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geometries.  The thin membrane
layer (106) is within a range of
substantially forty to two hundred
nanometers and is preferably silicon
nitride, and the stress controlled layer
is preferably a metal or a metal alloy.
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obtain a desired stress characteristic.
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mask by projecting radiation through
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and reduction optics (30) onto resist
(44) formed on a plurality of die, the
radiation forming a contrast image
on the resist that is subsequently
developed. Commercially available
lithography equipment is compatible
with the thin stencil mask.
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METHOD FOR FABRICATING A THIN-MEMBRANE STENCIL MASK AND
METHOD FOR MAKING A SEMICONDUCTOR DEVICE USING THE SAME

Field of the Invention

This invention relates generally to lithography masks used for patterning layers
of integrated circuits, and more specifically, to methods for making a stencil mask as
can be used in conjunction with electron projection lithography, ion projection

lithography, electron proximity lithography, and ion proximity lithography.

Background of the Invention

Electron projection lithogfaphy is a competing technology for future
generations of lithography in semiconductor manufacturing (e.g. less than 70nm feature
sizes). Electron projection lithography projects electrons through a mask that has a
pattern that correspond to the desired features to be patterned in a semiconductor wafer.
In one form, the mask can have a continuous membrane through which the electrons
pass, such as used in a technology known as SCALPEL ® (SCattering Angular Limited
Projection Electron Lithography). In another form, the mask membrane is
discontinuous, having openings that correspond to desired features to be patterned in
the semiconductor wafer. These are known as stencil masks. Stencil masks are also

used for ion projection lithography that use ions as radiation source instead of electrons.

Existing stencil masks typically are formed from a silicon substrate, usually a
silicon on insulator (SOI) substrate. Silicon is used as a support structure, and is also
used to form a membrane layer that forms the stencil. The silicon membrane layer may
be doped with boron or other dopant to control the stress in the membrane layer. A
membrane window is formed by etching the silicon support structure, and the stencil
pattern is formed by etching the silicon membrane layer. Typically, the silicon
membrane layer has a thickness of approximately 1.5-3.0 um when used in electron
projection lithography applications. This thickness is required to provide a sufficient

amount of electron scattering. In ion projection applications, the membrane layer is
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even thicker (approximately 1.5-10 um). A thicker membrane layer is required in ion
projection masks because the membrane window is usually much larger in area, thereby

requiring more structural support.

There are two principal problems associated with existing stencil masks, both of
which are related to the thickness requirements of the membrane layer. One problem is
the ability to etch openings in the membrane layer that have high aspect ratios because
it is difficult to control the sidewall profile of the opening through the membrane layer
from top to bottom. The second problem is one known as image blur. As electrons or
ions travel through a thick opening, some of the electrons or ions are drawn to the
sidewalls of the opening due to interactions with the membrane materials. As a result,
the electrons or ions passing through the opening are no longer as collimated as upon
entering the mask opening. This causes the final projected image to be blurred in

comparison to the desired pattern.

Materials other than silicon have been proposed for use as membrane layers.
For example, U.S Patent No. 6,261,726 B1 by Brooks et al. proposes using a diamond,
silicon carbide, diamond-like carbon, amorphous carbon, carbon nitride, or boron
nitride to enhance the structural integrity of the membrane layer. However this patent
requires a stencil membrane thickness of 0.5-5.0 um, and therefore also suffers from

the aforementioned problems.

Brief Description of the Drawings

The present invention is illustrated by way of example and not limitation in the
accompanying figures, in which like references indicate similar elements.

FIG. 1 illustrates a top down view of a stencil mask in accordance with the
present invention;

FIGs. 2-5 illustrate, in cross-section, a portion of the stencil mask of FIG. 1,
taken along the line 2-2 as it undergoes a series of processing steps used to make the

mask;
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FIG. 6 illustrates, in a cross-sectional view, how the mask of FIGs. 1-5 is used

to pattern a semiconductor wafer; and

FIGs. 7-8 illustrate, in cross-section, a portion of a stencil mask in accordance

with an alternative embodiment of the present invention.

Skilled artisans appreciate that elements in the figures are illustrated for
simplicity and clarity and have not necessarily been drawn to scale. For example, the
dimensions of some of the elements in the figures may be exaggerated relative to other
elements to help improve the understanding of the embodiments of the present

invention.

Detailed Description of the Drawings

FIG. 1 illustrates in a top view a stencil mask 10 in accordance with one
embodiment of the presenf invention. Materials used to make the mask are described in
detail below. Mask 10 includes a plurality of membrane windows 12. The number and
size of membrane windows 12 will vary, depending upon the size of the semiconductor
die to be patterned and the strength of the membrane layer material. In a typical
electron projection application, the size of membrane windows 12 in a stencil mask is
approximately 1 mm by 1 mm, but the present invention has been proven to support
windows of 1 mm by 12 mm. The availability of total membrane area defines the die
size that can be printed. Hence, a larger membrane area is desired. Together, all
membrane windows on the mask define a single patterned layer to be transferred onto a

semiconductor die.

