USOORE36731E
United States Patent .9 111] E Patent Number: Re. 36,731
Fukuda et al. [45] Reissued Date of Patent:  Jun. 13, 2000
(54] METHOD OF FORMING PATTERN AND (56] References Cited
PROJECTION ALIGNER FOR CARRYING
OUT THE SAME U.S. PATENT DOCUMENTS

1,927,925  9/1933 Dieterich .
4,561,773 12/1985 Sato .
4592650 6/1986 Tabarelli et al. .

|75] Inventors: Hiroshi Fukuda, Kokubunji; Norio
Hasegawa; Toshihiko Tanaka, both of

Tokyo; Toshiei Kurosaki, Kodaira, all 4,690,529 9/1987 Sugiyama et al. .

of Japan 4,811,055 3/1989 Hirose .
73] Assignee: Hitachi, Ltd., Tokyo, Japan FOREIGN PATENT DOCUMENTS
21]  Appl. No.: 08/190,580 58-17446  2/1983  Japan .

22| Filed: Feb. 2, 1994 Primary Examiner—David M. Gray

Related U.S. Patent Documents Attorney, Agent, or Firm—Antonelll, Terry, Stout & Kraus,
Reissue of: LLP
|64] Patent No.: 4,992,825 57] ABSTRACT
Issued: Feb. 12, 1991
Appl. No.: 07/369,150 An area on a photoresist film which 1s formed on a substrate
Filed: Jun. 21, 1989 surface having a topography, 1s exposed a plurality of times
U.S. Applications: in such a manner that the 1mage plane of a mask pattern 1s

formed at a plurality of positions which are spaced apart
[60] Continuation of application No. 07/869,165, Apr. 16, 1992, from a reference plane in the substrate in the direction of an

glﬁllimedi 6’*’111152715 Ifl tdi;isioilgoﬁfgaggéication No. 07/083, optical axis, and then the photoresist film 1s developed to
» Alg. Y5 , LAk NO- F,007,757, form a resist pattern. According to the above method, the
[30] Foreign Application Priority Data ciiective focal depth of the projection aligner used 1is

enhanced, and moreover the reduction of the 1mage contrast

Aug. 8, 1986  [IP]  Japan ..ooeeeeeeeeereeeneene. 61-185087 1 ihe bhotoresist film is very small by the plural exposure
Sep. 5, 1986  [IP] Japan .....ccooovvvvvviiniinninnnnnne. 61-207835 : .
operations. Accordingly, a fine pattern can be formed accu-
51] Int. CL7 e, GO03B 27/42 rately on the substrate surface having the topography.
52] US.Cl o, 355/53; 355/77
58] Field of Search ................................... 355/43, 53, 77 15 Claims, 3 Drawing Sheets

MULTI
EXPOSURE

CONTROL
2|



U.S. Patent Jun. 13, 2000 Sheet 1 of 3 Re. 36,731

F1G. |
10,
O
0.8 A
0.6
a Iﬂk--A\\‘

IMAGE CONTRAST

N lu\
O 7,
0-5\4/3-2-1 O | 2 5 6
POSITION ALONG LIGHT AXIS  (pm)

FI1G. 2a

FIG. 2b




Re. 36,731

Sheet 2 of 3

Jun. 13, 2000

U.S. Patent

38 QL NOILISOd ANV

3UNSOdX3 puc

(INVId "TWO04 4O ONILL3S -3}
NOILLO3MIQ -7
NI 31vd1S8NS Vv 9NINOILISOd

JHNSOdX3 181

(INVId TvO04 40 ONILLES)
NOILO3HId -7
NI 31vHLISENS ¥V ONINOLLISOd

( 31vHISENS NO
V34V NSOdX3 40 9NLLLTS)

SNOILO3NHIO -A ONV -X
NI JIVHISENS V ONINOLLISOd

b 91

S3A

IC

OH1INOD
JHNSOdX3
|LINWN

431lNd
-WOD

Ll

,
_
,
,

8l

¢ 914



U.S. Patent Jun. 13, 2000 Sheet 3 of 3 Re. 36,731

FIG. Sa FI1G. Sb

|2 12
23
/ A\ 24 24 23




Re. 36,731

1

METHOD OF FORMING PATTERN AND
PROJECTION ALIGNER FOR CARRYING
OUT THE SAME

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application is a continuation of application Ser. No.
07/809,1605, filed on Apr. 16, 1992, now abandoned, which
Is a reissue application of U.S. Pat. No. 4,992,825 which 1s
a division of Ser. No. 083,211 filed Aug. 10, 1987, now U.S.
Pat. No. 4,869,999,

BACKGROUND OF THE INVENTION

The present mnvention relates to a pattern forming method
for use 1n fabricating a semiconductor device, a magnetic
bubble device, a superconductive device and others, and a
projection aligner for carrying out the method.

As 1s well known, a projection exposure method 1s widely
used for forming fine patterns such as a wiring pattern in a
semiconductor device and a transfer pattern 1n a magnetic
bubble device. Specifically, a reduction projection exposure
method 1s very useful 1n forming a fine pattern. In the
projection exposure method, however, the depth of focus or
the focal depth of an exposure optical system 1s greatly
dependent upon the numerical aperture of a projection lens
and an exposure wavelength. The focal depth of the projec-
fion lens 1s inversely proportional to the square of the
numerical aperture thereof. When the numerical aperture 1s
made large to improve a resolution limit, the focal depth 1s
decreased. Thus, 1t 1s not easy to solve difficulties due to the
field curvature of the projection lens and the topography of
a substrate surface. A problem which arises 1n forming a
relatively fine pattern on a substrate surface having a dif-
ference in level (that is, a topography), has hitherto been
solved by smoothing the substrate surface through the
well-known multi-layer resist scheme. However, it 1s impos-
sible to make completely flat the topography due to a
large-area pattern by the above method, and thus the 1mage
of mask pattern inevitably becomes fuzzy at the top or
bottom of the topography.

