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TITLE OF THE INVENTION
Phase Shift Mask Blank, Manufacturing Method Thereof, and Phase Shift Mask

TECHNICAL FIELD

The invention relates to a phase shift mask blank and a phase shift mask, typically
used for manufacturing a semiconductor integrated circuit, and a manufacturing method of

a phase shift mask blank.

BACKGROUND ART

In a photolithography technique used in a semiconductor technology, a phase shift
method is used as one of a resolution enhancement technology. The phase shift method is,
for example, a method using a photomask in which a phase shift film is formed on a
substrate, and is a contrast enhancing method by forming a phase shift film pattern
disposed on a transparent substrate being a photomask substrate which is transparent to
exposure light, and utilizing interference of lights. The phase shift film pattern has a
phase shift of approximately 180° that is a difference between a phase through the phase
shift film and a phase through a portion that is not formed the phase shift film, in other
word, a phase through air having a length same as the thickness of the phase shift film. A
halftone phase shift mask is one of the photomasks employing such method. The halftone
phase shift mask includes a transparent substrate made of quartz or the like which is
transparent to exposure light, and a mask pattern of a halftone phase shift film which is
formed on the transparent substrate and has a phase shift of approximately 180° to a phase
through a portion not formed the phase shift film, and a transmittance substantively

insufficient to contribute to exposure. Until now, as a phase shift film for a phase shift
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mask, a film containing molybdenum and silicon is mostly used (JP-A H07-140635 (Patent
Document 1)).

Citation List

Patent Document 1:  JP-A H07-140635
Patent Document 2:  JP-A 2007-33469
Patent Document 3:  JP-A 2007-233179
Patent Document 4:  JP-A-2007-241065

SUMMARY

In one aspect, there is provided a phase shift mask blank comprising a substrate,
and a phase shift film thereon, the phase shift film composed of a material consisting
essentially of silicon and nitrogen, wherein exposure light is KrF excimer laser, the phase
shift film consists of a plurality of layers, each of the plurality of layers consists essentially
of silicon and nitrogen, and has a refractive index n of at least 2.5 and an extinction
coefficient k of 0.4 to 1, with respect to the exposure light, and the phase shift film has a
phase shift of 170 to 190° and a transmittance of 4 to 8%, with respect to the exposure light,
and a thickness of up to 85 nm.

In another aspect, there is provided a method of manufacturing the phase shift mask
blank as described herein, comprising the step of forming the phase shift film by reactive
sputtering using a silicon-containing target and nitrogen gas, wherein in the forming step, a
flow rate of the nitrogen gas is set to a value of -20% to +20% of the flow rate imparting
the highest refractive index n, with respect to the exposure light, of the phase shift film, and
maintained constant or varied continuously or stepwise, the flow rate
imparting the highest refractive index n being obtained from varying the flow rate from
low rate to high rate.

In a further aspect, there is provided a phase shift mask manufactured by using the

phase shift mask blank as described herein.

DISCLOSURE OF INVENTION

In case that exposure light is KrF excimer laser (wavelength of 248 nm), a phase

shift film having a transmittance of 6%, a phase shift of approx. 180° and a thickness of
approx. 100 nm is generally used in a phase shift mask employed a film containing
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molybdenum and silicon. Recently, for a phase shift film used with ArF excimer laser
(wavelength of 193 nm) as exposure light, a phase shift film of silicon nitride has been
used for the purposes of minimizing film thickness and enhancing washing resistance and
light resistance.  Although not much as exposure light of ArF excimer laser, also when
KrF excimer laser is used as the exposure light, the phase shift film having high washing
resistance and high light resistance and being hard to generate haze is needed.

When KrF excimer laser is used as exposure light with silicon nitride, it is
necessary to adjust the content ratio of nitrogen and silicon in accordance with its
wavelength for forming a film satisfying a predetermined phase shift and a predetermined
transmittance with KrF excimer laser.  Further, in consideration of inclination of the
pattern during processing into the phase shift mask, and a cross-sectional shape of the
pattern, a thinner film having a uniform composition is desired. When exposure light is
ArF excimer laser, silicon nitride containing more nitrogen has a higher refractive index n
and a smaller extinction coefficient k. Thus, a phase shift film having a nitrogen content
as high as possible has been proposed.

The present invention has been made to solve the above problems, and an object of
the present invention is to provide a phase shift mask blank and a phase shift mask,
including a thin phase shift film, and satisfying a requirement for pattern miniaturization,
which is advantageous in terms of patterning and reduction of three-dimensional effect, and

with satisfying necessary phase shift and transmittance for the phase shift film even when
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exposure light is KrF excimer laser having a wavelength of 246 nm. Further, another
object of the present invention is to provide a manufacturing method of the phase shift
mask blank.

The inventor has found that: when the exposure light is KrF excimer laser, unlike
the ArF excimer laser, silicon nitride has a highest refractive index n at a content (at%)
ratio Si/N of about 53/47; and a thin film cannot be achieved by simply increasing of
nitrogen content. Further, the inventor has found that regarding silicon nitride for
exposure light of KrF excimer laser, in a phase shift mask blank for exposure with KrF
excimer laser having a wavelength of 248 nm, a phase shift film having a composition
containing silicon and nitrogen and free of a transition metal, and satisfying a
predetermined refractive index n and a predetermined extinction coefficient k or having a
nitrogen ratio in a predetermined range can provide a phase shift amount (phase shift) of
170 to 190°, and particularly, a transmittance of 4 to 8%, with respect to the exposure light,
with a thickness of up to 85 nm, thereby a phase shift mask blank and a phase shift mask
including a thinner phase shift film are obtained.

