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SINGLE-ALIGNMENT-LEVEL LITHOGRAPHIC
TECHNIQUE FOR ACHIEVING SELF-ALIGNED FEATURES
Background of the Invention
This invention relates to optical lithography, as can be used for
fabricating semiconductor integrated circuit and other devices, and more particularly
to methods for making phase-shifting masks for use in optical systems for

- lithographically fabricating such devices. These masks are also called "reticles”

particularly when used in optical systems having magnifications different from unity.

In fabricating semiconductor integrated circuits, it is desirable to have as
many devices, such as transistors, per wafer. Hence it is desirable to have as small a
transistor or other feature size as poss1ble, such as the feature size of a metallization
stripe--i.e., its width W--or of an aperture in an insulating layer which is to be filled
with metal, in order to form electrical connections, for example, between one level
of metallization and another. Thus, for example, if it is desired to print the
corresponding isolated feature having a width equal to W on a photoresist
layer located on a semiconductor wafer in which the circuits are to be integrated, a
feature having a width equal to C must be incorporated in the mask (reticle).
According to geometric optics, if this feature of width equal to C is a simple aperture
in an opaque layer of the mask, then the ratio W/C = m, where m is known as the
lateral magnification of the optical system being used to focus the features of the
mask onto the photoresist layer. When diffraction effects become important,
however, the edges of the image become fuzzy (lose their sharpness); hence the
resolution of the mask features when focused on the photoresist layer deteriorates.

In a paper entitled "New Phase Shifting Mask with Self-Aligned Phase
Shifters for a Quarter Micron Lithography" published in International Electron
Device Meeting (TEDM) Technical Digest, pp. 57-60 (3.3.1-3.3.4) (December,
1989), A. Nitayama et al. taught the use of masks having transparent phase-shifting
portions in an effort to achieve improved resolution--i.e., improved sharpness of the
image of the mask features focused on the photoresist layer 101. More specifically,
these masks contained suitably patterned transparent optical phase-shifting layers,
i.e., layers having edges located at predetermined distances from the edges of the
opaque portio'hs of the mask. Each of these phase-shifting layers had a thickness t
equal to A/2(n-1), where 7«. the wa:ve,lengﬂi off“the ogué"a’,l rg_ghanon from the
source 106 (%G 1) and nh the refracu,ve mdex of fhe phhsé"shlfung layers. Thus,
as known in the art, these layers introduced phase shifts (delays) of % radians in the

optical radiation. By virtue of diffraction principles, the presence of these phase-

DATE OF RECEIPT ...ccoivveviiicinniiinaannenaae



-y

-y-

This Sheet Has Been Replaced

10

15

20

25

30

35

shifting layers should produce the desired improved resolution. Such masks are
called "phase-shifting” masks.

The mask structure described by A. Nitayama et al., op. cit., was
manufactured by a single-alignment-level process involving a step of wet etching an
opaque chromium layer located underneath a phase-shifting layer of PMMA which
is resistant to the wet etching, whereby the etching of the chromium layer undercut
the PMMA layer and formed a phase-shifting mask. However, the lateral etching of
the chromium layer is difficult to control, so that the positioning of the edges of the
chromium layer is likewise difficult to control. Yet this positioning of the edges of
the opaque chromium must be carefully controlled in order to yield the desired
improved resolution for the mask. :

Moreover, the method taught by A. Nitayama et al. is not sufficiently
versatile to make masks having arbitrary features, such as clustered line-space
features or isolated apertures having relatively narrow-sized phase-shifting assist-
slots. Clustered line-space features, as well as apertures having phase-shifting slots,
can be made in accordance with the teachings in a paper by M. D. Levenson et al.”
entitled "Improved Resolution in Photolithography with a Phase-Shifting Mask,"
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_published in IEEE Transactions on Electron Devices, Vol. ED-29, pp. 1828-1836

