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(7) ABSTRACT

A method for forming a photomask including applying
photoresist to a semiconductor substrate, exposing a first
area of the photoresist to a first dosage of radiation, and
exposing a second area of the photoresist to a second dosage
of radiation. The first and second areas may be concurrently
exposed. First and second regions of the photoresist are then
removed to form first and second openings that have differ-
ent depths in the photoresist. Such removal may be effected
by developing the first and second areas of the photoresist.
One of the openings may extend down to an insulating layer
formed on the semiconductor substrate. A contact and/or
trench etch may be performed to remove a portion of the
insulating layer. Conductive material may then be deposited
in the opening so formed to form a contact, a via, or another
electrically conductive element that communicates with a
structure underlying the insulating layer.
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METHOD FOR REDUCING
PHOTOLITHOGRAPHIC STEPS IN A
SEMICONDUCTOR INTERCONNECT PROCESS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of application
Ser. No. 09/675,830, filed Sep. 29, 2000, pending, which is
a continuation of application Ser. No. 09/286,285, filed Apr.
5, 1999, now U.S. Pat. No. 6,127,096, issued Oct. 3, 2000,
which is a continuation of application Ser. No. 08/946,462,
filed Oct. 7, 1997, now U.S. Pat. No. 5,972,569, issued Oct.
26, 1999, which is a continuation of application Ser. No.
08/600,587, filed Feb. 13, 1996, now U.S. Pat. No. 5,741,
624, issued Apr. 21, 1998.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with United States Gov-
ernment support under Contract No. MDA972-92-C-0054
awarded by the Advanced Research Agency (ARPA). The
United States Government has certain rights in this inven-
tion.

BACKGROUND OF THE INVENTION

[0003] This invention relates to semiconductor processes
for connecting one layer of a semiconductor wafer to
another layer of a semiconductor wafer and, more particu-
larly, to a method for reducing the number of photolitho-
graphic steps in processes connecting one layer of a semi-
conductor wafer to an upper layer of the semiconductor
wafer.

[0004] Semiconductor devices, also called integrated cir-
cuits, are mass produced by fabricating hundreds of identical
circuit patterns on a single semiconductor wafer. During the
process, the wafer is sawed into identical dies or “chips.”
Although commonly referred to as semiconductor devices,
the devices are fabricated from various materials, including
conductors (e.g., aluminum, tungsten), non-conductors (e.g.,
silicon dioxide) and semiconductors (e.g., silicon). Silicon is
the most commonly used semiconductor, and is used in
either its single crystal or polycrystalline form. Polycrystal-
line silicon is often referred to as polysilicon or simply
“poly.” The conductivity of the silicon is adjusted by adding
impurities—a process commonly referred to as “doping.”

[0005] Within an integrated circuit, thousands of devices
(e.g., transistors, diodes) are formed. Typically, contacts are
formed where a device interfaces to an area of doped silicon
and, more specifically, are formed to connect metal 1 layers
with device active regions. Vias typically are formed to
connect metal 2 and metal 1 layers. Also, interconnects
typically are formed to serve as wiring lines interconnecting
the many devices on the IC and the many regions within an
individual device. These contacts and interconnects are
formed using conductive materials.

[0006] The integrated circuit devices with their various
conductive layers, semiconductive layers, insulating layers,
contacts and interconnects are formed by fabrication pro-
cesses, including doping processes, deposition processes,
photolithographic processes, etching processes and other
processes. The term “photolithographic process” is of sig-
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nificance here and refers to a process in which a pattern is
delineated in a layer of material (e.g., photoresist) sensitive
to photons, electrons or ions. The principle is similar to that
of a photocamera in which an object is imaged on a
photo-sensitive emulsion film. While with a photocamera
the “final product” is the printed image, the image in the
semiconductor process context typically is an intermediate
pattern which defines regions where material is deposited or
removed. The photolithographic process typically involves
multiple exposing and developing steps, wherein, at a given
step, the photoresist is exposed to photons, electrons or ions,
then developed to remove one of either the exposed or
unexposed portions of photoresist. Complex patterns typi-
cally require multiple exposure and development steps.

