81 is controlled at a predetermined temperature
(in the present embodiment, approximately 7° C.) by the
temperature control unit 88.

[0066] FIG. 6 is a view showing that nitrogen gas is blown
from the gas nozzle 50 onto the solidified body 7 on the front
surface of the substrate W. The partial pressure of a vapor of
the sublimable material in the nitrogen gas blown from the
gas nozzle 50 onto the solidified body 7 is significantly
lower than the vapor pressure of the sublimable material of
the solidified body 7 at the temperature for maintaining the
solidified body 7. As a result, the sublimation of the solidi-
fied body 7 occurs. The phase transition (sublimation) of the
solidified body 7 from a solid phase to a gas phase without
passing through a liquid phase precludes the surface tension
of'a liquid from acting upon the pattern formed on the front
surface of the substrate W. This achieves the removal of the
solidified body 7 of the drying liquid to dry the substrate W
while preventing the collapse of the pattern.

[0067] As a result of diligent investigations, the present
inventors and others have found out that merely blowing
nitrogen gas onto the solidified body 7 causes a problem to
be described below. For example, when nitrogen gas for
drying is blown to the vicinity of the center of the solidified
body 7 on the substrate W so as to flow along the front
surface of the substrate as disclosed in Patent Document 1,
the solidified body 7 on the central portion of the substrate
is sublimated first, and the sublimation proceeds gradually
toward the peripheral portion of the substrate. That is, a
gas-solid interface of the solidified body 7 moves from the
center of the substrate W toward the peripheral portion
thereof.

[0068] FIG. 7 is a view schematically showing a phenom-
enon occurring when the gas-solid interface of the solidified
body 7 moves along a main surface of the substrate. As
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mentioned above, the front surface of the substrate W is
patterned in such a manner that a plurality of protrusions 9
of'the pattern are provided upright on the front surface. It has
turned out that when the sublimation of the solidified body
7 proceeds by blowing the nitrogen gas for drying to cause
the gas-solid interface of the solidified body 7 to move along
the front surface of the substrate W from the center toward
the peripheral portion thereof (i.e., parallel to the front
surface of the substrate W) as indicated by an arrow AR7,
some of the protrusions 9 of the pattern are pulled by the
movement of the gas-solid interface to collapse.

[0069] The present invention has been completed based on
the aforementioned findings. According to the present inven-
tion, nitrogen gas serving as a drying gas is supplied from
the gas nozzle 50 toward the solidified body 7 on the
substrate W so that the flow rate thereof per unit area is
constant over the entire surface of the substrate W. FIG. 8 is
a view schematically showing a phenomenon occurring
when nitrogen gas is supplied so that the flow rate thereof
per unit area is constant over the entire surface of the
substrate W.

[0070] When nitrogen gas is supplied toward the solidified
body 7 so that the flow rate thereof per unit area is constant
over the entire surface of the substrate W, the solidified body
7 is sublimated at a uniform sublimation rate over the entire
front surface of the substrate W. As a result, the sublimation
proceeds so that the thickness of the entire solidified body 7
decreases gradually, and the gas-solid interface of the solidi-
fied body 7 moves in a direction perpendicular to the front
surface of the substrate W as indicated by an arrow ARS8 in
FIG. 8. This precludes the protrusions 9 of the pattern from
being pulled by the movement of the gas-solid interface of
the solidified body 7, whereby the substrate W is dried well
by sublimating the solidified body 7 while the collapse of the
pattern formed on the front surface of the substrate W is
prevented with reliability.

[0071] After the solidified body 7 on the substrate W is
completely sublimated, nitrogen gas at room temperature is
supplied from the gas nozzle 50 to the front surface of the
substrate W to control the temperature of the substrate W
(Step S6). Immediately after the solidified body 7 is
removed from the front surface of the substrate W, the
temperature of the substrate W is lower than the solidifying
point of the sublimable material. If the substrate W at such
a low temperature is transported out of the chamber 10, there
is a danger that dew condensation occurs on the substrate W.
To prevent this, the present embodiment performs the tem-
perature controlling step for controlling the temperature of
the substrate W at ambient temperature or above to prevent
the dew condensation after the solidified body 7 is subli-
mated. During the execution of this temperature controlling
step, the spin chuck 20 rotates the substrate W at a constant
speed, based on an operating instruction from the controller
90. Also, the valve 65 is closed to stop the supply of the cold
water to the back surface of the substrate W. Then, nitrogen
gas is fed from the nitrogen gas supply part 81 to the gas
nozzle 50, whereby the nitrogen gas is blown from the gas
nozzle 50 onto the front surface of the substrate W. In the
present embodiment, the temperature of the nitrogen gas fed
from the nitrogen gas supply part 81 in the temperature
controlling step is controlled at room temperature (approxi-
mately 23° C.) in the field of semiconductor manufacture by
the temperature control unit 88. It should be noted that the
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controlled temperature of the nitrogen gas may be equal to
or higher than the ambient temperature of the substrate W.
[0072] The supply of the nitrogen gas at room temperature
to the front surface of the substrate W returns the tempera-
ture of the substrate W to near room temperature. The
temperature control of the substrate W at near room tem-
perature prevents the occurrence of dew condensation on the
substrate W with reliability. Thereafter, the processed sub-
strate W is transported out of the chamber 10. This com-
pletes the processes in the substrate drying apparatus 1.
[0073] Inthe present embodiment, nitrogen gas is supplied
to the solidified body 7 formed on the front surface of the
substrate W so that the flow rate thereof per unit area is
constant over the entire surface of the substrate W. Thus, the
solidified body 7 is sublimated uniformly over the entire
surface of the substrate W, and the gas-solid interface of the
solidified body 7 moves in a direction perpendicular to the
front surface of the substrate W. Since the gas-solid interface
of the solidified body 7 moves in a direction perpendicular
to, rather than parallel to, the front surface of the substrate
W, the protrusions 9 of the pattern are not pulled by the
movement of the gas-solid interface, whereby the front
surface of the substrate W is dried well while the collapse of
the pattern formed on the front surface of the substrate W is
prevented.