The multi-layer resist method i1s described 1n, for
example, the Journal of Vacuum Science and Technology,
B-1((4), 1983, pages 1235 to 1240. Further, various reduc-

fion projection aligners are shown in the Semiconductor
World, June, 1984, pages 110 to 114, and other publications.

Furthermore, Japanese patent application No. JP-A-58-
17,446 discloses the following method. That 1s, when a fine
pattern 1s formed on a substrate through the reduction
projection exposure method, an exposure operation 1S per-
formed 1n a state that the substrate, a mask, or an opfical
system vibrates 1n the direction of optical axis of the optical
system, to reduce variations in feature size of the fine
pattern.

With the recent increase 1n the integration density of
semiconductor mtegrated circuit, the pattern on a semicon-
ductor 111tegrated circuit 1s made fine, and the unevenness or
difference in level (namely, the difference in height between
the top and the bottom of the topography) of the substrate
surface 1s made large. Accordingly, 1t 1s required to devise an
appropriate countermove for the large unevenness or level
difference. In a case where the projection exposure method
1s used for pattern formation, in order to form a fine pattern
accurately on a substrate surface having large unevenness or
a large level difference, 1t 1s necessary to make very large the
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focal depth of a reduction projection aligner used. However,
when the numerical aperture of a projection lens 1s made
large to improve a resolution limit, the focal depth of the
aligner becomes small. Further, owing to the field curvature
of the projection lens, the 1mage plane of a mask 1s not a
perfect plane. Accordingly, 1t 1s very difficult to form the
image of a mask pattern accurately at the top and the bottom
of the topography of an exposure areca of a substrate surface.

Further, as has been already described, it 1s impossible to
make completely flat the topography of a substrate surface
due to a large-area pattern, by the multi-layer resist method.
Even 1f the topography 1s made completely flat, it will be
very difficult to form a fine pattern accurately on the
substrate surface, since the field curvature of a projection
lens makes 1t impossible to make the image plane of a mask
pattern coincident with the substrate surface.

Further, according to the method, in which an exposure
operation 1s performed 1n a state that a substrate or a mask
and an optical system vibrate in the direction of an optical
axis, 1t 1s possible to form the 1mage of a mask pattern at the
top and bottom of the topography of a substrate surface.
However, 1t has been found by the mventors’ investigation
that when an exposure operation 1s performed 1n a state that
a substrate, a mask, or an optical system vibrates in the
direction of an optical axis, the image of the mask formed on
the substrate 1s extremely small mn contrast, and thus 1t 1s
very difficult to form a fine pattern very accurately by
developing a photoresist film which has been 1rradiated in
accordance with the above image. The reason for this 1s not
clear, but 1t 1s considered that when an exposure operation 1s
performed 1n a state that one of the substrate, or the mask
and the optical system vibrates 1n the direction of the optical
axis, an exposure period corresponding to the upper and
lower portions of the amplitude of the vibration is far shorter
than an exposure period corresponding to a central portion
of the amplitude, a fuzzy image of the mask i1s formed
strongly at the top of the topography of a substrate surface,
for example, and the fuzzy 1mage reduces the 1mage contrast
in a great degree.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a pattern
forming method which can solve the above-mentioned prob-
lems of the prior art and can form a fine pattern accurately
on a substrate surface having a large level difference.

Another object of the present mnvention 1s to provide a
pattern forming method which can form the high-contrast
image of a mask pattern on a substrate surface having a large
level difference.

A further object of the present invention 1s to provide a
pattern forming method, in which even when a projection
lens having a large numerical aperture 1s used, the effective
focal depth of an optical projection system 1s not decreased,
but the 1mage of a mask pattern 1s formed accurately at the
top and the bottom of the topography of a substrate surface.

In order to attain the above objects, according to the
present 1nvention, an exposure operation for exposing a
photoresist film through a mask 1s performed successively or
at the same time at different positional relations in the
direction of an optical axis between the photoresist film and
the image plane of a mask pattern (that is, a plane containing
that 1image of mask pattern which i1s in focus). In other
words, a first exposure operation 1s performed 1n a state that
the image plane of the mask pattern is formed at the top (or
bottom) of the topography of a substrate surface or in the
vicinity of the top (or bottom), and a second exposure
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operation 1s performed 1n a state that the 1mage plane of the
mask pattern is formed at the bottom (or top) of the
topography or in the vicinity of the bottom (or top). In a case
where a substrate surface has a highly-elevated topography
(that 1s, a large difference in level), a third exposure opera-
fion 1s additionally performed 1n a state that the image plane
of the mask pattern 1s formed at an intermediate position
between the top and bottom of the topography.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph for explaining the principle of the
present mvention.

FIGS. 2a and 2b are sectional views showing the posi-
tional relations between a substrate and the 1image plane of
a mask pattern according to the present invention.

FIG. 3 1s a block diagram showing an example of a
projection aligner according to the present mvention.

FIG. 4 1s a flow chart for explaining the operation of the
projection aligner of FIG. 3.

FIGS. 5a and 5b are schematic diagrams showing expo-
sure operations which are performed at different positional
relations between a substrate and the image plane of a mask
pattern in accordance with the present invention.