(1982). The technique taught therein to make such mask devices, however, required
two alignment steps (two~ahgnment-level method), and is therefore undesirable from
the standpoints of accurate alignment and decreased throughput of the mask-making
procedure (typically electron beam lithography). |
~ Therefore, it would be desirable to have a more versatile and more

controllable single-alignment-level method of manufacturing phase-shifting masks.
More generally, it would be desirable to have a more versatile and more controllable
single-alignment-level lithographic technique for achieving self-aligned features.
Summary of the Invention

In accordance with the invention, I provide a process as set forth in
claim 1. In addition, it is advantageous that the process have the features recited in
claims 2 and 3 or claims 4 and 5. It is further advantageous that the process have the
features recited in claims 6 and 7. '
Brief Description of the Drawing(s)

Thls invention, together with its v.r;anous featurés and advantages, can be

 readily understood from the followxﬁg det:'ail'cd des“cnpuon taken in conjunctlon with
the accompanylng drawing in which:
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In specific embodiments, a positive tone resist layer (FIGS. 1-4) or a
negative tone resist layer (FIGS. 5-8) can be used in conjunction with electrons as
the radiation.

FIGS. 1-4 are side elevational views in cross section showing various
stages in the manufacture of a phase-shifting mask, in accordance with a specific
embodiment of the invention; and

FIGS. 5-8 are side elevational views in cross section showing various
stages in the manufacture of a phase-shifting mask, in accordance with another
spemﬁc embodiment of the invention.

Only for the sake of clarity, none of the drawmgs is to scale.

Detailed Description

" Referring now to the drawings, FIG. 1 shows an early device stage 200
in the making of an illustrative portion of a desired phase-shifting mask 500
(FIG. 4). For the sake of definiteness, it will be assumed that the desired feature in
this portion of the mask is a square aperture, but it should be understood that other
features can be made in accordance with the invention, such as a circular aperture or
a line-space feature, by modifying the contours of the various regions to be formed
in the resist layer described below, whereby such features as clustered line-space
features can be attained.

Substrate 11 is a dielectric, typically uniformly thick amorphous quartz.
In any event, it is transparent to the wavelength A to be used in the optical system in
which features of the mask are focused on a photoresist layer, for example. Layer 12
is a transparent (to the wavelength A) phase-shifting layer, e.g., uniformly thick
spun-on glass, located on a major surface of the quartz substrate 11 itself.
Alternatively, the layer 12 can be omitted.

" For phase-shifting by = radians, the thickness of the phase-shifting
layer 12 is everywhere equal to A/2(n-1), where A is the vacuum wavelength to be -
used in the optical system and n is the refractive index of the material in the layer 12.
In case this layer 12 is omitted, then the depth of the trench 17 resulting in the
substrate 11, instead of in the layer 12, is also equal to A/2(n-1) but where n is
refractive index in the substrate 11.

Layer 13 is an opaque layer, typically chromium having a uniform
thickness of 0.1 pm which has been deposited on the top major surface of the phase-
shifting layer 12 or in the absence of this layer 12 dlrectly on the top major surface
of the substrate 11.

23.
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Region 14 is a portion of a uniformly thick positive tone resist layer,
typically a polymer such as polycresolformaldehyde sensitized with substituted 1,2
napthoquinone diazide, having a uniform thickness of 0.5 pm. Such a resist is
supplied by the Shipley Company under the trademark of MP2400. The resist layer

5 is bombarded with electrons in the amount of doses D2 and D1 of electrons in
regions 15 and 16, respectively. The dose D2 is greater than D1. For example, D2 is
about 20 micro-coulombs per square centimeter, and the dose D1 is about 10 micro-
coulombs per square centimeter, both doses at 20 keV. Typically, the outer contours
of the region 15 form a square, and the contours of the region 16 form a square ring,

10  but other contours are feasible as noted above.