[0074] While the embodiment according to the present
invention has been described hereinabove, various modifi-
cations of the present invention in addition to those
described above may be made without departing from the
scope and spirit of the invention. For example, the process-
ing liquid containing 1,1,2,2,3,3 4-heptafluorocyclopentane
is used as the drying liquid in the aforementioned embodi-
ment. The present invention, however, is not limited to this.
It is only necessary that the drying liquid is a processing
liquid containing a sublimable material. For example, the
drying liquid may be deionized water or t-butanol. Deion-
ized water may be used as the drying liquid because the
solidified body (ice) of deionized water has the property of
being sublimated by supplying nitrogen gas at approxi-
mately —60° C. thereto.

[0075] In the aforementioned embodiment, cold water is
supplied to the back surface of the substrate W to solidify the
liquid film 5 of the drying liquid. The present invention,
however, is not limited to this. It is only necessary that a
fluid at a temperature lower than the solidifying point of the
sublimable material is supplied to the back surface of the
substrate W to solidify the liquid film 5 of the drying liquid.
For example, a cooled gas (e.g., nitrogen gas) may be
supplied to the back surface of the substrate W to solidify the
liquid film 5 of the drying liquid. When a gas is used as a
coolant, a cooled gas may be directly supplied from the front
surface side of the substrate W to the liquid film 5 of the
drying liquid. However, the supply of a liquid as a coolant
causes the solidification of the liquid film 5 more promptly
because the heat capacity of a liquid is significantly greater
than that of a gas. Further, the liquid film 5 of the drying
liquid on the front surface of the substrate W may be
solidified by a cooling mechanism such as a Peltier element
provided in the spin base 23.

[0076] The nitrogen gas temperature-controlled at
approximately 7° C. is blown as the drying gas onto the
solidified body 7 in the sublimating step in the aforemen-
tioned embodiment. The drying gas, however, is not limited
to nitrogen gas, but may be other types of gases. When the
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sublimable material is 1,1,2,2,3,3.4-heptafluorocyclopen-
tane, the temperature of the drying gas may be within the
range of 00 to 80° C. (that is, nitrogen gas at room tem-
perature may be blown).

[0077] In the temperature controlling step, the process for
temperature control is not limited to the supply of nitrogen
gas at room temperature to the substrate W. The substrate W
may be temperature-controlled at ambient temperature or
above by a heater or light irradiation from a lamp.

[0078] The gas nozzle for blowing nitrogen gas onto the
solidified body 7 in the sublimating step may be a gas nozzle
as shown in FIG. 9. A gas nozzle 150 shown in FIG. 9
includes a punched plate 152 having a multiplicity of
openings 153 bored in a bottom surface of a housing 151
having a cylindrical shape. The disk-shaped punched plate
152 has a diameter greater than that of the substrate W. That
is, the punched plate 152 of the gas nozzle 150 is provided
in opposed relation to the entire surface of the substrate W
held by the spin chuck 20.

[0079] Nitrogen gas temperature-controlled at a predeter-
mined temperature is supplied from a nitrogen gas supply
mechanism similar to that of the aforementioned embodi-
ment into the interior space of the housing 151. The open-
ings 153 are provided in the punched plate 152 at the bottom
surface of the housing 151 so as to have an even aperture
ratio. Thus, the nitrogen gas supplied to the interior of the
housing 151 is uniformly ejected from the openings 153 of
the punched plate 152. As a result, the nitrogen gas is
supplied from the gas nozzle 150 so that the flow rate thereof
per unit area is constant over the entire surface of the
substrate W, as in the aforementioned embodiment. Func-
tions and effects similar to those of the aforementioned
embodiment are produced by blowing nitrogen gas from the
gas nozzle 150 onto the solidified body 7 on the front surface
of the substrate W in the sublimating step. Thus, the front
surface of the substrate W is dried well while the collapse of
the pattern formed on the front surface of the substrate W is
prevented.