[0007] One ongoing goal of semiconductor design and
fabrication is to reduce costs. Cost reduction is essential to
ongoing success in the field. One manner of reducing costs
iS to eliminate or optimize steps in the semiconductor
fabrication process. In doing so, it is important to maintain
or improve device and process efficiency and effectiveness.

SUMMARY OF THE INVENTION

[0008] According to the invention, a reduced number of
photolithographic steps are performed in a semiconductor
process for connecting an upper conductive layer to another
layer (e.g., conductive layer, semiconductive layer, insulat-
ing layer) of a semiconductor wafer. In particular, a single
exposure step and a single development step is performed on
a resist layer (together one photolithographic step). In addi-
tion, other steps, although not photolithographic steps, are
performed to form a connection (e.g., contact, plug, via,
interconnect) between the upper conductive layer and the
lower layer.

[0009] According to one aspect of the invention, a pho-
toresist layer on a semiconductor wafer is partially exposed
and developed to remove photoresist down to one depth
within a first area and down to a second depth within a
second area. To do so, the photoresist first area is exposed to
light having a first dosage, while the photoresist second area
is exposed to light having a second dosage. The second
dosage differs from the first dosage. Such first and second
areas are concurrently exposed in the same process step. The
first area and second area then are concurrently developed to
partially expose the photoresist layer. In particular, the
partial exposure removes photoresist within the first area to
one depth and removes photoresist within the second area to
a second depth. In one embodiment, the second dosage is
greater than the first dosage and, correspondingly, the sec-
ond depth is greater than the first depth.

[0010] According to another aspect of the invention, a
mask having different transmissivities at different areas of
the mask is used. At areas directing light to the first
photoresist area, the mask area has one transmissivity. At
areas directing light to the second photoresist area, the mask
area has a different transmissivity. The mask transmits light
at the first dosage for exposing the first area and light at the
second dosage for exposing the second area. In one embodi-
ment, the mask is a phase-shifting mask.

[0011] According to another aspect of the invention, a
semiconductor wafer having a first layer and an overlying
insulating layer receives the layer of photoresist over the
insulating layer. A first area of the photoresist layer is
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exposed to light having a first dosage while a second area
adjacent the first area is concurrently exposed to light having
asecond dosage differing from the first dosage. The first area
and second area of the photoresist layer then are concur-
rently developed to remove photoresist within the first area
to one depth and to remove all photoresist within the second
area. The intermediate result is a first opening in the pho-
toresist layer exposing a portion of the insulating layer.
Thereafter, a second opening is defined by etching through
the exposed insulating layer within the first opening. Con-
ductive material then is deposited within the second opening
and above the first layer to form a contact or other conduc-
tive connection between the first layer and a deposited
second layer. The second layer is a conductive layer above
the first layer.

[0012] According to another aspect of the invention, the
etching step includes etching the exposed insulating layer
within the first opening to a first depth, and etching through
the photoresist remaining in the first area and an underlying
portion of the insulating layer down to a second depth in the
insulating layer. The first depth is greater than the second
depth.

[0013] According to another aspect of the invention, the
first depth is less than the thickness of the insulating layer.
Also, the step of etching to the first depth partially defines
the second opening, and further includes, after etching
through the remaining photoresist, etching the insulating
layer within the first opening through to the first layer to
complete defining the second opening.

[0014] According to various embodiments, the first layer
is one of a conductive, non-conductive or semiconductive
layer and the second layer is a conductive layer.

[0015] One advantage of the invention is to reduce the
number of photolithographic steps in a semiconductor fab-
rication process without compromising device efficiency or
effectiveness. These and other aspects and advantages of the
invention will be better understood by reference to the
following detailed description taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0016] FIG. 1 s a partial cross section of a semiconductor
wafer having a conductive region formed according to a
method embodiment of this invention;

[0017] FIG. 2 is a flow chart of a semiconductor process
for connecting one layer to an upper conductive layer via a
contact or other conductive region according to an embodi-
ment of this invention;

[0018] FIG. 3 is a cutaway view of a semiconductor wafer
exposed to light through a phase-shifting mask during a
photolithographic step according to one embodiment of the
method of this invention;

[0019] FIG. 4 is a cutaway view of the semiconductor
wafer of FIG. 3 after a resist development step is performed
according to an embodiment of this invention;

