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IMPRINT LITHOGRAPHY APPARATUS AND METHOD
EMPLOYING AN EFFECTIVE PRESSURE

BACKGROUND

1. Technical Field
[0001] The invention relates to semiconductors and the fabrication thereof. In
particular, the invention relates to imprint lithography used to define one or both of

micro-scale and nano-scale structures during semiconductor fabrication.

2. Description of Related Art

[0002] A relatively new lithographic methodology that attempts to address many of
the challenges associated with practical implementation and commercial acceptance of
nanotechnology is imprint lithography. Unlike conventional optical lithography that
generally relies on indirect, mask-based patterning of samples or substrates during
fabrication, imprint lithography directly patterns the substrate using a mold.
Specifically, the mold is employed to ‘print’ a fabrication pattern directly onto the
substrate. The mold may be fabricated using convéntional lithographic inethodologies
and then is employed to rapidly ‘print” one or more copies of the fabrication pattern

onto a single substrate and/or onto multiple substrates.

[0003] Unfortunately, the practical use of imprint lithography has been limited by a
need to align the mold with the substrate to be imprinted and then separately, typically
in a different apparatus, imprint the mold pattern onto the substrate. For example, a
conventional mask aligner may be employed to align the mold with the substrate. After
alignment, the mold and the substrate are transferred to a press for imprinting. Such
transfer of the aligned mold and substrate can and generally does adversely affect an
accuracy of the alignment. In addition, imprint uniformity may be limited by both the
transfer and an inability to accurately control a pressure with which the mold is pressed

into the substrate by the press.

[0004]  Accordingly, it would be desirable to have an approach to imprint
lithography that did not require a transfer from one apparatus to another. Moreover, it

would be beneficial if such approach to imprint lithography also maintained alignment
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accuracy and facilitated imprint uniformity. Such an imprint lithography approach

would solve a long-standing need in the area of nanotechnology.

BRIEF SUMMARY

[0005] In some embodiments of the present irnvention, an imprint apparatus used in
imprint lithography is provided. The imprint apparatus comprises a compressible
chamber that encloses an imprint mold having a nnold pattern and a sample to be
imprinted. The chamber is compressed to imprint the mold pattern on the sample. The
mold is pressed against the sample with an effecti ve pressure, wherein the effective
pressure is controlled by a selected ratio of a cavity area of the chamber to a contact area

between the mold and the sample.

[0006] In other embodiments of the present irxvention, an imprint lithography
system is provided. The imprint lithography system comprises a contact mask aligner
and an imprint apparatus supported by the mask aligner. The mask aligner adjusts the
imprint apparatus to align an imprint mold with a sample to be imprinted. The mold and
sample are supported and housed within the imprint apparatus. The imprint apparatus
imprints a mold pattern of the aligned mold in a surface of the aligned sample. The
mold pattern is imprinted with an effective pressure by compressing the imprint
apparatus. The effective pressure is controlled by~ a selected ratio of a cavity area of the

imprint apparatus to a contact area between the m.old and the sample.

[0007] In other embodiments of the present invention, a method of imprinting a
pattern of a mold into a surface of a sample is provided. The method comprises
applying an effective pressure to the mold and the sample to imprint the sample with the
pattern of the mold. The effective pressure is coratrolled by selecting a ratio of a cavity
area of a compressible chamber that houses the mxold and the sample during imprinting

to an area of contact between the mold and the saxmple.

[0008]  Certain embodiments of the present invention have other features in addition
to and in lieu of the features described hereinabove. These and other features of the

invention are detailed below with reference to the following drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The various features of embodiments of the present invention may be more
readily understood with reference to the following detailed description taken in
conjunction with the accompanying drawings, where like reference numerals designate

like structural elements, and in which:

[0010] Figure 1 illustrates a cross section of an imprint apparatuxs used in imprint

lithography according to an embodiment of the present invention.

[0011]  Figure 2 illustrates a cross section of an imprint apparatus according to

another embodiment of the present invention.

[0012] Figure 3 illustrates in cross section an expanded view of a portion of the

imprint apparatus illustrated in Figure 1.

[0013] Figure 4 illustrates a perspective view of an exemplary seal or gasket as a
compressible, elastomeric sheet with an opening or space cut in a central portion

according to an embodiment of the present invention.

[0014]  Figure 5A illustrates a perspective view of an exemplary two-part seal or

gasket according to an embodiment of the present invention.