After the electron bombardment, the resist is developed in a suitable
developer which removes the regidn 15 of the resist but not region 14 or 16. For
example, AZ2401 developer (Shipley) diluted in water, in a dilution of 1 volume of
developer in 5 volumes of water, can be used for about 8 minutes. Then the portion

15 of the chromium layer 13 underlying the (removed) original resist region 15 is

_ etched, typically by means of wet etching with cerric ammonium nitrate solution or

dry etching with a chlorinated gaseous plasma. At this point of the process, device
stage 300 (FIG. 2) is attained.
' Next, the resist is further developed, this time in a suitablé—-typically

20 more concentrated developer which removes the resist region 16, but again not the
resist region 14. For example, AZ2401 developer supplied by Shipley, in a dilution
of 1 volume of developer in 4 volumes of water, can be used for about 5 minutes.
Then the spun-on glass layer 12 is etched down to its interface with the quartz
substrate 11; or, in the absence of the layer 12, the quartz substrate is etched--for

25 example, either with a wet etching solution of buffered hydrofiuoric acid in water or’
with a dry CHF; plasma. At this point of this process, stage 400 (FIG. 3) is attained.

Next, the exposed portion of the chromium layer--viz. the portion

" underlying the (removed) original resist region 16--is etched by means of wet or dry
etching. Finally, the remaining resist region 14 is removed, typically by means of a
30 suitable wet etching with a wet organic solvent or an acid solution, or a dry etching
with an O, plasma, whereby the desired phase-shifting mask 500 (FIG. 4) is
obtained.

Note that the etching of layer 12 (or substrate 11) can be performed just
prior to the removal of the resist region 16 especially if the etching of layer 12 (or

35 substrate 11) is a wet etching process, since such a process usually does not modify
the resist region 16. To remove any unwanted residues, if need be, an oxygen

-4.-
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plasma treatment can be added after any etching step or any developing step.
Referring now to FIG. 5, an early stage 600 in the making of an

illustrative portion of a desired phase-shifting mask 900 (FIG. 8) for use as the

reticle in the aforementioned optical system, in accordance with another specific

| embodiment of the invention. Here in FIG. 5, all elements are the same as in FIG. 1

and are given the same reference numerals, except that the resist material in the
stage 600 is negative tone. This resist material can be, for example, an SAL601
resist, as supplied by Shipley, uniformly 0.5 pm thick, baked on a hot plate at 70°C
for 4 minutes. The resist layer is bombarded in regions 15, 16, and 14 with electron
doses D2, D1, and substantially zero, respectively. Typically, D2 is equal to
approximately 7 micro-coulombs per square centimeter, D1 is approximately equal
to 4 micro-coulombs per square centimeter, and all the electrons have been

accelerated to approximately 20 keV.

After the electron bombardment, the resist is developed, typically for
4 minutes with a wet developer such as an 0.27 N aqueous solution of
tetramethylammonium hydroxide. In this way, resist region 14, but not region 15
or 16, is removed. To remove undesired residues if need be, an oxygen plasma
treatment can be used. Then the portion of the chromium layer 13 underlying the
(removed) original resist region 14 is dry or wet etched. For example, a wet etching
with cerric ammonium nitrate solution can be used for this purpose. At this point of
the process, device stage 700 (FIG. 6) is attained.

Next, the resist is further developed by means of a more concentrated
developing solution, typically by means of an aqueous 0.54 N solution of
tetramethylammonium hydroxide for 4 minutes. Again, as above, an oxygen plasma
can be used to remove unwanted residues. Then the spun-on glass layer 12, or inits
absence the quartz substrate 11, is etched. For example, (in the absence of the spun-
on glass layer 12) the quartz substrate 11 is dry etched for 9 minutes by means of a
CHF 3 plasma at about 100 sccm, 2.7 Pa, 200 Watt, in a Plasma Therm SL720
etching chamber. In this way, the exposed portions of the quartz substrate 11 are
etched to a depth of 385 nm. Unwanted residues can then be removed by an oxygen
plasma treatment. At this point, the device stage 800 (FIG. 7) is attained. '