FIGS. 6a and 6b are timing charts for explaining the
double exposure operation according to the present inven-

fion and a single exposure operation according to a conven-
fional method.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

It has been found by the inventors” investigation that the
ciiective focal depth of an exposure optical system can be
increased by overlapping a plurality of light beams having
image points at different positions on an optical axis, and
thus the 1mage of a mask pattern can be formed accurately
in a region between the top and the bottom of the topography
of a substrate surface. The term “1mage point” indicates a
point on the conjugate plane of the mask pattern with respect
to the exposure optical system. Accordingly, when an expo-
sure operation for exposing a substrate coated with a resist
layer to exposure light through a mask 1s performed a
plurality of times at different positional relations in the
direction of the optical axis between the resist layer and the
image plane of a mask pattern, or when exposure operations
at the different positional relations are simultaneously
performed, the 1image of the mask pattern can be accurately
formed not only at the top and the bottom of the topography
of a substrate surface but also at an intermediate position
between the top and the bottom of the topography. Thus, a
fine pattern can be formed accurately all over the topogra-
phy.

Furthermore, according to the present invention, a plu-
rality of positions on the optical axis which are separated
from each other, are previously set, and the exposure opera-
fion 1s performed only when a reference plane 1n the
substrate or the 1mage plane of the mask pattern 1s placed at
cach of the above positions. Accordingly, unlike the con-
ventional method, 1n which an exposure operation 1s per-
formed 1n a state that a substrate vibrates in the direction of
optical axis, there 1s no fear of a substrate surface receiving
a large quanfity of light in a state that the 1mage plane of a
mask pattern 1s formed 1n a region between the top and the
bottom of the topography of the substrate surface, that 1s,
light incident on the substrate surface in the above state does
not exist, or 1s very little, if any. Hence, the image of mask
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pattern formed on the substrate surface 1s excellent in
contrast, and thus a fine pattern can be formed accurately on
a substrate surface having a highly-elevated topography.

FIG. 1 shows relations between the distance on an optical
axis and the 1mage contrast at a plane perpendicular to the
optical axis for a case where an exposure operation for
exposing the substrate surface to exposure light through a

mask having a mask pattern corresponding to a 0.7 um
line-and-space pattern to be formed on a substrate 1s per-
formed only once, and for a case where the above exposure
operation 1s performed twice 1n such a manner that the image
plane of the mask pattern is formed at two positions in (or
over) a substrate which are separated apart from each other
in the direction of the optical axis. In FIG. 1, curve a
indicates a case where the exposure operation 1s performed
only once, and curves b, ¢ and d indicate cases where the
exposure operation 1s performed twice and the distance
between two positions, at which the image plane of the mask
pattern 1s formed, 1s made equal to 3 um, 3.5 um and 5 um,
respectively. Further, in FIG. 1, the origin on the optical axis
1s given by the 1ntersection of the optical axis and that image
plane of the mask pattern which 1s formed when the expo-
sure operation 1s only once, or by the center between the
intersections of the optical axis and those 1mage plane of the
mask pattern which are formed when the exposure operation
1s performed twice. When the exposure operation 1s per-
formed twice 1n such a manner that an 1mage point of a mask
pattern 1s formed at different positions as shown in FIGS. 2a
and 2b, the 1mage contrast at a substrate surface becomes
weaker as compared with a case where the exposure opera-
tion 1s performed only once, but can take a value greater than
a predetermined value 1in a wide range 1n the direction of the
optical axis. However, when the distance between the image
planes of mask pattern formed 1n the above manner 1s made
too large, the 1mage contrast at the central plane between the
image planes 1s lowered. Accordingly, by appropriately
selecting the distance between the image planes, the 1mage
contrast exceeding a predetermined value can be obtained 1n
a desired range i1n the direction of the optical axis. An
increase 1n elfective focal depth of an exposure opftical
system obtained by the present invention 1s determined by a
resist material, a developer, a contrast enhancing material,
and the lower limit of 1image contrast capable of delineating
a desired pattern. Referring to FIG. 1, 1n a case where the
distance between the 1mage planes of the mask pattern 1is
made equal to 3.5 um to obtain the curve ¢, when the lower
limit of 1mage contrast 1s equal to 0.5, the increase in
eifective focal depth of the exposure optical system 1s 45%.
When the lower limit of 1mage contrast 1s equal to 0.4, the
increase 1n effective focal depth 1s about 70%. Further, when
the exposure operation 1s performed three times 1n such a
manner that the image plane of the mask pattern 1s formed
at three different positions, the increase 1n effective focal

depth 1s about 150%.

In order to delineate a pattern accurately on a resist {ilm
at the top and the bottom of the topography of a substrate
surface existing 1n an exposure area, it 1s desirable to make
an 1mage contrast greater than a lower limit 1n a range 1n the
direction of optical axis which 1s determined by the field
curvature of projection lens, the flatness of the substrate
surface and the distance between the top and the bottom of
the topography of the substrate surtace. It 1s needless to say
that the lower limit of the 1mage contrast 1s dependent upon
a developing operation, an exposure method and others.

For example, 1n a case where a confrast enhancement
lithographic method (namely, CEL operation) is used, the
lower limit of 1image contrast 1s about 0.3, that 1s, a favorable
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resist pattern can be formed by making the image conftrast
orcater than 0.3. In a case where a high-vy resist such as the
TSMR 8800 (trade name) manufactured by Tokyo Ohika
Kogyo Co. Ltd. and having a y-value of 3.0 or more 1s used,
it 1s desirable to put the 1mage contrast higher than 0.3 or 0.5.
Further, in a case where an ordinary resist such as the MP
1300 (trade name) manufactured by Shipley Co is used, it 1s
desirable to put the image contrast higher than 0.8 or 0.9.
While, 1n the projection exposure method, the 1mage con-
tfrast can be kept at a favorable level only 1n the vicinity of
the 1mage plane of a mask pattern, and the 1mage contrast at
a plane decreases abruptly when the distance between the
plane and the 1mage plane becomes large.