FIGs. 2-5 illustrate a series of process steps used to make mask 10. These
figures are taken along the line 2-2 of FIG. 1. As shown in FIG. 2, mask 10 includes a
support substrate 102 that is preferably comprised of silicon. Silicon is preferred
simply because it is readily available in wafer form and it is easily processed using well
understood semiconductor manufacturing techniques. However, other materials may
be used for support substrate 102 in lieu of silicon. A hard mask layer 100 is formed on

one side (the bottom side or secondary surface) of support substrate 102, and a thin
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membrane layer 104 is formed on the other side (the top side or primary surface). In a
preferred embodiment, both the hard mask layer 100 and the thin membrane layer are
comprised of silicon nitride (SizN4). Accordingly, both layers can be formed
simultaneously, for example using low pressure, chemical vapor deposition (CVD). In
accordance with the present invention, thin membrane layer 104 is deposited to a
thickness within a range of approximately 40-200 nm, and more preferably to a
thickness within a range of 50-80 nm. The hard mask layer has approximately the same
thickness since both layers are formed at the same time. The function of hard mask

layer 100 and thin membrane layer 104 are described further below.

After depositing thin membrane layer 104, a stress control layer 106 is
deposited over the thin membrane layer 104. In a preferred embodiment stress control
layer 106 is a layer of tantalum silicon nitride (T axSiyN,, where x is a real number from
20-99, y is a real number from 0-80, and z-is a real number from 0-80, and where x, v,
and z sum to 100). In the most preferred embodiment, thé stoichiometric formula for
the stress control layer 106 is TazsSi14Nso. Other materials for the stress control layer
are also suitable, including tantalum silicon oxide (TaSiO), chromium (Cr), tantalum
nitride (without silicon-TaN), tungsten (W), or refractory metal compounds. In
general, a stress control material comprises at least one metal. In other words, the
stress control layer is either a metal or a metal alloy film. One desirable property for
stress control layer 106 is that it has a high atomic number (e.g. greater than 50) for
improved electron scattering ability. Another desirable property for stress control layer
106 is that it is amorphous in microstructure. It is also desirable for the stress control
layer 106 to be easily deposited and etched, and that it withstand the chemical
processing typically used to clean lithography masks (e.g. peroxides, sulfuric acid,

hydrochloric acid, and the like).

When a tantalum silicon nitride material is used for stress control layer 106, it is
preferably deposited by RF sputtering to a thickness in a range of approximately 5-60
nm, and more preferably 30 nm. A minimum thickness of stress control layer 106 is
determined by the material’s scattering ability. The material has to scatter electrons

sufficiently to create a high contrast image at the point the image is projected on the
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semiconductor wafer surface. Ideally, the stress control layer should be made as thin as
possible to avoid the problems associated with thick membrane stencil masks as

described in the background.

As its name suggests, stress control layer 106 is used to control the stress of
membrane layer. If the stress level in thin membrane layer 104 is too high, it will have
a tendency to break or rupture upon forming the openings in the membrane. The stress
control layer is used to adjust the overall stress in the mask membrane such that a
combined stress of stress control layer 106 and thin membrane layer 104 is in a range of
approximately 0-150 MPa. The principle of force balancing is used to achieve this
result. For example, the stress level of thin membrane layer 104 as deposited may be
tensile, and the stress control layer 106 could be made compressive, with the amount of
stress in the stress control layer being dependent on its thickness and the thickness of
the thin membrane layer. To achieve a particular stress level or predetermined stress
factor in stress control layer 106, deposition parameters can be adjusted or the film may
undergo post-deposition processing (e.g. an anneal step) during manufacture of the thin
membrane stencil mask. Also, stress control can be achieved by using a combination of
compressive and tensile properties of the thin membrane layer 104 and the stress

control layer 106.

After deposition of stress control layer 106, mask 10 is etched from the backside
(also referred to as the bottom side or secondary surface) to create one or more cavities
extending to the thin membrane layer 104 such as cavity 103. Cavity 103 is defined in
part by a window portion 109 in support substrate 102 as illustrated in FIG. 3. Window
portion 109 defines the boundaries of the membrane windows 12 of the stencil mask.
To create window portion 109, hard mask layer 100 is patterned and etched selectively
to the support substrate material. For example, a CHF; chemistry could be used to
plasma etch a silicon nitride hard mask selective to a silicon support substrate. The
mask is then subjected to a wet KOH etch to define window portion 109. A KOH etch
is selective to a silicon nitride so that the etch stops on and does not affect membrane
layer 104. As shown, the window portion 109 has tapered sidewalls as a result of the