In one aspect, the invention provides a phase shift mask blank including a substrate,
and a phase shift film thereon, the phase shift film composed of a material containing
silicon and nitrogen and free of a transition metal, wherein

exposure light is KrF excimer laser,

the phase shift film consists of a single layer or a plurality of layers, the single layer
or each of the plurality of layers has a refractive index n of at least 2.5 and an extinction
coefficient k of 0.4 to 1, with respect to the exposure light, and

the phase shift film has a phase shift of 170 to 190° and a transmittance of 4 to 8%,
with respect to the exposure light, and a thickness of up to 85 nm.

Preferably, the single layer or each of the plurality of layers has a content ratio
N/(Si+N) within a range of 0.43 to 0.53, the ratio N/(Si+N) representing nitrogen content
(at%) to the sum of silicon and nitrogen contents (at%).

In other aspect, the invention provides a phase shift mask blank including a
substrate, and a phase shift film thereon, the phase shift film composed of a material
containing silicon and nitrogen and free of a transition metal, wherein

exposure light is KrF excimer laser,
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the phase shift film consists of a single layer or a plurality of layers, at least part of
the single layer or at least part of the plurality of layers has a content ratio N/(Si+N) within
a range of 0.43 to 0.53, the ratio N/(Si+N) representing nitrogen content (at%) to the sum
of silicon and nitrogen contents (at%), and

the phase shift film has a phase shift of 170 to 190° with respect to the exposure
light.

In other aspect, the invention provides a method of manufacturing the phase shift
mask blank of any one of claims 1 to 3, including the step of:

forming the phase shift film by reactive sputtering using a silicon-containing target
and nitrogen gas, wherein

in the forming step, a flow rate of the nitrogen gas is set to a value of -20% to +20%
of the flow rate imparting the highest refractive index n, with respect to the exposure light,
of the phase shift film, and maintained constant or varied continuously or stepwise, the
flow rate imparting the highest refractive index n being obtained from varying the flow rate
from low rate to high rate.

Preferably, in the forming step, the flow rate of the nitrogen gas is set to the flow
rate imparting the highest refractive index n, with respect to the exposure light, of the phase
shift film, and maintained constant.

Preferably, the sputtering is a magnetron sputtering, and the silicon-containing
target 1s silicon target.

In other aspect, the invention provides a phase shift mask manufactured by using the

phase shift mask blank.

ADVANTAGEOUS EFFECTS OF THE INVENTION

According to the invention, there is provided a phase mask blank and a phase shift
mask having a thinner phase shift film which is advantageous in terms of patterning and
exposure, with satisfying necessary phase shift and transmittance for the phase shift film

used in exposure light of KrF excimer laser.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are cross-sectional views illustrating an exemplary phase shift

mask blank and a phase shift mask of the invention.
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FIGS. 2A to 2C are cross-section views illustrating other examples of a phase shift
mask blank of the invention.

FIG. 3 is a graph plotting refractive indexes n with respect to flow rates of nitrogen
gas in Example 1.

FIG. 4 is a graph plotting extinction coefficients k with respect to flow rates of
nitrogen gas in Example 1.

FIG. 5 is a graph plotting refractive indexes n with respect to content ratios

N/(Si+N) in Example 1.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The phase shift mask blank of the invention includes a transparent substrate such as
a quartz substrate, and a phase shift film that is provided on the transparent substrate. The
phase shift mask of the invention includes a transparent substrate such as a quartz substrate,
and a mask pattern (photomask pattern) of a phase shift film which is provided on the
transparent substrate.

The transparent substrate in the invention is preferably, for example, a 6 inch square,
0.25 inch thick transparent substrate, called 6025 substrate specified by the SEMI standard,
which is often denoted by a 152 mm square, 6.35 mm thick transparent substrate, according
to the SI unit system.

FIG. 1A is a cross-sectional view illustrating an exemplary phase shift mask blank
of the invention. In this embodiment, a phase shift mask blank 100 includes a transparent
substrate 10, and a phase shift film 1 formed on the transparent substrate 10. FIG. 1Bisa
cross-sectional view illustrating an exemplary phase shift mask of the invention. In this
embodiment, the phase shift mask 101 includes the transparent substrate 10, and a phase
shift film pattern 11 formed on the transparent substrate 10. A phase shift mask can be
obtained by using a phase shift mask blank and forming a pattern of its phase shift film.

The phase shift film in the invention, with a prescribed thickness, has a
predetermined phase shift amount (phase shift) and a predetermined transmittance, with
respect to exposure light of KrF excimer laser (wavelength: 248 nm). The phase shift
film of the invention is composed of a material containing silicon and nitrogen and free of
a transition metal. To improve washing resistance of the film, it is effective to add

oxygen to the phase shift film. Thus, the material containing silicon and nitrogen and free
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of a transition metal may contain oxygen in addition to silicon and nitrogen. However,
the refractive index n of the film is reduced when oxygen is added, so, the film thickness
tends to be increased. Therefore, as the material containing silicon and nitrogen and free
of a transition metal, a material consisting essentially of silicon and nitrogen (a material
consisting of two of the elements and inevitable impurities) is preferable.

The phase shift film may consist of a single layer or a plurality of layers which is
designed so as to satisfy necessary phase shift and transmittance for the phase shift film.
In each case of the single layer and the plurality of layers, the single layer or each of the
plurality of layers may be a single composition layer in which the composition does not
vary in a thickness direction, or a compositionally graded layer in which the composition
varies in a thickness direction.

In the single layer or each of the plurality of layers of the inventive phase shift film,
a refractive index n is preferably at least 2.5, more preferably at least 2.55. The upper
limit of the refractive index n is normally up to 2.7. In the single layer or each of the
plurality of layers of the inventive phase shift film, a extinction coefficient k is preferably
at least 0.4, more preferably at least 0.5, and preferably up to 1, more preferably up to 0.8.