The 1mage contrast which 1s obtained by performing an
exposure operation a plurality of times in such a manner that
the 1mage plane of a mask pattern 1s formed at a plurality of
positions in (or over) a substrate which are spaced apart from
cach other 1n the direction of an optical axis, 1s about the
means value of i1mage contrasts each obtained by one
exposure operation. Accordingly, even 1n a case where 1t 1s
impossible to obtain a desired 1mage contrast 1in a predeter-
mined range in the direction of the optical axis by one
exposure operation, the desired image contrast can be
obtained 1n the predetermined range by performing a plu-
rality of exposure operations in such a manner that the image
plane of the mask pattern are formed at a plurality of
positions in (or over) the substrate which are spaced apart
from each other 1n the direction of the optical axis.

EMBODIMENT I

An embodiment of the present invention will be explained
below, with reference to FIGS. 2a and 2b.

As shown 1n FIG. 2a, a photoresist layer 2 1s formed on
a silicon substrate 1. Thereafter, the 1mage of a mask pattern
1s formed on the photoresist layer by a projection aligner
(not shown), and then the photoresist layer is developed. In
the above, exposure 1s carried out 1n the following manner.
Referring to FIG. 2a, a first exposure operation 1s performed
in a state that an image point of a mask (not shown) due to
light b 1s formed at a point 3 (hereinafter referred to as “first
image point™). Then, a stage mounted with the substrate 1 is
moved 1n the direction of an optical axis till the above 1mage
point reaches a position 4 1n the substrate 1, as shown 1n FIG.
2b, and a second exposure operation 1s performed. The point
4 will hereinafter referred to as “second i1mage point”.
Incidentally, the RA101HL-type reduction projection
aligner manufactured by Hitachi Ltd., 1s used as the above
projection aligner. In order to find effective focal depth,
exposure was carried out for many values of the distance
between the first image point 3 and the substrate 1 in the
direction of the optical axis while fixing the distance
between the first and second 1image points to 3.5 um, and 1t
was found that the positional range of the first image point
capable of delineating a 0.7 um line-and-space pattern
accurately, that 1s, the effective focal depth for this pattern
was about 6 um. While, the focal depth according to the
conventional method, 1n which only one exposure operation
was performed, was about 3.5 um. That 1s, the present
invention can increase the focal depth by about 70%.

Further, in a case where the substrate 1 had a topography
at the surface thereof, when the distance between the top and
the bottom of the topography exceeded about 1.6 um, it was
impossible to delineate the above pattern accurately by the
conventional method. According to the present embodiment,
even when the distance between the top and the bottom of
the topography exceeded 4.0 um, 1t was possible to delineate
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the pattern accurately. That 1s, according to the present
embodiment, the above pattern can be formed accurately on
a substrate surface having a topography three times higher
than that allowed 1n the conventional method.

In the above embodiment, the TSMR 8800 (trade name)
manufactured by Tokyo Ohka Kogyo Co. Ltd. was used for
forming the photoresist layer 2. However, the photoresist
layer 1s not limited to the TSMR 8800, but may be made of

positive resist materials such as the MP 1400 (trade name)
manufactured by Shipley Co., the OFPR 5000 (trade name)

manufactured by Tokyo Ohka Kogyo Co. Ltd., and the AZ
1300 SFD (trade name) manufactured by Hochst A.G.

Further, the photoresist layer may be made of negative resist
materials belonging to the polyvinyl-phenol group such as
the RD 2000 N (trade name) and the RU 1000 N (trade
name) both manufactured by Hitachi Chemical Co. Ltd., or
made of a negative resist material belonging to a cyclorub-
ber group such as the CBR (trade name) manufactured by
Japan Synthetic Rubber Co. Ltd. Further, in the present
embodiment, a projection lens had a numerical aperture of
0.42, and an exposure wavelength was 365 nm. However,
even when the projection lens had a different numerical

aperture and the exposure wavelength had a different value,
the remarkable effect of the present embodiment was
obtained. Furthermore, in the present embodiment, the
image plane of a mask pattern was formed at two different
positions in (or over) the substrate by displacing the sub-
strate 1n the direction of an optical axis. Alternatively, the
image plane of the mask pattern may be formed at different
positions by moving a reticle having a mask pattern in the
direction of the optical axis, by introducing a transparent
material different in refractive index from air into an expo-
sure optical system, by changing the atmospheric pressure 1n
the whole or a portion of the exposure optical system, by
using a lens having a multiple focal point, by overlapping
light beams from a plurality of exposure optical systems
which form the 1image plane of a mask pattern 1n different
planes, or by using different wavelengths or a continuous
wavelength 1 the same exposure optical system.

EMBODIMENT II

A pattern 1s formed on a substrate by the well-known,
three-layer resist method. That 1s, an organic film, an 1nor-
ganic 11lm and a resist film are formed as the bottom, middle
and top layers of a three layer structure on the substrate,
respectively. The organic film serving as the bottom layer 1s
formed in such a manner that the PB 3900 B (trade name)
manufactured by Hitachi Chemical Co. Ltd. 1s applied on the
substrate by spin coating, and then subjected to a heat
treatment at about 200° C. Alternatively, the bottom layer
may be formed of any one of various films which can be
used as the bottom layer 1n the three-layer resist method such
as a heat-treated ordinary resist film and a poly-imide film.
The 1norganic film serving as the middle layer 1s formed of
an Si0, layer which is obtained by the SOG (spin on glass)
method. Alternatively, the middle layer may be formed of
any one of various films capable of acting as the middle
layer in the three-layer resist method such as an S10., film
due to chemical vapor deposition, an S10, film due to
sputtering, an S1N__{ilm due to plasma deposition and a TiO_
film due to plasma deposition.