[0015] Figure 5B illustrates a cross section of the two-part seal or gasket illustrated
in Figure SA.

[0016]  Figure 6A illustrates a side view of an exemplary mold positioned for

imprinting an exemplary sample according to an embodiment of the present invention.

[0017]  Figure 6B illustrates a side view of the exemplary sample following
imprinting by the exemplary mold illustrated in Figure 6A.

[0018]  Figure 6C illustrates a side view of the exemplary samp le illustrated in
Figure 6B following removal of residual material of recessed areas of a moldable

surface.

[0019]  Figure 6D illustrates a side view of the exemplary sample illustrated in the

Figure 6C following etching of exposed regions of a transfer layer.



10

15

20

25

WO 2006/036433 PCT/US2005/030880

[0020] Figure 6E illustrates a side view of the exemplary sample following removal

of any remaining moldable surface material.

[0021]  Figure 7A illustrates a side view of the imprint apparatus during alignment of

amold and a sample according to an embodiment of the present invention.

[0022] Figure 7B illustrates a side view of the imprint apparatus during
establishment of an approximate vacuum in a vicinity of the apparatus after alignment

according to an embodiment of the present invention.

[0023] Figure 7C illustrates a side view of the imprint apparatus being sealed

according to an embodiment of the present invention.

-[0024] Figure 7D illustrates a side view of a release of the vacuum outside the

imprint apparatus according to an embodiment of the present invention.

[0025]  Figure 8 illustrates a block diagram of an imprint lithography system

according to an embodiment of the present invention.

[0026]  Figure 9 illustrates a flow chart of a method of imprinting a pattern of a mold

into a surface of a sample according to an embodiment of the present invention.

DETAILED DESCRIPTION

[0027]  Embodiments of the present invention facilitate imprint lithography wherein
a pattern defined by a mold is imprinted on or pressed into a surface of a substrate or
sample. In particular, an effective pressure applied to an interface or contact between
the mold and the sample presses at least one protruding feature of the mold pattern into
a receiving surface of the sample, thereby uniformly creating a recess in the receiving
surface. According to the embodiments of the present invention, the effective pressﬁre
is established, in part, by a predetermined or controlled area of contact between the
mold and the sample and by an overall pressure applied to press the mold into the
sample. Specifically, in some embodiments, the applied effective pressure may result
from a difference in a pressure inside and a pressure outside of a compressible chamber
that houses the mold and the sample. In such embodiments, the pressure difference acts
on the compressible chamber to press the mold and the sample together uniformly

across the contact area.
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[0028] According to the embodiments of the present invention, essentially any
arbitrary effective pressure may be established by selecting an appropriately sized
contact area given a particular applied pressure or pressure difference. In particular, an
effective pressure equal to or greater than about twice the applied pressure or pressure
difference may be established. As such, the embodiments of the present invention
facilitate direct control of the effective pressure through a predetermination of the
contact area that is employed. By providing for such control of effective pressure, the
embodiments of the present invention may ensure transfer of high quality, essentially
uniform imprints of the pattern to the sample receiving surface. The embodiments of
the present invention are generally applicable to imprint lithography used for
semiconductor fabrication including, but not limited to, micro-imprint lithography,
nano-imprint lithography and combinations thereof. A nano-scale structure resulting
from nano-imprint lithography is one having dimensions that are often 50 to 100 times
smaller than conventional, so-called ‘micro-scale’ structures resulting from micro-

imprint lithography.

[0029] As used herein, imprint lithography generally involves imprinting a negative
image of a pattern of the mold into a material of the sample that is relatively softer than
the mold. The softer sample material receives and retains the imprinted pattern after the
mold is removed and during further processing. A surface of the softer sample material
of the sample that receives the mold during imprinting is referred to herein as the
‘receiving surface’ or ‘receiving layer’ of the sample. In some embodiments, the
receiving surface or layer of the sample comprises a layer of the relatively softer
material applied over a relatively harder substrate material of the sample. For example,
the sample substrate may comprise one or more of a semiconductor material, a dielectric

material, and metal material.

[0030] In some embodiments, the relatively softer material is cured or hardened
during imprinting to facilitate retention of the imprinted pattern. Curing essentially
‘freezes’ or fixes the receiving layer in a shape or pattern determined by the mold. As
used herein ‘curing’ generally includes any means of improving imprint retention

especially that is selectively initiated or activated during imprinting.
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[0031] For example, a layer of a photo-curable material such as, but not limited to a
photo-activated monomer, oligomer, or polymer, (e.g., photoresist) that hardens when
exposed to light (e.g., infrared, visible or ultraviolet (UV) illumination) may be used as
the receiving layer. Prior to curing, the photo-curable material is soft (e.g., semi-liquid)
and readily accepts the mold imprint pattern. Upon exposure to light, the photo-curable
material cures around the mold. The cured photo-curable material thus retains the

imprint pattem of the mold.