In the phase shift film of the invention, a content ratio N/(Si+N) is preferably at
least 0.43, more preferably 0.45, and preferably up to 0.53, more preferably up to 0.5 in at
least part of the single layer, particularly in the whole of the single layer when the phase
shift film is constructed by a single layer, or in at least part of the plurality of layers,
particularly in each of the plurality of layers (in all layers) when the phase shift film is
constructed by a plurality of layers. The ratio N/(Si+N) represents nitrogen content (at%)
to the sum of silicon and nitrogen contents (at%). Notably, the compositionally graded
layer is employed, it is preferable that graded range of the composition is within the above
content ratio range. In case that the single layer or each of the plurality of layers contains
oxygen, an oxygen content is preferably up to 30 at%, more preferably up to 10 at%, most
preferably up to 5 at%.

The phase shift of the exposure light which passes through the phase shift film in
the invention may be enough to be able to increase contrast at the boundary between an
area having the phase shift film (phase shift area) and an area without the phase shift film,
as a result of phase shift due to interference of exposure lights passing through the

respective areas. The phase shift may be at least 170° and up to 190°. Meanwhile, a
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transmittance of the phase shift film in the invention may be at least 4% and up to 8% with
respect to exposure light.  The phase shift film in the invention may have the phase shift
and the transmittance with respect to KrF excimer laser (wavelength: 248 nm), controlled
within the aforementioned range.

When a whole thickness of the phase shift film is thin, fine patterns can be readily
formed. Thus, the whole thickness of the phase shift film in the invention may be up to
85 nm, preferably up to 80 nm. Meanwhile, the lower limit of the thickness of the phase
shift film may be set so long as the desired optical characteristics may be obtained with
exposure light, and is typically at least 50 nm, however not limited thereto.

The phase shift film in the invention may be formed by known methods for forming
film. The phase shift film is preferably formed by sputtering by which highly
homogenous film is easily obtainable, and the sputtering may be either DC sputtering or
RF sputtering, and preferably magnetron sputtering. Target and sputtering gas are
properly selected depending on kind and composition of the layer to be formed.

Examples of the target include a silicon-containing target such as silicon target, silicon
nitride target, and a target containing both of silicon and silicon nitride. The nitrogen
content may be controlled by reactive sputtering using nitrogen gas for a reactive gas as a
sputtering gas under properly controlling an amount of feeding. Rare gases such as
helium gas, neon gas and argon gas are also employable as the sputtering gas.

When the phase shift film of the invention is formed by reactive sputtering using a
silicon-containing target and nitrogen gas, the phase shift film is formed preferably at a
flow rate of the nitrogen gas that is set to a value of -20% to +20% of the flow rate
imparting the highest refractive index n, with respect to the exposure light, particularly at a
flow rate of the nitrogen gas that is set to a value of the flow rate imparting the highest
refractive index n, with respect to the exposure light. A phase shift film having a phase
shift of 170 to 190 © and a transmittance of 4 to 8% can be formed thinner by this way.
The flow rate imparting the highest refractive index n may be determined beforehand by
confirming a variation of refractive index n of silicon nitride while the flow rate is varied
from low rate to high rate. At this time, sputtering conditions (power applied to the target,
flow rate of other sputter gase, sputter pressure, etc.) other than the flow rate of the
nitrogen gas are fixed (constant). Notably, when the film is actually formed, the flow rate

may be maintained constant or varied continuously or stepwise.
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The phase shift film consisting multiple layers may include an oxidized surface
layer formed as the outermost layer on the top face (on the side remote from the transparent
substrate), for the purpose of suppressing change of properties of the phase shift film. The
oxidized surface layer may have an oxygen content of at least 20 at%, preferably at least 50
at%. Examples of methods for forming the oxidized surface layer specifically include
atmospheric oxidation (natural oxidation); and forced oxidation treatment such as treatment
of a sputtered film with ozone gas or ozonated water, or heating at least 300°C in an oxygen-
containing atmosphere such as oxygen gas atmosphere, by heating in oven, lamp annealing
or laser heating. The oxidized surface layer preferably has a thickness of up to 10 nm,
more preferably up to Snm, most preferably up to 3 nm. An effect of the oxidized surface
layer is obtainable typically with a thickness of at least 1 nm. While the oxidized surface
layer may be formed by sputtering under an increased oxygen amount, the oxidized surface
layer is more preferably formed by the aforementioned atmospheric oxidation or
oxidation treatment in terms of obtaining the layer with fewer defects.

The phase shift mask blank of the invention may include a second layer consisting
of a single layer or multiple layers, and is formed over the phase shift film. The second
layer is usually provided adjacent to the phase shift film. The second layer is specifically
exemplified by a light shielding film, a combination of a light shielding film and an
antireflection film, and a process-aid film that functions as a hard mask in the process of
patterning the phase shift film. In case where a third layer is employed as described
below, the second layer may be used as a process-aid film that functions as an etching
stopper (etching stopper film) in the process of patterning the third layer. Material of the
second layer is preferably a chromium-containing material.

This embodiment is specifically exemplified by a phase shift mask blank illustrated
in FIG. 2A. FIG. 2A is a cross-sectional view illustrating an exemplary phase shift mask
blank of the invention. In this embodiment, a phase shift mask blank 100 includes a
transparent substrate 10, a phase shift film 1 formed on the transparent substrate 10, and a
second layer 2 formed on the phase shift film 1.