Next, as 1n the EMBODIMENT I, an exposure operation
1s performed twice 1n such a manner that the image plane of
a mask pattern 1s formed at different positions, and then
development 1s carried out to form a resist pattern 1n the top
layer.

The cross-sectional profile of the resist pattern thus
obtained 1s slightly rounded, as compared with that 1n a
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conventional method including only one exposure operation,
but the resist pattern can act satistactorily as a mask for
patterning the inorganic film (namely, middle layer). Thus,
a favorable final pattern can be formed without being
affected by the rounded cross-sectional profile of the resist
pattern. Similarly to the EMBODIMENT I, the focal depth
in the present embodiment was about 1.8 times larger than
the focal depth in the three-layer resist method using only
one exposure operation. As mentioned above, 1n the present
embodiment, the three-layer resist method 1s combined with
the present 1nvention to increase the focal depth without
degrading the pattern formed 1n the bottom layer.

EMBODIMENT III

The photoresist layer in the EMBODIMENT 1 1s coated
with a well-known contrast enhancing material which 1s
varied 1n light transmissivity when irradiated with ultraviolet
rays so as to improve the image confrast at the material.
Then, as in the embodiment I, an exposure operation 1is
performed twice 1in such a manner that the image plane of a
mask pattern 1s formed at different positions. According to
the present embodiment, the roundness 1n the cross-sectional
profile of resist pattern and a reduction in the remaining film
thickness are greatly suppressed. Thus, in a wide range 1n the
direction of an optical axis, the cross-sectional profile of a
resist pattern and the remaining film thickness are substan-
fially the same as 1n a case where a resist pattern 1s formed
in the best focal position 1n a conventional method.

The cross-sectional profile of a resist pattern can be
improved not only by the contrast enhancing material but
also by a high-contrast process in which a high-contrast
developer or high-contrast resist material 1s used.

According to the present embodiment, even when the
distance between the first and second i1mage points was
made greater than 3.5 um, the degradation of the cross-
sectional profile of resist pattern and the reduction in the
remaining {ilm thickness were prevented by the contrast
enhancement effect, and thus a practically usable pattern was
formed m a wide range 1n a direction parallel to an optical
axis. When the contrast enhancing method and the present
invention were combined with the three-layer resist method,
the focal depth, the dimensional accuracy and the cross-
sectional profile of resist pattern were further improved, and
a favorable pattern was formed.

Further, when the exposure operation was performed
three times 1 such a manner that the 1image plane of a mask
pattern was formed at three different positions which were
disposed at intervals of 3.5 um along the optical axis, the
elfective focal depth was about 2.5 times larger than that in
the conventional method. The multiple exposure, in which
the 1mage plane of a mask pattern was formed at a plurality
of different positions, was very effective for 1solated trans-
parent portion of a mask such as a hole (or aperture) pattern
and a groove pattern (space pattern), and improved the focal
depth specifically 1n these cases.

The present invention was used for various mask patterns,
and 1t was found that the focal depth was made largest by
making the distance between the first and second image
points nearly equal to a focal depth i1n the conventional
method.

In the conventional method, the focal depth 1s dependent
upon the feature size and shape of a mask pattern.
Accordingly, the optimum distance between the first and
second 1mage points 1n the present invention 1s not limited
to the values mentioned 1n the EMBODIMENTS I and III,

but varies with the feature size of the mask pattern, and thus
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the most favorable result will be obtained by making the
distance between the first and second 1mage points nearly
equal to a most severe focal depth.

The CEL (contrast enhancement lithographic) method
using a contrast enhancing material 1s described 1n the IEEE
Electron Device Letter, Vol. EDL-4, No. 1, January, 1983,

pages 14 to 18.

According to the present invention, 1n a case where two
patterns (for example, contact holes) independent of each
other are formed at the top and the bottom of a topography,
an exposure operation 1s performed 1n a state that the 1mage
plane of a mask 1s formed at one of the top and the bottom
of the topography, and then another exposure operation 1s
performed 1n a state that the 1mage plane 1s formed at the
other. When an exposure operation 1s performed 1n a state
that the 1mage plane of the mask 1s formed at one of the top
and the bottom of the topography, the other 1s also illumi-
nated with exposure light, but light incident upon the other
1s out of focus and does not disturb the formation of pattern
at the topography. In this case, the difference 1n height
between the top and the bottom of the topography and the
distance between the first and second 1mage points are not
subject to special limitations.

Accordingly, a fine pattern can be accurately formed at the
top and the bottom of a highly-elevated topography, though
it 1s 1impossible to obtain such an accurate pattern by the
conventional method. However, 1n a case where a continu-
ous pattern 1s formed between the top and the bottom of a
topography, for example, a wiring pattern 1s extended from
the surface of a thick insulating film formed on a substrate
surface to the substrate surface, when the distance between
the first and second 1mage points 1n a direction parallel to an
optical axis 1s made too large, the 1mage contrast at a region
corresponding to the center between the first and second
image points 1s decreased to a marked degree, as indicated
by a curve d m FIG. 1, and thus 1t becomes very difficult to
form a favorable pattern. Accordingly, in a case where the
difference 1n height between the top and the bottom of a
topography 1s so large that 1t 1s obliged to perform an
exposure operation twice 1n such a manner that the image
plane of a mask pattern 1s formed at different positions
which are spaced apart from each other a long distance, it 1s
preferable to increase the number of exposure operations
and to shorten the distance between the different positions,
that 1s, the distance between adjacent 1mage points. The
distance between adjacent 1mage points for obtaining a
favorable result 1s dependent upon the optical condition such
as numerical aperture, exposure wavelength, the kind of
resist material used, a developing condition, and the feature
size of a pattern to be formed. However, when the distance
between adjacent image points 1s made less than about 3.5
um, a fine pattern having a line width of 0.5 um or less can
be formed accurately on a substrate surface having a highly-
clevated topography. When the distance between adjacent
image points 1s made too small, the effect of the present
invention 1s lost. Accordingly, 1t 1s desirable to make the
distance between adjacent 1mage points greater than or equal
to 1 um. Preferably, the distance between adjacent image
points 1s put 1n a range from 1 to 3.5 um.