crystallographic orientation of the silicon substrate material (which is typically oriented
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on a 100 crystal plane). As an alternative to a wet etch to define window portion 109, a
dry etch could be used which would result in vertical sidewalls. This would require the
addition of an etch stop layer (e.g. a silicon dioxide layer) between support structure
102 and thin membrane layer 104. This additional layer is preferably removed after
forming window portion 109 so that it does not form part of the membrane. Also if
using a dry etch, the choice of material for hard mask 100 may differ. For example, a
silicon dioxide layer could be used in place of silicon nitride to get a more selective
etch. A dry etch method is generally more costly to process because it employs steps,
but it enables individual membrane windows to be placed closer together and therefore

enables a larger die to be patterned.

After the window opening is formed, the membrane layer and stress control
layer are patterned to create the stencil. A semiconductor device layer pattern is used to
form one or more openings in thin membrane layer 104 and stress control layer 106
thereby forming a stencil pattern in the mask. The pattern is formed by depositing and
patterning a resist layer 110 over stress control layer 106 as shown in FIG. 4. This is
performed in a conventional manner. The pattern of resist layer 110 corresponds to the
desired patterned to be etched in the membrane layer. After forming and patterning
resist layer 110, the mask is subjected to a dry etch. The chemistry of the dry etch is
dependent on the particular materials used for the stress control layer and membrane
layer. Preferably these two layers are etched together using the same chemistry that
etches both materials. For example, if using a tantalum silicon nitride material for
stress control layer 106 and silicon nitride for thin membrane layer 104, a chlorine (Clp)
chemistry can be used. Rather than etching both layers at the same time, two different
etch steps could be used. For example, if chromium were used as the stress control
layer it would be etched using a mixture of chlorine and oxygen (Cl; and O,). But such
a mixture will not readily etch a silicon nitride membrane layer, so the etch chemistry

can be changed to a chlorine-only or fluorine-based etch chemistry.

At this point the mask fabrication is complete and the mask is cleaned and
inspected for defects. The present invention has an advantage over conventional stencil

masks in that it can be inspected using both transmission and reflection techniques. In
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prior art stencil masks, the large thickness of the openings in the mask, combined with
the small width of the openings, prevents transmission of the illumination such that
only reflection techniques can be used. Ideally, the contrast of one of the membrane
layers (either the stress control layer or the membrane layer) exhibits a contrast greater
than 40% at the inspection radiation wavelength (which is typically in a range of 157-

800 nm).

After approval of the mask, it can be used to pattern a semiconductor wafer as
shown in FIG. 6. Only a portion of a membrane window, rather than the whole mask is
depicted. Further, as illustrated in FIG. 6 the pattern of thin membrane layer 104 and
stress control layer 106 does not match the pattern previously illustrated, but for
purposes of understanding the invention this is not important. As shown in FIG. 6,
electrons are projected without scattering through the openings in thin membrane layer
104 and stress control layer 106. Unscattered electrons are shown in FIG. 6 as electron
beamlet 50. Elsewhere in the mask, electrons are scattered by the stress control layer
106, resulting in a scattered electron beamlet 52. Upon passing through reduction
optics 30, all of the electrons are demagnified. However, the scattered electrons are
stopped by a back focal plane aperture, while the unscattered electrons pass through the
aperture. Only the unscattered electrons reach a semiconductor substrate 40 at an
intensity level to expose the resist layer 44. The pattern of the unscattered electron
beamlets is used to pattern a resist layer 44 on the semiconductor substrate. The pattern
of resist layer 44 can then be transferred to the semiconductor substrate to form a part

of a semiconductor device.

FIGs. 7 and 8 illustrate an alternative embodiment of the present invention in
which a stencil mask is used for application in an ion projection lithography
application. All elements of the masks shown in FIGs. 7-8 correspond to similarly
numbered elements in previous figures. A difference is the addition of a carbon layer
110 over the stress control layer 106 and thin membrane layer 104. Carbon layer 110 is
preferably deposited over the mask after forming the openings in the stress control and
membrane layers. Carbon layer 110 is preferably deposited by sputtering to a thickness

of between approximately 100-200nm. Openings in the carbon layer 110 which
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correspond to the openings in stress control layer 106 and thin membrane layer 104 are
formed by etching the mask from the backside (or bottom side or secondary surface)
using the silicon nitride membrane layer as a hard mask for the etch. An O, plasma
etch can be used to remove the carbon from within the openings, which is selective to
silicon nitride. The resulting mask is shown in FIG. 8. The purpose of carbon layer
110 is to absorb the radiation ions that are used to illuminate the mask, thereby
enhancing material stability of materials previously deposited. Ions pass through the
openings in the mask but are absorbed elsewhere by the carbon layer. If ions penetrate
into the stress control and membrane layers, it affects the stress levels in these films and
can cause pattern distortion. By absorbing the ions with the carbon layer, such
distortion is avoided. The break shown in mask 10’ is intended to indicate that in ion
projection lithography, the size of the membrane window 12’ is typically larger than a

membrane window used in electron projection lithography.