[0020] FIG. 5 is a cutaway view of the semiconductor
wafer of FIG. 4 after a contact etching step is performed
according to an embodiment of this invention;
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[0021] FIG. 6 is a cutaway view of the semiconductor
wafer of FIG. 5 after a photoresist etching step is performed
according to an embodiment of this invention;

[0022] FIG. 7 is a cutaway view of the semiconductor
wafer of FIG. 6 after a trench etching step is performed
according to an embodiment of this invention;

[0023] FIG. 8 is a cutaway view of the semiconductor
wafer of FIG. 7 after a resist stripping step and a conductive
material deposition step are performed according to an
embodiment of this invention; and

[0024] FIG. 9 is a cutaway view of the semiconductor
wafer of FIG. 8 after a dry etch or CMP step is performed
according to an embodiment of this invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0025] Overview

[0026] Among the many layers and wiring lines of an
integrated circuit formed on a semiconductor wafer, there
often is a need to provide a conductive connection between
a lower layer and an upper layer. Exemplary connecting
structures include contacts, vias and plugs. FIG. 1 shows a
partial cross section of a semiconductor wafer 10. In the
portion of the wafer 10 shown, there is a semiconductor
substrate 12, a first layer 14, and an insulating layer 16. In
addition, there is an upper conductive layer 18. In the
embodiment shown, the upper conductive layer 18 is a
wiring line. The cross-section illustrated reveals two por-
tions 17, 19 of the wiring line 18. Such portions 17, 19 are
integrally formed as part of the same wiring line. A region
20 connects the first layer 14 to a portion 17 of the wiring
line 18. In various embodiments, the first layer 14 is a
conductive region, a conductive layer, a doped semiconduc-
tor active region or a semiconductive layer. In a specific
embodiment, the first layer 14 is an active region of the
semiconductor substrate 12. In another specific embodi-
ment, the first layer 14 and upper layer 18 are conductive
layers and the conductive region 20 is a contact between the
layers 14, 18. In alternative embodiments, there are one or
more other layers (not shown) between the substrate 12 and
first layer 14, and one or more other layers (not shown)
between the first layer 14 and the upper layer 18. The upper
layer 18 and conductive region 20 are formed with conduc-
tive material 21.

[0027] This invention is related to an efficient semicon-
ductor process for forming the connection between the first
layer 14 and upper conductive layer 18. In particular, the
connection is formed using only one photolithographic step
or, more specifically, one photolithographic exposure and
one photolithographic development. Other steps such as
etching, resist stripping, chemical-mechanical polishing
(CMP) and deposition also are performed. A mask 42 (FIG.
3) is used in the photolithographic step.

[0028] Method Embodiment

[0029] FIG. 2 shows a flow chart of a semiconductor
process 30 for fabricating an upper conductive layer 18 and
a contact or other conductive region 20 between a first layer
14 and the upper conductive layer 18. Referring to FIG. 3,
a wafer includes a first layer 14 and an insulating layer 16.
At step 32, a photoresist layer 34 is applied over the
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insulating layer 16. The photoresist layer 34 covers at least
a portion of insulating layer 16 in the vicinity of where the
conductive region 20 and upper layer 18 are eventually to be
formed.

[0030] With the photoresist layer 34 in place, a photo-
lithographic process is performed. At step 36 an exposure
step is performed, followed by a development step 38. At
step 36, a light source emits light 40 of a prescribed
wavelength. A typical wavelength is between 248 nm and
436 nm, although shorter wavelengths down to 150 nm and
longer wavelengths beyond 436 nm also are encompassed
by this invention. Referring to FIG. 3, the light waves 40
travel through a mask 42 which emits light of differing
dosage at different regions 56, 58, 60. As a result, light at a
first dosage D1 impinges upon one or more first areas 44 of
the photoresist layer 34, while light at a second dosage D2
impinges upon one or more second areas 46 of the photo-
resist layer 34.

[0031] At step 36, the first and second arcas 44, 46 are
concurrently developed to partially remove photoresist layer
34. The development step 38 causes photoresist layer 34 to
be removed down to a first depth 62 within the first areas 44
and down to a second depth 64 within the second area(s) 46
(FIG. 4). Preferably, the dosage D1 does not equal dosage
D2. For an embodiment in which the dosage D2>D1, the
second depth 64 is greater than the first depth 62.