The phase shift mask blank of the invention may include a light shielding film or an
etching mask film which functions as a hard mask when a pattern is formed to a phase shift
film, as the second layer, provided over the phase shift film. Alternatively, a light

shielding film and an antireflection film may be combined to form the second layer. The



10

15

20

25

30

second layer including a light shielding film can provide an area that is fully block the
exposure light in a phase shift mask. The light shielding film and the antireflection film
may also be used as a process-aid film in the etching. There are many reports regarding
film structure and materials for the light shielding film and antireflection film (JP-A 2007-
33469 (Patent Document 2), JP-A 2007-233179 (Patent Document 3), for example).
Preferred film structure having the light shielding film and the antireflection film combined
therein is exemplified by a structure in which a light shielding film composed of a
chromium-containing material is provided, and an antireflection film composed of a
chromium-containing material for reducing reflection from the light shielding film is
further provided. The light shielding film and the antireflection film may consist of a
single layer or multiple layers. Examples of the chromium-containing material of the
light shielding film and the antireflection film include chromium (simple substance), and a
chromium compound such as chromium oxide (CrO), chromium nitride (CrN), chromium
carbide (CrC), chromium oxynitride (CrON), chromium oxycarbide (CrOC), chromium
nitride carbide (CrNC) and chromium oxynitride carbide (CrONC). Notebly, the chemical
formulae that represent the chromium-containing materials merely denote constituent
elements, rather than compositional ratios of the constituent elements (the same shall apply
to the chromium-containing materials hereinafter).

For the second layer as the light shielding film, or the combination of a light
shielding film and an antireflection film, the chromium compound in the light shielding film
has a chromium content of preferably at least 40 at%, more preferably at least 60 at%, and
preferably less than 100 at%, more preferably up to 99 at%, most preferably up to 90 at%.
The oxygen content is preferably up to 60 at%, more preferably up to 40 at%, and preferably
at least 1 at%. The nitrogen content is preferably up to 50 at%, more preferably up to 40
at%, and preferably at least 1 at%. The carbon content is preferably up to 20 at%, more
preferably up to 10 at%, and if the etching rate is necessarily adjusted, preferably at least 1
at%. In this case, a total content of chromium, oxygen, nitrogen and carbon is preferably
at least 95 at%, more preferably at least 99 at%, and most preferably 100 at%.

For the second layer as the combination of a light shielding film and an
antireflection film, the antireflection film is preferably composed of a chromium compound,
and the chromium compound has a chromium content of preferably at least 30 at%, more

preferably at least 35 at%, and up to 70 at%, more preferably up to 50 at%. The oxygen
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content is preferably up to 60 at%, and preferably at least 1 at%, more preferably at least 20
at%. The nitrogen content is preferably up to 50 at%, more preferably up to 30 at%, and
preferably at least 1 at%, more preferably at least 3 at%. The carbon content is preferably
up to 20 at%, more preferably up to 5 at%, and if the etching rate is necessarily adjusted,
preferably at least 1 at%. In this case, a total content of chromium, oxygen, nitrogen and
carbon is preferably at least 95 at%, more preferably at least 99 at%, most preferably 100
at%.

For the second layer as the light shielding film, or the combination of a light
shielding film and an antireflection film, the second layer has a thickness of usually 20 to
100 nm, and preferably 40 to 70 nm. A total optical density of the phase shift film and the
second layer are preferably at least 2.0, more preferably at least 2.5, most preferably at
least 3.0, with respect to exposure light.

Over the second layer of the phase shift mask blank of the invention, a third layer
consisting of a single layer or multiple layers may be provided. The third layer is usually
provided adjacent to the second layer. The third layer is specifically exemplified by a
process-aid film that functions as a hard mask in the process of patterning the second layer,
a light shielding film, and a combination of a light shielding film and an antireflection film.
A material composing the third layer is preferably a silicon-containing material, particularly
a silicon-containing material free of chromium.

This embodiment is specifically exemplified by a phase shift mask blank illustrated
in FIG. 2B. FIG. 2B is a cross-sectional view illustrating an exemplary phase shift mask
blank of the invention. In this embodiment, the phase shift mask blank 100 includes a
transparent substrate 10, a phase shift film 1 formed on the transparent substrate 10, a second
layer 2 formed on the phase shift film 1, and a third layer 3 formed on the second layer 2.

For the second layer as the light shielding film, or the combination of a light
shielding film and an antireflection film, a process-aid film (etching mask film) which
functions as a hard mask in the process of patterning the second layer may be provided as
the third layer. In case where a fourth layer is employed as described below, the third
layer may be used as a process-aid film that functions as an etching stopper (etching
stopper film) in the process of patterning the fourth layer. The process-aid film is
preferably composed of a material that differs in etching characteristics from the second

layer, such as a material resistant to chlorine-based dry etching for a chromium-containing
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material, in particular, a silicon-containing material which can be etched by fluorine-
containing gases such as SF¢ and CFs. Examples of the silicon-containing material include
silicon (simple substance), and a silicon compound such as a material containing silicon,
and either or both of nitrogen and oxygen, a material containing silicon and a transition
metal, and a material containing silicon, and either or both of nitrogen and oxygen with a
transition metal. Examples of the transition metal include molybdenum, tantalum and
zirconium.

For the third layer as the process-aid film, the process-aid film is preferably
composed of a silicon compound. The silicon compound has a silicon content of
preferably at least 20 at%, more preferably at least 33 at%, and preferably up to 95 at%,
and more preferably up to 80 at%. The nitrogen content is preferably up to 50 at%, more
preferably up to 30 at%, and preferably at least 1 at%. The oxygen content is preferably up
to 70 at%, more preferably up to 66 at%, and if the etching rate is necessarily adjusted,
preferably at least 1 at%, more preferably at least 20 at%. A transition metal may be
contained or not in the third layer. When the transition metal is contained the transition
metal content is preferably up to 35 at%, more preferably up to 20 at%. In this case, a
total content of silicon, oxygen, nitrogen and transition metal is preferably at least 95 at%,
more preferably at least 99 at%, most preferably 100 at%.