EMBODIMENT IV

FIG. 3 shows an embodiment of a projection aligner
according to the present invention. Referring to FIG. 3, the
present embodiment 1s made up of a reticle 11, an optical
system 12 for projection, a substrate stage including an X-Y
stage 13 and a Z-stage 14 (where a Z-direction is parallel to
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the optical axis of the present embodiment, and X- and
Y-directions are defined mm a plane perpendlcular to the
optical axis), an X-Y sensor 15 for detecting the position of

[

the X-Y stage 13, a Z-sensor 16 for detecting the position of

[

the Z-stage 14, a control system for controlling the whole of
the present embodiment, and various elements used for
operating an ordinary projection aligner. The control system
includes a computer 17 for controlling various operations in
the present embodiment, a shutter control system 18 for
opening and shutting an exposure shutter on the basis of a
command from the computer 17, an X-Y stage control
system 19 for moving the X-Y stage to a specified position,
a Z-stage control system 10 for moving the Z-stage to a
specifled position, and a multi-image using exposure control
system 21 for instructing the movement of a substrate 1n the
direction of the optical axis and for issueing a command to
the shutter control system 18. The computer 17 and the
systems 18, 19, 10 and 21 are connected to one another
through a bus.

Exposure areas on a substrate and an exposure mode for
cach exposure area are previously stored 1n the computer 17.
The term “exposure mode” means the number of positional
relations between a substrate and the image plane of the
reticle 11 which are used in performing a plurality of
eXposure operatlons for the same position on the substrate,
the position of the image plane on the optical axis, and the
quantity of light incident on the image plane at each posi-
tional relation. In a case where the exposure modes for a
plurality of exposure arcas indicate the use of a single
positional relation between the substrate and the image
plane, the computer 17 performs an exposure operation for
the exposure areas 1n accordance with the ordinary step and
repeat method. In a case where the exposure mode for an
exposure areca indicates the use of two or more positional
relations, the computer 17 drives the X-Y stage 13 through
the control system 19 so that the above exposure area of the
substrate 1s moved to the exposure position of the present
embodiment, and then exposure operations are performed in
accordance with an exposure sequence given by the multi-
image using exposure control system 21. FIG. 4 shows the
operation sequence of the present embodiment for a case
where two positional relations between the substrate and the
image plane are used at every exposure area.

Next, the operation of the present embodiment will be
explained, with reference to FIG. 4. The multi-image using
exposure control system 21 drives the Z-stage 14 so that the
substrate 23 is disposed for an image point 24 (of the reticle
11) as shown in FIG. 5a. At this time, the substrate is moved
in the X- and/or Y-direction with the movement of the
Z-stage. However, the movement of the substrate in the X-
and/or Y-direction 1s fedback to the X-Y stage control
system 19 with the aid of the X-Y sensor 15, and thus the
X-Y stage 13 1s moved so as to compensate the movement
of the substrate 1n the X- and/or Y-direction. That 1s, the
substrate 1s moved only 1n the direction of the optical axis.
When 1t 1s confirmed that the substrate 1s located accurately
at a specified position, the multi-image using exposure
control system 21 instructs the shutter control system 18 to
perform a first exposure operation for a period which 1s
specified for the above positional relation between the
substrate and the 1mage point. After 1t has been confirmed
that the first exposure operation 1s completed, the multi-
image using exposure control system 21 again moves the
substrate 1n the direction of the optical axis so that the
substrate 23 1s disposed for the 1mage point 24 as shown 1n
FIG. 5b. Then, a second exposure operation 1s performed. In
a case where three or more positional relations between the
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substrate and the image point (that is, image plane) are used,
an exposure operation 1s performed each time one of the
positional relations 1s set. When the above processing for an
exposure area on the substrate 1s completed, the computer 17
drives the X-Y stage 13 so that the next exposure area on the
substrate 1s placed at the exposure position of the present
embodiment. FIG. 6a 1s a timing chart showing the above
sequence. As mentioned above, the multi-image using expo-
sure control system 21 moves the substrate 1n the Z-direction
and performs an exposure operation a plurality of times,
cach time the substrate 1s moved 1n the X- and Y-directions
to reach the exposure position of the present embodiment.
FIG. 6b shows a case where an exposure operation for every
exposure areca 1s performed only at a single positional
relation between the substrate and the image plane of the
reticle, by way of reference. In a conventional apparatus, an
exposure operation 1s performed only 1n the sequence of

FIG. 6b.

In the above explanation, an exposure operation 1S per-
formed after the Z-stage has been moved 1n the direction of
the optical axis. However, the multi-image using exposure
control system 21 can carry out the exposure operation and
the movement of the Z-stage at the same time.