[0032] In the embodiment shown in FIG. 4, the second
depth 64 is entirely through the photoresist layer 34, expos-
ing the underlying insulating layer 16. Also in the embodi-
ment (see FIG. 3) shown, there are two first areas 44
surrounding a second area 46. Once developed, there is an
opening 66 at an upper surface 68 of the photoresist layer 34
(see FIG. 4). Within the opening 66 there is a narrower
opening 70 extending through the photoresist layer 34 down
to the insulating layer 16.

[0033] Referring to FIGS. 2 and 5, at step 72 a contact
etch is performed within the opening 70 to etch away the
exposed insulating material within opening 70 down to a
depth 74. In one embodiment, the etch is to a depth all the
way through the insulating layer to the first layer 14. In the
embodiment illustrated, the etch is to a depth near the first
layer 14. For example, for a 10,000 A insulating layer 16, the
etch extends approximately 7000 A, leaving a thin layer of
approximately 3000 A of insulating material remaining.

[0034] Referring to FIGS. 2 and 6, at step 80, a resist etch
is performed to remove any remaining photoresist within the
first opening 66. Thus, an additional portion of the upper
surface 82 of the insulating layer 16 is exposed. At step 84,
a trench etch is performed (see FIG. 7) within the openings
66 and 70 to remove insulating material. Within opening 70,
insulating material is etched away down to the first layer 14.
Within the remaining portion of the opening 66, insulating
material is removed down to a depth 86. Such depth 86 is
less than the depth 74 (occurring during step 72). In the
embodiment illustrated, the result is a T opening 88 (when
viewed cross-sectionally) in the insulating layer 16. The
specific shape of the opening is defined according to the
relative geometry of the first and second areas 44, 46
receiving the differing dosages D1, D2 along with the
desired etching geometry through the photoresist layer 34
and insulating layer 16.
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[0035] Referring to FIG. 2, at step 89, resist stripping is
performed to remove any remaining photoresist layer 34.
Exemplary resist stripping processes include dry or wet
etching processes.

[0036] Referring to FIGS. 2 and 8, at step 90, conductive
material 21 is deposited upon the wafer 10. In particular, the
conductive material is deposited into the opening 88 and
upon the surrounding insulating layer 16. At step 92, either
one of a dry etch or CMP process is performed to remove
excess conductive material 21. The dry etch or CMP leaves
the conductive material 21 within the opening 88 in regions
20 and 94 and removes other conductive material to generate
a smooth surface exposing the insulating layer 16 and upper
conductive layer 18 (see FIG. 9).

[0037] Note that a single photolithographic process (steps
36, 38) is used in forming the conductive region 20 and
upper layer 18. This is achieved by using differing dosages
of light and developing the exposed regions to different
depths. Subsequent etching steps then define openings to
different depths for the conductive region 20 and upper
conductive layer 18. In contrast, according to a conventional
fabrication process, a contact is formed, then an upper
conductive layer is formed. Specifically, photoresist is
applied, exposed and developed to form an opening in the
resist. Then contact etching, resist stripping, metal deposi-
tion and CMP or dry etching are performed to define the
contact. Subsequently, photoresist is applied again, exposed
and developed to form an opening. Trench etching, resist
stripping, metal deposition and CMP or dry etching are
performed to define the upper conductive layer. Accordingly,
the method of this invention reduces the number of photo-
lithographic processes.

[0038] Mask

[0039] Referring again to FIG. 3, the mask 42 has regions
of different transmissivity. In one embodiment, the mask is
a phase-shifting mask. The mask 42 is formed by a mask
plate 48 which is patterned by well known methods in the
semiconductor art to obtain masking features. Many differ-
ent masking patterns including lines, rectangles, circles or
other geometric shapes are formed. The mask plate 48 is
formed of a material which is generally transparent at a
given illuminating frequency. For example, a quartz mask
plate 48 is transparent to light in the visible or ultraviolet
range. Other materials with a narrower transmissive fre-
quency range, such as soda glass, are used in other embodi-
ments. Regions 58 of the mask 42 in which light travels only
through the mask plate 48 have a first transmissivity at the
light wavelength used in the photolithographic process.