By now it should be appreciated that there has been provided a new stencil
mask and method for its fabrication and use that overcomes the previously mentioned
disadvantages associated with prior art masks. More specifically, a thin-membrane
stencil mask (within a range of approximately 50-300nm for the thin membrane layer
and the stress control layer) reduces the problem of image blur because electrons have a
much shorter distance to travel through openings in the mask. Additionally, the thin-
membrane provides for easier fabrication in that consistent etch profiles from top to
bottom of the openings are easier to control with shorter openings. Moreover, the
present invention provides enhanced inspection capabilities in that both transmission
and reflection mask inspection techniques can be used. A further advantage of the
present invention is that mask repair can be more easily performed. It is easier to mill a
thin-membrane silicon nitride material than conventional thick-membrane silicon and
carbon materials. Similarly, it is easier to fill thinner-membrane films. The present
invention is also attractive (both from an economic and manufacturing perspective) in
that it utilizes known materials and processing steps to form the stencil mask such that

conventional equipment sets and chemistries can be used.
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Because the apparatus implementing the present invention is, for the most part,
composed of electronic equipment and materials known to those skilled in the art,
details regarding the raw materials will not be explained in any greater extent than that
considered necessary as illustrated above, for the understanding and appreciation of the
underlying concepts of the present invention and in order not to obfuscate or distract

from the teachings of the present invention.

In the foregoing specification, the invention has been described with reference
to specific embodiments. However, one of ordinary skill in the art appreciates that
various modifications and changes can be made without departing from the scope of the
present invention as set forth in the claims below. Accordingly, the specification and
figures are to be regarded in an illustrative rather than a restrictive sense, and all such

modifications are intended to be included within the scope of the present invention.

Benefits, other advantages, and solutions to problems have been described
above with regard to specific embodiments. However, the benefits, advantages,
solutions to problems, and any element(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be construed as a critical,
required, or essential feature or element of any or all the claims. As used herein, the

nn

terms "comprises,” "comprising," or any other variation thereof, are intended to cover a
non-exclusive inclusion, such that a process, method, article, or apparatus that
comprises a list of elements does not include only those elements but may include other

elements not expressly listed or inherent to such process, method, article, or apparatus.
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CLAIMS

1. A thin membrane stencil mask, comprising:

a substrate having a primary surface and a secondary surface opposite the
primary surface;

a thin membrane layer overlying the primary surface of the substrate;

a stress control layer overlying the thin membrane layer;

one or more cavities in the substrate extending from the secondary surface to
the thin membrane layer; and

a semiconductor device layer pattern having one or more openings in the stress
control layer and the thin membrane layer, the one or more openings forming a stencil

pattern in the thin membrane stencil mask.

2. The thin membrane stencil mask of claim 1 wherein the stress control layer is
controlled to have a predetermined stress factor by annealing the stress controlled layer

during manufacture of the thin membrane stencil mask.

3. The thin membrane stencil mask of claim 1 wherein the stress control layer is

comprised of TaSiN, TaN, TaSiO, Cr or W.

4. The thin membrane stencil mask of claim 1 wherein at least one of the stress
control layer and thin membrane layer exhibit contrast greater than 40% at an
inspection radiated wavelength substantially in the range of 157 nanometers through

800 nanometers.

5. The thin membrane stencil mask of claim 1 further comprising:
a layer of carbon overlying the stress control layer and removed at the one or more
openings, the layer of carbon absorbing radiation ions thereby enhancing material

stability of materials previously deposited.
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6. A method of forming a semiconductor device using a thin membrane stencil
mask, comprising;
forming a resist on a semiconductor wafer having a plurality of semiconductor
die;

5 projecting radiation through the thin membrane stencil mask and onto the resist
formed on the plurality of semiconductor die, the radiation forming a contrast image on
the resist, wherein the thin membrane stencil mask comprises:

a substrate having a primary surface and a secondary surface opposite the
primary surface;
10 a thin membrane layer overlying the primary surface of the substrate;
a stress control layer overlying the thin membrane layer;
one or more cavities in the substrate extending from the secondary surface to
the thin membrane layer;
a semiconductor device layer pattern having one or more openings in the stress
15  control layer and the thin membrane layer, the one or more openings forming a stencil
pattern in the thin membrane stencil mask; and

developing the resist.

7. The method of claim 6 further comprising:
20 depositing a layer of carbon overlying the stress control layer; and
etching the layer of carbon at corresponding one or more openings in the stress
control layer, the layer of carbon absorbing radiation ions, thereby

enhancing material stability of materials previously deposited.
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