Further, in the above explanation, after a plurality of
exposure operations have been performed for an exposure
arca on a substrate, the control system of the embodiment
moves the next exposure area on the substrate to the expo-
sure position of the present embodiment. However, 1n case
where the same exposure mode 1s applied to all the exposure
arcas on the substrate, it 1s not required to carry out the
exposure processing in the above sequence. For example, a
substrate surface 1s spaced from the image plane of the
reticle by -2 um 1n the direction of the optical axis, and then
the exposure operation 1s performed for all the exposure
arcas on the substrate surface by the step and repeat method.
Then, the substrate surface 1s spaced from the 1image plane
by +2 um 1 the direction of the optical axis, and the
exposure operation 1s again performed for all the exposure
arcas. It 1s needless to say that the substrate 1s fixed to the
Z-stage during the above processing.

The 1mages of a lattice pattern having a period of 1 um
and an aperture pattern having a diameter of 0.5 um were
formed on each of substrates having surface topographies
different 1n height. According to a conventional method, 1n
which an exposure operation was performed only at one
positional relation between the substrate and the 1image plane
of the reticle, the 1images of the above patterns were delin-
cated accurately at the top and the bottom of a topography,
provided that the difference in height between the top and
the bottom of the topography was less than 0.5 um. While,
according to the present embodiment, an exposure operation
was performed twice 1 such a manner that the image of the
reticle was formed at two positions which were disposed so
as to sandwich the surface of a resist film therebetween and
were spaced apart from each other a distance of 3 um 1n the
direction of the optical axis. In this case, the images of the
patterns were delineated accurately at the top and the bottom
of a topography having a height of 2 um. Further, for the
above aperture pattern, the 1mage of the aperture pattern was
delineated accurately at the top and the bottom of a topog-
raphy having a height of 10 um, by disposing the substrate
at three positions which were appropriately set at intervals of
3 um 1n the direction of the optical axis and by performing
an exposure operation 1n a state that the substrate was
disposed at each of the above positions.

The effect exhibited by the present embodiment 1s further
enhanced by using the multi-layer resist method, a high-
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contrast developer, a high-contrast resist material, and a
contrast enhancing material. In the present embodiment, the
positional relation between the substrate and the 1mage plane
of the reticle 1s varied by moving the substrate stage 1n the
direction of the optical axis. However, the present invention
1s not limited to the above method, but can use other
methods. For example, the distance between a reference
plane 1n the substrate and the image plane of the reticle may
be varied by changing the pressure of a gas which 1s
introduced 1nto a hermetically sealed region formed between
a pair of lenses, or by moving the reticle or a lens 1n the
direction of the optical axis.

Further, when a projection aligner using an excimer laser
as a light source was provided with the multi-image using a
exposure control system, the effective focal depth was
increased as 1n a case when a projection aligner using
ultraviolet rays such as the 1-line, the g-line, etc. carries out
a multi-image using exposure method. Thus, a problem
peculiar to an excimer laser projection aligner that the focal
depth was 1nsufficient, was solved.

Further, when the optical system for exposure was formed
of a telecentric system, the change in reduction ratio caused
by varying the position of the image plane of the reticle was
climinated, and thus the dimensional accuracy of a pattern
was 1mproved all over the surface of a semiconductor chip.

EMBODIMENT V

Another embodiment of a projection aligner according to
the present mvention 1s different from the embodiment
described 1n the EMBODIMENT 1V, 1n that a flat plate or
lens which 1s different 1n refractive index from air and made
of a transparent material for an exposure wavelength, 1s
inserted mto and withdrawn from the optical system. The
thickness and refractive index of the flat plate (or lens) and
the inclination of the flat plate (or lens) to the optical axis are
set or adjusted so that when the flat plate (or lens) is inserted
into the optical system, the 1mage plane of the reticle is
moved 1n the direction of the optical axis by a predetermined
distance. Further, 1n the present embodiment, a plurality of
flat plates (or lenses) which are different in thickness and
refractive index from each other, can be iserted into the
optical system, and thus the position of the 1image plane can
be varied by inserting all or some of the flat plates (or lenses)
into the optical system. The insertion of the flat plate (or
lens) into the optical system and the withdrawal of the flat
plate (or lens) from the optical system are controlled by the
multi-image using exposure control system described in the
EMBODIMENT IV. Accordingly, exposure can be made 1n
the following manner. That 1s, an exposure operation for an
exposure area 1s interrupted, and the flat plate (or lens) is
inserted 1nto the optical system to change the position of the
image plane of the reticle. The same experiments as
described in the EMBODIMENT IV were done by using the
present embodiment, and it was confirmed that the same
results as in the EMBODIMENT IV were obtained by the

present embodiment.

EMBODIMENT VI

A further embodiment of a projection aligner according to
the present invention 1s different from the embodiment
described in the EMBODIMENT 1V, in that the optical
system for exposure 1s disposed, as a whole, 1n a hermeti-
cally sealed vessel, and the pressure within the hermetically
scaled vessel can be changed rapidly to a desired value.
Thus, exposure can be made 1n the following manner. That
1S, an exposure operation for an exposure area 1s interrupted,
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and the pressure within the hermetically sealed vessel 1s
rapidly varied. Then, the exposure operation for the above
exposure area 1s again started. Thus, the position of the
image plane of the reficle 1s different between a period
before the interruption and a period after the interruption.
The pressure within the hermetically sealed vessel 1s con-

trolled by the multi-image using exposure control system
described 1n the EMBODIMENT IV. The same patterns as

described in the EMBODIMENT IV were formed by the
present embodiment, and it was confirmed that the same

results as in the EMBODIMENT IV were obtained by the
present embodiment.