[0040] To define mask regions 56 having a second trans-
missivity at the photolithographic process wavelength, a
semi-transmissive material layer 50 is deposited on desired
regions of the mask plate 48. The second transmissivity is
less than the first transmissivity. Preferably, the second
transmissivity is 5% to 95% times that of the first transmis-
sivity. The relative transmissivity varies depending on the
desired depth differential to be formed in the photoresist
layer 34. Layer 50 is formed by depositing a semi-transmis-
sive material onto the mask plate 48. An exemplary semi-
transmissive material is a chromium-oxide material avail-
able through Toppan Printing Co., Ltd. of Tokyo Japan.
Other semi-transmissive materials include molybdenum-
oxide, iron oxide, silicon nitride, and aluminum.
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[0041] The mask 42 also defines regions 60 having a third
transmissivity where resist is not to be exposed. Ideally, such
transmissivity is 0% relative to the first transmissivity. In
preferred embodiments, the third transmissivity is 0.1% or
less relative to the first transmissivity. In one embodiment,
mask regions 60 are formed by depositing another layer 52
of semi-transmissive material onto portions of the layer 50.
Such additional semi-transmissive material is either the
same, although preferably different, than the material depos-
ited to form layer 50. In an exemplary embodiment, layer 50
is formed by a chromium-oxide based material (e.g.,
chrome, oxygen, fluorine and nitrogen elements), while
layer 52 is formed by a molybdenum-oxide based material
(e.g., molybdenum, silicon oxygen and nitrogen). The spe-
cific transmissivities of layer 50 and layer 52 are determined
by the respective layer thicknesses and layer compositions.
Increasing the proportion of chromium or molybdenum, for
example, decreases transmissivity. In an alternative embodi-
ment, region 60 is formed by depositing an opaque material
directly onto the mask plate 48 at the desired regions. In one
embodiment, the opaque material is similar to the semi-
transmissive material, but includes a higher proportion of
chromium, molybdenum or another transmissivity-decreas-
ing element. The layout and various transmissive character-
istics of the materials 48, 50, 52 define the mask pattern.

[0042] In some embodiments, a phase-shifting material is
applied as an additional layer (not shown). Preferably,
however, the layers 50, 52 include a material composition
for achieving a desired degree of phase-shifting. An exem-
plary phase-shifting material is Si;N,, although other mate-
rials such as oxides or oxynitrides also may be used. The
function of the phase-shifting material is to alter the timing
or shift the waveform of light waves propagating through
mask plate 48 and adjacent semi-transmissive material 50.
Materials of different thickness or different indices of refrac-
tion serve to shift the phase of the light waves. Phase-
shifting masks reduce diffraction effects of the propagating
light waves by combining diffracted and phase-shifted light.
The degree of phase-shifting preferred, if any, depends on
the pattern sizes to be formed in the resist.

[0043] As the desired pattern decreases, conventional pho-
tolithographic processes often use 180 degree phase shifting
to achieve precisely defined patterns. Such a phase differ-
ence, however, typically results in a small region of very low
transmissivity at the boundary on the resist between where
light of one phase impinges and light of the other phase
impinges. In applications of this invention where a first resist
area 44 receiving light at a first dosage is adjacent to a
second region receiving light at a second dosage, it is
undesirable to leave a thin boundary of resist between these
adjacent areas 44, 46. Accordingly, it is preferable to use less
than 180 degree phase shifting when developing, during one
step, adjacent areas of resist to different depths. For pattern
sizes where light diffraction is not a problem, zero phase-
shifting is used. As the pattern size decreases and corre-
spondingly the need for phase-shifting increases, the degree
of phase-shifting implemented is increased. For small pat-
tern sizes in which light diffraction poses a difficulty, phase-
shifting is needed. In such instances, the preferred amount of
phase-shifting is the highest degree possible without leaving
a thin barrier between adjacent areas 44, 46. Such degree
varies depending on the desired pattern size, the coherence
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of the light impinging on the photoresist layer 34, and the
respective depths of adjacent areas 44, 46, (e.g., depths 62
in FIG. 4).