For the second layer as the light shielding film, or the combination of a light
shielding film and an antireflection film, and for the third layer as the process-aid film, the
second layer has a thickness of usually 20 to 100 nm, and preferably 40 to 70 nm, and the
third layer typically has a thickness of usually 1 to 30 nm, and preferably 2 to 15 nm. A
total optical density of the phase shift film and the second layer are preferably at least 2.0,
more preferably at least 2.5, most preferably at least 3.0, with respect to exposure light.

For the second layer as the process-aid film, a light shielding film may be provided
as the third layer. The light shielding film in combination with the antireflection film may
be provided as the third layer. In this case, the second layer may be used as a process-aid
film (etching mask film) that functions as a hard mask in the process of patterning the phase
shift film, and as a process-aid film (etching stopper film) in the process of patterning the
third layer. The process-aid film is exemplified by a film composed of a chromium-
containing material, such as disclosed in JP-A 2007-241065 (Patent Document 4). The

process-aid film may consist of a single layer or multiple layers. Examples of the
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chromium-containing material of the process-aid film include chromium (simple
substance), and a chromium compound such as chromium oxide (CrO), chromium nitride
(CrN), chromium carbide (CrC), chromium oxynitride (CrON), chromium oxycarbide
(CrOC), chromium nitride carbide (CrNC) and chromium oxynitride carbide (CrONC).

For the second layer as the process-aid film, the chromium compound in the second
layer has a chromium content of preferably at least 40 at%, more preferably at least 50 at%,
and preferably up to 100 at%, more preferably up to 99 at%, most preferably up to 90 at%.
The oxygen content is preferably up to 60 at%, more preferably up to 55 at%, and if the
etching rate is necessarily adjusted, preferably at least 1 at%. The nitrogen content is
preferably up to 50 at%, more preferably up to 40 at%, and preferably at least 1 at%. The
carbon content is preferably up to 20 at%, more preferably up to 10 at%, and if the
etching rate is necessarily adjusted, preferably at least 1 at%. In this case, a total content
of chromium, oxygen, nitrogen and carbon is preferably at least 95 at%, particularly at least
99 at%, most preferably 100 at%.

The light shielding film and the antireflection film as the third layer are preferably
composed of a material that differs in etching characteristics from the second layer, such as
a material resistant to chlorine-based dry etching for a chromium-containing material, in
particular, a silicon-containing material which can be etched by fluorine-containing gases
such as SF¢ and CF4. Examples of the silicon-containing material include silicon (simple
substance), and a silicon compound such as a material containing silicon, and either or both
of nitrogen and oxygen, a material containing silicon and a transition metal, and a material
containing silicon, and either or both of nitrogen and oxygen with a transition metal.
Examples of the transition metal include molybdenum, tantalum and zirconium.

For the third layer as the light shielding film, or the combination of a light shielding
film and an antireflection film, the light shielding film and the antireflection film are
preferably composed of a silicon compound. The silicon compound has a silicon content
of preferably at least 10 at%, more preferably at least 30 at%, and preferably less than 100
at%, more preferably up to 95 at%. The nitrogen content is preferably up to 50 at%,
preferably up to 40 at%, and most preferably up to 20 at%, and if the etching rate is
necessarily adjusted, preferably at least 1 at%. The oxygen content is preferably up to 60
at%, more preferably up to 30 at%, and if the etching rate is necessarily adjusted,

preferably at least 1 at%. The transition metal content is preferably up to 35 at%,
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preferably up to 20 at%, and preferably at least 1 at%. In this case, a total content of
silicon, oxygen, nitrogen and transition metal is preferably at least 95 at%, more preferably
at least 99 at%, most preferably 100 at%.

For the second layer as the process-aid film, and for the third layer as the light
shielding film, or the combination of a light shielding film and an antireflection film, the
second layer has a thickness of usually 1 to 20 nm, and preferably 2 to 10 nm, and the third
layer has a thickness of usually 20 to 100 nm, and preferably 30 to 70 nm. A total
optical density of the phase shift film, the second layer and the third layer are preferably at
least 2.0, more preferably at least 2.5, most preferably at least 3.0, with respect to exposure
light.

Over the third layer of the phase shift mask blank of the invention, a fourth layer
consisting of a single layer or multiple layers may be provided. The fourth layer is
usually provided adjacent to the third layer. The fourth layer is specifically exemplified
by a process-aid film that functions as a hard mask in the process of patterning the third
layer. A material of the fourth layer is preferably a chromium-containing material.

This embodiment is specifically exemplified by a phase shift mask blank illustrated
in FIG. 2C. FIG. 2C is a cross-sectional view illustrating an exemplary phase shift mask
blank of the invention. In this embodiment, the phase shift mask blank 100 includes a
transparent substrate 10, a phase shift film 1 formed on the transparent substrate 10, a second
layer 2 formed on the phase shift film 1, a third layer 3 formed on the second layer 2, and a
fourth layer 4 formed on the third layer 3.

For the third layer as the light shielding film, or the combination of a light shielding
film and an antireflection film, a process-aid film (etching mask film) which functions as a
hard mask in the process of patterning the third layer may be provided as the fourth layer.
The process-aid film is preferably composed of a material that differs in etching
characteristics from the third layer, such as a material resistant to fluorine-based dry etching
for a silicon-containing material, in particular, a chromium-containing material which can
be etched by chlorine-based gases containing oxygen. The chromium-containing material
is exemplified by chromium (simple substance), and a chromium compound such as
chromium oxide (CrO), chromium nitride (CrN), chromium carbide (CrC), chromium
oxynitride (CrON), chromium oxycarbide (CrOC), chromium nitride carbide (CrNC) and
chromium oxynitride carbide (CrONC).