Next, the chromium layer 12 is etched again, typically by means of a
treatment with a cerric ammonium nitrate solution, whereby only the portions of the
chromium layer 13 underlying the resist region 15 remain, whereas the portions of
the chromium layer 13 underlying the (by now removed) original resist regions 14
and 16 have been removed. Finally, the resist region 15 is removed, as by means of
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a plasma treatment. At this point, the desired phase-shifting mask 900 (FIG. 8) is
attained, which can be used as the reticle in the aforementioned optical system.
Note that the above-mentioned oxygen plasma treatments to remove
unwanted residues (if any) are not mandatory but are optional.
Although the invention has been described in terms of specific
embodiments, various modifications can be made without departing from the scope
of the invention. Instead of chromium for the opaque layer 13, other sufficiently

-6-

- opaque materials such as molybdenum silicide can be used. The spun-on glass

layer 12, as noted above, can be omitted or can be replaced with other materials that
can be selectively etched with respect to--i.e., have higher etch rates than--the
underlying (quartz) substrate, such as silicon dioxide which has been chemically
vapor deposited on the substrate. Moreover, thicknesses of the phase-shifting layer
corresponding to phase-shifts other than 7 radian can also be used, in accordance
with diffraction principles. '
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Claims:
- 1. A lithographic technique characterized by the steps of:

(a) introducing into first, second, and third regions (FIG. 1: 15, 16, 14;
FIG. 5: 14, 16, 15) of a resist layer mutually differing first, second, and third doses
of radiation (FIG. 1: D2, D1, 0; FIG. 5: 0, D1, D2), respectively, prior to step (b),
wheref:y the second and third regions, but not the first region, are resistant to the
development procedure of step (b), and whereby the third region, but not the second
region, is resistant to the development procedure of step (d), the resist layer being
located upon a first material layer (13) which is located upon a second material layer
(12), the_ first region being contiguous with and having a first common boundary with
the second region, and the second region being contiguous with and having a second
common boundary with the first region;

(b) subjecting the resist layer to a first development procedure, whereby
the first region (FIG. 2: 15; FIG. 6: 14), but not the second or third regions, of the
resist is dissolved;

(c) etching the first material layer (13) solely in a region thereof
underlying the original first region (FIG. 1: 15; FIG. 5: 14) of the resist layer;

(d) subjecting the resist layer to a second development procedure, no
step that would substantially change the development properties of the third region
during step (d) intervening after step (a), whereby the sécond i'egion (FIG. 3: 16;
FIG. 7: 16) but not the third region (FIG. 3: 14; FIG. 7: 15) of the resist layer is
dissolved; '

(e) etching a thickness of the second material layer (12) solely in a _
region underlying the original first region (FIG. 1: 15; FIG. 5: 14) of the resist
layer, whereby the thickness of the second material layer (12) is reduced thereat; and

(f) etching the first material layer (1'3) in a region thereof underlying the
original second region (FIG. 1: 16; FIG. 5: 16) of the resist layer, whereby there
are created an edge in the first material layer (13) and an edge in the second material
layer (12) that are aligned with the second and first common boundaries,
respectively; |

2. The technique of claim 1 in which the third dose is substantially zero,
the resist is a positive tone _resist, and the first dose (D2) of radiation per unit area is

greater than the second (D1).

3. The technique of claim 2 in which the radiation is essentially

///.
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electrons.

4. The technique of claim 1 in which the first dose is subsfantially zero,
the resist is a negative tone resist, and the third dose of radiation per unit area (D2) is
greater than the second (D1).

5. The technique of claim 4 in which the radiation is essentially
electrons. '

6. The technique of claim 1 in which the second material layer (12) is
located on a substrate composed of a third material, and in which the entire thickness
of the second material layer (12) underlying the original first region of the resist
layer is removed during step (e). |

7. A method of making a phase-shifting mask, for fabricating devices by |
optical lithography, comprising the steps recited in claim 1 in which the first material
layer is an opﬁcally opaque layer and the second material layer is a transparent layer
at the wavelength of optical radiation to be used.
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