As 1s evident from the above explanation, according to the
present invention, the effective focal depth 1n the projection
exposure method can be increased. Accordingly, even when
a projection lens having a large numerical aperture and
producing a field curvature 1s used and the topography of a
substrate surface has a large difference 1n height between the
top and the bottom thereof, a fine pattern can be formed
accurately on the substrate surface. An increase 1n focal
depth due to the present invention 1s dependent upon the
lower limit of i1mage contrast capable of delinecating a
desired pattern, and the above lower limit varies with the
material and process used. In a case where an exposure
operation 1s performed at two positional relations between a
substrate and the 1mage plane of a mask pattern 1n accor-
dance with the present invention, the focal depth 1s about
70% larger than that 1n a conventional method. Further, 1 a
case where an exposure operation 1s performed at three
positional relations between the substrate and the i1mage
plane of the mask pattern, the focal depth 1s about 150%
larger than that 1n the conventional method. Further, when
the contrast enhancement lithographic method and a high-v
photoresist material are used to enhance the image control,
the present invention can produce more favorable result.

Furthermore, even when a photoresist material showing,
the reciprocity law failure 1s used, the present invention can
produce favorable results. In this case, a change 1n solubility
of the photoresist caused by incident light 1s not proportional
to the quantity of light incident on the photoresist material.
That 1s, a change 1n solubility of the photoresist material
caused by an incident light quantity less than a threshold
value, 1s very small, and thus a sharp contrast can be
obtained by the above photoresist material.

We claim:

1. A reduction projection aligner comprising;:

first means for holding a mask having a predetermined
mask pattern;

an exposure shutter;
second means for controlling said exposure shutter;

a stage for holding a substrate on which a pattern 1s to be
formed;

third means for positioning said substrate at predeter-
mined plural positions;

an optical system for projecting said mask pattern on said
substrate;

fourth means for storing the number of 1mage planes or
said mask pattern, the positions of each said image
planes on an optical axis of said optical system and the
quantity of light mncident on each 1image plane; and

fifth means for controlling said second and third means
such that a plurality of said image planes of said mask
pattern are formed on said substrate spaced from each
other 1n the direction of said optical axis.
2. A reduction projection aligner according to claim 1,
wherein said third means includes means for moving said
stage 1n the direction of said optical axis.
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3. A reduction projection aligner according to claim 1,
wherein said third means comprises means for moving said
stage 1n directions defined 1n a plane perpendicular to said
optical axis.

4. A reduction projection aligner according to claim 1,
wherein said light comprises ultraviolet rays.

5. A reduction projection aligner according to claim 4,
wherein said ultraviolet light 1s selected from the group
consisting of 1-line and g-line.

6. A reduction projection aligner according to claim 1,
wherein said light 1s emitted from an excimer laser.

7. A reduction projection aligner comprising:

first means for holding a mask having a predetermined
mask pattern;

a stage for holding a substrate on which a pattern is to be
formed;

an exposure shutter;

an optical system for projecting said mask pattern on said
substrate;

second means for moving said stage in a direction of an
optical axis of said optical system;

third means for moving said stage in the directions
defined by a plane perpendicular to said optical axis;

fourth means for controlling said exposure shutter; and

fifth means for controlling said second and fourth means
such that said substrate i1s successively positioned at
predetermined plural positions spaced from each other
in the direction of said optical axis and said substrate 1s
subjected to a light exposure operation at each of said
plural positions.

8. A reduction projection aligner according to claim 7,
wherein said light comprises ultraviolet rays.

9. A reduction projection aligner according to claim 8,
wherein said ultraviolet rays 1s selected from the group
consisting of 1-line and g-line.

10. A reduction projection aligner according to claim 7,
wherein said light 1s emitted from an excimer laser.

11. A reduction projection aligner, comprising:

means for holding a mask having a predetermined mask
pattern;

a stage for holding a substrate, on which a pattern 1s to be
formed; an optical system for projecting said mask
pattern on the substrate; and

means for forming an 1image plane of the mask pattern at
plural positions spaced apart from each other in the
direction of the optical axis of said optical system, to
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perform an exposure operation 1n such a manner that
the 1mage plane of the mask pattern 1s formed at said
plural positions.

12. A reduction projection aligner according to claim 11,
wherein said means for forming the 1mage plane of said
mask pattern at the plural positions includes means for
moving the substrate in the direction of the optical axis, to
perform the exposure operation a plurality of times 1n such
a manner that the 1mage plane of said mask pattern 1s formed
at a plurality of positions spaced apart from each other 1n the
direction of the optical axis.

13. A reduction projection aligner according to claim 11,
wherein said means for forming the 1image planes of said
mask pattern at the plural positions includes means for
moving a lens of said optical system or said mask.

14. A reduction projection aligner comprising:

means for holding a mask having a predetermined mask
pattern;

a stage for holding a substrate on which a pattern is to be
formed,;

an optical system for projecting said mask pattern onto
the substrate;

means for moving said stage in a direction of an opftical
axts of said optical system; and

means for exposing light while holding said stage at
predetermined plural positions in the direction of the
optical axis for a predetermined time, respectively, to
perform an exposure operation in such a manner that
the image plane of the mask paitern is formed at the
plural positions with respect to the stage in the direc-
fion of the optical axis.

15. A reduction projection aligner comprising:

means for holding a mask having a predetermined mask
pattern;

a stage for holding a substrate on which a pattern is to be
formed,;

at least one optical system for projecting said mask
pattern onto the substrate; and

a means for forming an image plane of the mask pattern
at predetermined plural positions in the direction of an
optical axis of said optical system without moving satd
stage in a direction of said optical axis during an
exposure operation in such a manner that the image
plane of the mask pattern is formed at said plural
POSILLONS.
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