-13-
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For the fourth layer as the process-aid film, the fourth layer has a chromium content
of preferably at least 40 at%, more preferably at least 50 at%, and preferably up to 100 at%,
more preferably up to 99 at%, most preferably up to 90 at%. The oxygen content is
preferably up to 60 at%, more preferably up to 40 at%, and if the etching rate is necessarily
adjusted, preferably at least 1 at%. The nitrogen content is preferably up to 50 at%, more
preferably up to 40 at%, and if the etching rate is necessarily adjusted, preferably at least 1
at%. The carbon content is preferably up to 20 at%, more preferably up to 10 at%, and if the
etching rate is necessarily adjusted, preferably at least 1 at%. In this case, a total content
of chromium, oxygen, nitrogen and carbon is preferably at least 95 at%, more preferably at
least 99 at%, most preferably 100 at%.

For the second layer as the process-aid film, for the third layer as the light shielding
film, or the combination of a light shielding film and an antireflection film, and for the
fourth layer as the process-aid film, the second layer has a thickness of usually 1 to 20 nm,
and preferably 2 to 10 nm, the third layer has a thickness of usually 20 to 100 nm, and
preferably 30 to 70 nm, and the fourth layer has a thickness of usually 1 to 30 nm, and
preferably 2 to 20 nm. A total optical density of the phase shift film, the second layer and
the third layer are preferably at least 2.0, more preferably at least 2.5, most preferably at
least 3.0, with respect to exposure light.

The film composed of the chromium-containing material for the second layer and the
fourth layer may be formed by reactive sputtering using a target such as chromium target,
or a target containing chromium that is added one or more elements selected from the
group consisting of oxygen, nitrogen and carbon, and using a sputtering gas containing a
rare gas such as Ar, He and Ne that is properly added with a reactive gas selected from the
group consisting of an oxygen-containing gas, a nitrogen-containing gas and a
carbon-containing gas, according to a composition of the film to be formed.

Meanwhile, the film composed of the silicon-containing material for the third layer
may be formed by reactive sputtering using a target such as a silicon target, a silicon nitride
target, a target containing both of silicon and silicon nitride, a transition metal target, and a
composite target of silicon and transition metal, and using a sputtering gas containing a rare
gas such as Ar, He and Ne that is properly added with a reactive gas selected from the
group consisting of an oxygen-containing gas, a nitrogen-containing gas and a

carbon-containing gas, according to a composition of the film to be formed.
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The phase shift mask of the invention may be manufactured by any of usual
methods from the phase shift mask blank. From an exemplary phase shift mask blank
including a film composed of a chromium-containing material formed as a second layer on a
phase shift film, the phase shift mask may be manufactured typically by the following
processes.

First, an electron beam resist film is formed on the second layer of the phase shift
mask blank, a pattern is drawn by electron beam, followed by a predetermined operation of
development, to obtain a resist pattern. Next, the obtained resist pattern is used as an
etching mask, and the resist pattern is transferred to the second layer by chlorine-based dry
etching containing oxygen, to obtain a second layer pattern. Next, the obtained second
layer pattern is used as an etching mask, and the second layer pattern is transferred to the
phase shift film by fluorine-based dry etching, to obtain a phase shift film pattern. In case
where a part of the second layer is needed to be remained, another resist pattern that
protects such part to be remained is formed on the second layer, and a part of the second
layer not protected with the resist pattern is removed by chlorine-based dry etching
containing oxygen. The resist pattern is then removed by a usual method to obtain the
phase shift mask.

From an exemplary phase shift mask blank including a light shielding film or a
combination of a light shielding film and an antireflection film, composed of a chromium-
containing material, as a second layer on a phase shift film, and a process-aid film
composed of a silicon-containing material as a third layer on the second layer, the phase
shift mask may be manufactured typically by the following processes.

First, an electron beam resist film is formed on the third layer of the phase shift
mask blank, a pattern is drawn by electron beam, followed by a predetermined operation of
development, to obtain a resist pattern. Next, the obtained resist pattern is used as an
etching mask, and the resist pattern is transferred to the third layer by fluorine-based dry
etching, to obtain a third layer pattern. Next, the obtained third layer pattern is used as an
etching mask, and the third layer pattern is transferred to the second layer by chlorine-
based dry etching containing oxygen, to obtain a second layer pattern. The resist pattern
is then removed, and the obtained second layer pattern is used as an etching mask, and the
second layer pattern is transferred to the phase shift film by fluorine-based dry etching, to

obtain a phase shift film pattern and to concurrently remove the third layer pattern. Next,
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another resist pattern that protects a part of the second layer to be remained is formed on
the second layer, and a part of the second layer not protected with the resist pattern is
removed by chlorine-based dry etching containing oxygen. The resist pattern is then
removed by a usual method to obtain the phase shift mask.

Meanwhile, from an exemplary phase shift mask blank including a process-aid film
composed of a chromium-containing material as a second layer on a phase shift film, and a
light shielding film or a combination of a light shielding film and an antireflection film,
composed of a silicon-containing material, as a third layer on the second layer, the phase
shift mask may be manufactured typically by the following processes.

First, an electron beam resist film is formed on the third layer of the phase shift mask
blank, a pattern is drawn by electron beam, followed by a predetermined operation of
development, to obtain a resist pattern. Next, the obtained resist pattern is used as an
etching mask, and the resist pattern is transferred to the third layer by fluorine-based dry
etching, to obtain a third layer pattern. Next, the obtained third layer pattern is used as an
etching mask, and the third layer pattern is transferred to the second layer by chlorine-
based dry etching containing oxygen, to obtain a second layer pattern that a part where the
phase shift film will be removed has been removed. The resist pattern is then removed.
Next, another resist pattern that protects a part of the third layer to be remained is formed
on the third layer, and the obtained second layer pattern is used as an etching mask, and the
second layer pattern is transferred to the phase shift film by fluorine-based dry etching, to
obtain a phase shift film pattern, and to concurrently remove a part of the third layer which
is not protected with the resist pattern. The resist pattern is then removed by a usual
method. Further, the part of the second layer, which is exposed in the part where the third
layer has been removed, is then removed by chlorine-based dry etching containing oxygen,
to obtain the phase shift mask.