[0044] Meritorious and Advantageous Effects

[0045] One advantage of the invention is to reduce the
number of photolithographic steps in a semiconductor fab-
rication process without compromising device efficiency or
effectiveness. Although a preferred embodiment of the
invention has been illustrated and described, various alter-
natives, modifications and equivalents may be used. There-
fore, the foregoing description should not be taken as
limiting the scope of the inventions which are defined by the
appended claims.

What is claimed is:

1. A method of forming a connection structure between a
lower layer of a semiconductor device and an upper layer of
the semiconductor device that are separated by at least an
insulating layer, the method comprising:

applying photoresist to the insulating layer;

exposing at least one first area of said photoresist to a first
dosage of radiation;

exposing at least one second area of said photoresist to a
second dosage of radiation;

concurrently forming at least one first opening having a
first depth and at least one second opening having a
different, second depth in said photoresist;

removing a region of the insulating layer exposed through
said second opening to extend said at least one second
opening into contact with the lower layer; and

depositing conductive material into said at least one

second opening.

2. The method of claim 1, wherein said exposing said at
least one first area and said exposing said at least one second
area are effected concurrently.

3. The method of claim 2, wherein said exposing said at
least one first area and said exposing said at least one second
area comprise employing a mask including at least one first
region of first transmissivity and at least one second area of
second transmissivity.

4. The method of claim 3, wherein radiation of said first
dosage exits said at least one first region of said mask to
expose said at least one first area of said photoresist and
radiation of said second dosage exits said at least one second
region of said mask to expose said at least one second area
of said photoresist.

5. The method of claim 1, wherein said exposing said at
least one first area to said first dosage of radiation and said
exposing said at least one second area to said second dosage
of radiation comprise exposing said at least one first and said
at least one second areas to different dosages of radiation.

6. The method of claim 1, wherein said forming said at
least one first opening and said forming said at least one
second opening comprise:

developing said photoresist in said at least one first area
and said at least one second area; and

removing said photoresist from said at least one first area
and said at least one second area.
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7. The method of claim 6, wherein said developing said
photoresist comprises concurrently developing said photo-
resist in said at least one first area and said at least one
second area.

8. The method of claim 1, wherein said forming said at
least one first opening and said forming said at least one
second opening comprise forming said at least one first and
said at least one second openings adjacent to one another.

9. The method of claim &, wherein said forming said at
least one first opening comprises forming said at least one
first opening to be wider than said at least one second
opening.

10. The method of claim 1, wherein said depositing said
conductive material comprises forming a connection struc-
ture.

11. The method of claim 10, wherein said forming said
connection structure comprises forming a contact.

12. A method of at least partially developing photoresist,
comprising:

concurrently exposing at least one first area of the pho-
toresist to radiation of a first dosage of radiation and at
least one second area of the photoresist to radiation of
a second dosage of radiation; and

forming at least one first opening having a first depth and
at least one second opening having a different, second
depth in the photoresist.

13. The method of claim 12, wherein said exposing said
at least one first area to said first dosage of radiation and said
exposing said at least one second area to said second dosage
of radiation comprise exposing said at least one first and said
at least one second areas to different dosages of radiation.
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14. The method of claim 12, wherein said concurrently
exposing is effected through a mask including at least one
first region having a first transmissivity and at least one
second region having a different, second transmissivity.

15. The method of claim 14, wherein radiation of said first
dosage exits said at least one first region of said mask to
expose said at least one first area of said photoresist and
radiation of said second dosage exits said at least one second
region of said mask to expose said at least one second area
of said photoresist.

16. The method of claim 12, wherein said forming com-
prises:

developing said photoresist in said at least one first area
and said at least one second area; and

removing said photoresist from said at least one first area
and said at least one second area.

17. The method of claim 16, wherein said developing
comprises concurrently developing photoresist in said at
least one first and said at least one second areas.

18. The method of claim 12, wherein said forming said at
least one first opening and said forming said at least one
second opening comprise forming said at least one first and
said at least one second openings adjacent to one another.

19. The method of claim 18, wherein said forming said at
least one first opening comprises forming said at least one
first opening to be wider than said at least one second
opening.