[0080] A plate provided with a plurality of ring-shaped
concentric slits having different diameters may be disposed
in place of the punched plate 152 provided with the openings
153. In short, it is only necessary to provide a gas nozzle
configured to supply nitrogen gas so that the flow rate
thereof per unit area is constant over the entire surface of the
substrate W held by the spin chuck 20.

[0081] Also, a substrate becoming subject to the processes
by the technique according to the present invention is not
limited to a semiconductor wafer, but may be a glass
substrate for use in a flat panel display for a liquid crystal
display apparatus and the like, and a substrate for a solar
cell.

INDUSTRIAL APPLICABILITY

[0082] The technique according to the present invention is
advantageously applicable to a substrate drying method and
a substrate drying apparatus which form a solidified body of
a processing liquid containing a sublimable material on a
front surface of a substrate such as a semiconductor wafer
and supply a drying gas to the solidified body to sublimate
the solidified body.

EXPLANATION OF REFERENCE SIGNS

[0083]
[0084]

1 Substrate drying apparatus
5 Liquid film
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[0085] 7 Solidified body

[0086] 9 Protrusions

[0087] 26

[0088] 10 Chamber

[0089] 20 Spin chuck

[0090] 25 Lower processing liquid supply pipe
[0091] 30 Processing liquid nozzle
[0092] 50, 150 Gas nozzles

[0093] 51 Central supply passage
[0094] 52 Buffer space

[0095] 53 Central orifice

[0096] 54 Annular orifice

[0097] 63 Deionized water supply part
[0098] 64 Cooling unit

[0099] 75 Drying liquid supply part
[0100] 81 Nitrogen gas supply part
[0101] 88 Temperature control unit
[0102] 90 Controller

[0103] 152 Punched plate

[0104] 153 Openings

[0105] W Substrate

1. A substrate drying method for removing a liquid

adhering to a front surface of a substrate, comprising:

a supplying step for supplying a processing liquid con-
taining a sublimable material to the front surface of said
substrate to form a liquid film of said processing liquid;

a solidifying step for solidifying said liquid film of said
processing liquid formed on the front surface of said
substrate into a solid; and

a sublimating step for supplying a drying gas to said solid
formed on the front surface of said substrate to subli-
mate said solid,

wherein said drying gas is supplied in said sublimating
step so that the flow rate thereof per unit area is
constant over the entire surface of said substrate.

2. The substrate drying method according to claim 1,

wherein

a fluid at a temperature lower than the solidifying point of
said sublimable material is supplied to a back surface of
said substrate to solidify said liquid film in said solidi-
fying step.

3. The substrate drying method according to claim 1,

further comprising

a temperature controlling step for increasing the tempera-
ture of said substrate to an ambient temperature or
above after said solid is sublimated.

4. The substrate drying method according to claim 1,

wherein

said sublimable material is 1,1,2,2,3,3,4-heptafluorocy-
clopentane.

5. A substrate drying apparatus for removing a liquid

adhering to a front surface of a substrate, comprising:

a liquid supply part for supplying a processing liquid
containing a sublimable material to the front surface of
said substrate to form a liquid film of said processing
liquid;
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a solidified body forming part for solidifying said liquid
film of said processing liquid formed on the front
surface of said substrate into a solid; and

a gas supply part for supplying a drying gas to said solid
formed on the front surface of said substrate to subli-
mate said solid,

wherein said gas supply part supplies said drying gas so
that the flow rate thereof per unit area is constant over
the entire surface of said substrate.

6. The substrate drying apparatus according to claim 5,

wherein

said gas supply part includes

an annular orifice of a ring-shaped configuration for
ejecting said drying gas toward a peripheral portion of
said substrate in a spreading manner, and

a central orifice provided at the center of said annular
orifice and for ejecting said drying gas toward a central
portion of said substrate in a spreading manner.

7. The substrate drying apparatus according to claim 5,

wherein

said gas supply part includes

a punched plate provided in opposed relation to the entire
surface of said substrate and including a plurality of
openings for ejecting said drying gas so as to have an
even aperture ratio.

8. The substrate drying apparatus according to claim 5,

wherein

said solidified body forming part supplies a fluid at a
temperature lower than the solidifying point of said
sublimable material to a back surface of said substrate
to solidify said liquid film.

9. The substrate drying apparatus according to claim 5,

further comprising

a temperature controlling part for increasing the tempera-
ture of said substrate to an ambient temperature or
above after said solid is sublimated.

10. The substrate drying apparatus according to claim 5,

wherein

said sublimable material is 1,1,2,2,3,3,4-heptafluorocy-
clopentane.

11. The substrate drying method according to claim 1,

wherein

said drying gas is supplied in said sublimating step so that
2nr:N is constant over the entire surface of said sub-
strate where N is the total flow rate of said drying gas
blown onto the circumference of a circle having a
distance r from the center of said substrate.

12. The substrate drying apparatus according to claim 5,

wherein

said gas supply part supplies said drying gas so that 2r:N
is constant over the entire surface of said substrate
where N is the total flow rate of said drying gas blown
onto the circumference of a circle having a distance r
from the center of said substrate.
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