Further, from an exemplary phase shift mask blank including a process-aid film
composed of a chromium-containing material as a second layer on a phase shift film, a
light shielding film or a combination of a light shielding film and an antireflection film,
composed of a silicon-containing material, as a third layer on the second layer, and a
process-aid film composed of a chromium-containing material, as a fourth layer on the third

layer, the phase shift mask may be manufactured typically by the following processes.
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First, an electron beam resist film is formed on the fourth layer of the phase shift
mask blank, a pattern is drawn by electron beam, followed by a predetermined operation of
development, to obtain a resist pattern. Next, the obtained resist pattern is used as an
etching mask, and the resist pattern is transferred to the fourth layer by chlorine-based dry
etching containing oxygen, to obtain a fourth layer pattern. Next, the obtained fourth
layer pattern is used as an etching mask, and the fourth layer pattern is transferred to the
third layer by fluorine-based dry etching, to obtain a third layer pattern. The resist pattern
is then removed. Next, another resist pattern that protects a part of the third layer to be
remained is formed on the fourth layer, and the obtained third layer pattern is used as an
etching mask, and the third layer pattern is transferred to the second layer by chlorine-
based dry etching containing oxygen, to obtain a second layer pattern, and to concurrently
remove a part of the fourth layer which is not protected with the resist pattern. Next, the
second layer pattern is used as an etching mask, and the second layer pattern is transferred
to the phase shift film by fluorine-based dry etching, to obtain a phase shift film pattern, and
to concurrently remove a part of the third layer which is not protected with the resist pattern.
The resist pattern is then removed by a usual method. Further, the part of the second layer,
which is exposed in the part where the third layer has been removed, and the part of the
fourth layer exposed in the part where the resist pattern has been removed, are then

removed by chlorine-based dry etching containing oxygen, to obtain the phase shift mask.

EXAMPLES
Examples of the invention are given below by way of illustration and not by way of

limitation.

Example 1
A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of

a sputtering apparatus, and eight kinds of single-layer phase shift films composed of SiN that
have different compositions each other was formed thereon by using a silicon target as a
sputtering target, and argon gas and nitrogen gas as a sputtering gas, under the conditions
of a discharge power of 1.9 kW, a flow rate of argon gas of 28 sccm (fixed), and a flow rate

of nitrogen gas set between 19 sccm and 40 scem.
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Refractive indexes n and extinction coefficients k, as an optical constant with
respect to KrF excimer layer (wavelength of 248 nm), of the films were obtained. Graphs
plotting refractive indexes n and extinction coefficients k with respect to flow rates of
nitrogen gas are shown in FIGS. 3 and 4, respectively. The compositions of the films
were measured by XPS (X-ray photoelectron spectroscopy, the same shall apply hereinafter).
A graph plotting refractive indexes n with respect to content ratios N/(Si+N) (atomic ratio)
is shown in FIG. 5. From FIG. 5, it was found that the flow rate indicating the highest
refractive index n corresponds to the content ratio N/(Si+N) of approx. 0.47.

Next, a 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a
chamber of a sputtering apparatus, and a single-layer phase shift film composed of SiN was
formed thereon by using a silicon target as a sputtering target, and argon gas and nitrogen
gas as a sputtering gas, under the conditions of a discharge power of 1.9 kW, a flow rate of
argon gas of 28 sccm, and a flow rate of nitrogen of 27 sccm.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
a refractive index n of 2.60 and an extinction coefficient k of 0.70, and had a phase shift of
177°, a transmittance of 4.5%, and a thickness of 79 nm. A content ratio N/(Si+N)

(atomic ratio), measured by XPS, was 0.49.

Example 2
A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of

a sputtering apparatus, and eight kinds of single-layer phase shift films composed of SiN that
have different compositions each other was formed thereon by using a silicon target as a
sputtering target, and argon gas and nitrogen gas as a sputtering gas, under the conditions
of a discharge power of 1.9 kW, a flow rate of argon gas of 17 sccm (fixed), and a flow rate
of nitrogen gas set between 10 sccm and 30 sccm.

Refractive indexes n and extinction coefficients k, as an optical constant with
respect to KrF excimer layer (wavelength of 248 nm), of the films were obtained. The
compositions of the films were measured by XPS. It was found that the flow rate
indicating the highest refractive index n, which was confirmed according to the same way
of Example 1, corresponds to the content ratio N/(Si+N) of approx. 0.47.

Next, a 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a

chamber of a sputtering apparatus, and a single-layer phase shift films composed of SiN was
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formed thereon by using a silicon target as a sputtering target, and argon gas and nitrogen
gas as a sputtering gas, under the conditions of a discharge power of 1.9 kW, a flow rate of
argon gas of 17 sccm, and a flow rate of nitrogen of 27 sccm.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
a refractive index n of 2.60 and an extinction coefficient k of 0.60, and had a phase shift of
179°, a transmittance of 6.7%, and a thickness of 80 nm. A content ratio N/(Si+N)

(atomic ratio), measured by XPS, was 0.50.

Example 3
A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of

a sputtering apparatus, and a single-layer phase shift films composed of SiION was formed
thereon by using a silicon target as a sputtering target, and argon gas, nitrogen gas and
oxygen gas as a sputtering gas, under the conditions of a discharge power of 1.9 kW, a
flow rate of argon gas of 28 sccm, a flow rate of nitrogen of 26 sccm, and a flow rate of
oxygen of 1.5 sccm.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
a refractive index n of 2.52 and an extinction coefficient k of 0.56, and had a phase shift of
178°, a transmittance of 7.3%, and a thickness of 83 nm. A content ratio N/(Si+N)

(atomic ratio), measured by XPS, was 0.49, and an oxygen content was 2 at%.

Comparative Example 1

A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of
a sputtering apparatus, and a two-layer phase shift film consisting of a lower layer and an
upper layer was formed by using a silicon target as a sputtering target, and argon gas and
nitrogen gas as a sputtering gas, under the conditions of a discharge power of 1.9 kW, a
flow rate of argon gas of 28 sccm, and a flow rate of nitrogen of 19 sccm, for the lower
layer (thickness: 27 nm) composed of SiN; and by using the same target and gases under the
same conditions other than a changed flow rate of nitrogen gas of 35 sccm, for the upper
layer (thickness: 64 nm) composed of SiN.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
refractive indexes n of 2.45 in the lower layer and 2.38 in the upper layer, and extinction

coefficients k of 1.5 in the lower layer and 0.07 in the upper layer, and had a phase shift of
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177°, and a transmittance of 6.2%, however, the thickness of the film was 91 nm and the
film was formed thick. Content ratios N/(Si+N) (atomic ratio), measured by XPS, was

0.40 in the lower layer and 0.53 in the upper layer.

Comparative Example 2

A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of
a sputtering apparatus, and a single-layer phase shift film composed of SiN that is a
compositionally graded layer having a composition continuously varying in a thickness
direction, and having optical characteristics varying in the thickness direction was formed
thereon by using a silicon target as a sputtering target, and argon gas and nitrogen gas as a
sputtering gas, under the conditions of a discharge power of 1.9 kW, a flow rate of argon
gas of 28 sccm, and a flow rate of nitrogen gas continuously varied from 19 to 45 sccm.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
refractive indexes n of 2.45 at the lower surface adjacent to the substrate side and 2.33 at
the upper surface remote from the substrate side, and extinction coefficients k of 1.5 at the
lower surface adjacent to the substrate side and 0.05 at the upper surface remote from the
substrate side, and had a phase shift of 177°, and a transmittance of 6.0%, however, the
thickness of the film was 87 nm and the film was formed thick. Content ratios N/(Si+N)
(atomic ratio), measured by XPS, was 0.40 at the lower surface adjacent to the substrate

side and 0.53 at the upper surface remote from the substrate side.

Comparative Example 3

A 152 mm square, 6.35 mm thick 6025 quartz substrate was placed in a chamber of
a sputtering apparatus, and a single-layer phase shift films composed of MoSiON was
formed thereon by using a molybdenum silicon (MoSi) target and a silicon target as a
sputtering target, and argon gas, nitrogen gas and oxygen gas as a sputtering gas, under the
conditions of a discharge power of MoSi target of 1.2 kW, a discharge power silicon target
of 8 kW, a flow rate of argon gas of 5 sccm, a flow rate of nitrogen of 65 sccm, and a flow
rate of oxygen of 2.5 sccm.

With respect to KrF excimer layer (wavelength of 248 nm), the phase shift film had
a refractive index n of 2.25 and an extinction coefficient k of 0.52, and had a phase shift of

175°, a transmittance of 6.2%, however, the thickness of the film was 99 nm and the film



was formed thick. A molybdenum content was 14 at%, and a content ratio N/(Si+N)

(atomic ratio) was 0.56, measured by XPS.
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CLAIMS:

1. A phase shift mask blank comprising a substrate, and a phase shift film thereon, the
phase shift film composed of a material consisting essentially of silicon and nitrogen,
wherein

exposure light is KrF excimer laser,

the phase shift film consists of a plurality of layers, each of the plurality of layers
consists essentially of silicon and nitrogen, and has a refractive index n of at least 2.5 and
an extinction coefficient k of 0.4 to 1, with respect to the exposure light, and

the phase shift film has a phase shift of 170 to 190° and a transmittance of 4 to 8%,

with respect to the exposure light, and a thickness of up to 85 nm.

2. The phase shift mask blank of claim 1, wherein each of the plurality of layers has a
content ratio N/(Si+N) within a range of 0.43 to 0.53, the ratio N/(Si+N) representing

nitrogen content (at%) to the sum of silicon and nitrogen contents (at%).

3. A method of manufacturing the phase shift mask blank of claim 1 or 2, comprising
the step of:

forming the phase shift film by reactive sputtering using a silicon-containing target
and nitrogen gas, wherein

in the forming step, a flow rate of the nitrogen gas is set to a value of -20% to +20%
of the flow rate imparting the highest refractive index n, with respect to the exposure light,
of the phase shift film, and maintained constant or varied continuously or stepwise, the
flow rate imparting the highest refractive index n being obtained from varying the flow rate

from low rate to high rate.
4. The method of claim 3, wherein in the forming step, the flow rate of the nitrogen
gas is set to the flow rate imparting the highest refractive index n, with respect to the

exposure light, of the phase shift film, and maintained constant.

5. The method of claim 3 or 4, wherein the sputtering is a magnetron sputtering, and

the silicon-containing target is silicon target.
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6.

A phase shift mask manufactured by using the phase shift mask blank of claim 1 or 2.
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Phase Shift Mask Blank, Manufacturing Method Thereof, and Phase Shift Mask

ABSTRACT

Provided is a phase shift mask blank including a substrate, and a phase shift film
thereon, the phase shift film composed of a material containing silicon and nitrogen and
free of a transition metal, exposure light being KrF excimer laser, the phase shift film
consisting of a single layer or a plurality of layers, the single layer or each of the plurality
of layers having a refractive index n of at least 2.5 and an extinction coefficient k of 0.4 to 1,
with respect to the exposure light, and the phase shift film having a phase shift of 170 to
190° and a transmittance of 4 to 8%, with respect to the exposure light, and a thickness of up
to 85 nm.

[Fig. 1A]
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