[0032] In another example, a thermoplastic material applied as a layer or film to a
surface of the sample substrate is used as the receiving surface. Prior to imprinting, the
thermoplastic material layer is heated to about a glass transition temperature of the
material thereby softening the material. The mold is pressed into the softened material
and the material is cooled to below the glass transition temperature causing the material
to harden or cure around the impressed mold. The imprinted pattern is retained by the
cured thermoplastic material. Examples of thermoplastic polymers that are used as the
receiving layer include, but not limited to, polycarbonate, polymethylmethacrylate
(PMMA) and methylmethacrylate (MMA).

[0033] A variety of applicable imprinting materials for both the sample substrate
and the receiving surface are described in U.S. Patent 6,294,450 to Chen et al., and U.S.
Patent 6,482,742 B1 to Chou, both of which are incorporated herein by reference. One
skilled in the art is familiar with other materials, including other thermoplastic, photo-
curable, and related materials, that are used or may be useful as the receiving surface for

imprint lithography. All such materials are within the scope of the present invention.

[0034] In some embodiments, imprint lithography imprints a pattern having one or
more of micro-scale and nano-scale features. An embodiment of the imprinting process
of the present invention will be further described below with reference to Figures 6A-
6E.

[0035]  Figure 1 illustrates a cross section of an imprint apparatus 100 used in
imprint lithography according to an embodiment of the present invention. Figure 2
illustrates a cross section of an imprint apparatus according to another embodiment of

the present invention.
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[0036] The imprint apparatus 100 comprises a compressible chamber 110 having a
cavity 111. A mold 120 and a sample 130 are mounted within the compressible
chamber 110 such that a compression thereof brings the mold 120 in contact with the
sample 130. The mold 120 has a mold pattern in a surface of the mold 120 (that is
illustrated with reference to Figure 3). The sample 130 has a receiving surface that
faces the mold 130 when installed in the chamber 110. Further compression of the
chamber 110 presses the mold 120 into the sample 130 receiving surface, thereby
imprinting the mold pattern onto the sample 130. As illustrated in Figure 1, the mold
120 is both in contact with and pressed into the sample 130 by compression of the

chamber 110.

[0037] The compressible chamber 110 is defined by a first or top member or plate
112, a second or bottom member or plate 114, and a gasket or seal 116. The top
member 112 is spaced apart from the bottom member 114. The seal 116 bridges or
spans a perimeter of the space between the members 112, 114, thereby ‘completing’ the
compressible chamber 110. The completed compressible chamber 110 defines the
cavity 111. One or both of the top member 112 and the bottom member 114 may be
moveable relative to an external reference frame. The chamber 110 is compressed by a

relative motion of the top member 112 and the bottom member 114 toward one another.

[0038] In some embodiments, one or both of the members 112, 114 are optically
transparent to facilitate optical alignment between the mold 120 and sample 130.
Exemplary materials for the members 112, 114 include, but are not limited to, quartz,
various types of glass, and silicon carbide (SiC). In some embodiments, only the top
member 112 is transparent while the bottom member 114 has no specific transparency
requirements. In such embodiments, the bottom member 114 may comprise essentially
any material including, but not limited to silicon (Si), quartz, glass, gallium arsenide

(GaAs), another semiconductor material, ceramic, and metal.

[0039]  In general, the shape of the members 112, 114 is unimportant and is
generally dictated by the specific application or environment (e.g., imprinting system,
mold, sample, etc.). As such, the members 112, 114 may be round, square, hexagonal
or essentially any other shape that accommodates the mold 120 and the sample 130. In

some embodiments, symmetric shapes such as round or square plates are employed for
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the members 112, 114. Also, in some embodiments, the members 112, 114 have an
essentially uniform thickness and each member 112, 114 provides at least one relatively

flat surface to which the mold and sample are respectively mounted.

[0040]  Figure 3 illustrates in cross section an expanded view of a portion of the
imprint apparatus 100 illustrated in Figure 1. In particular, Figure 3 illustrates a
patterned surface 122 of the mold 120 in contact with and pressed into a moldable
surface 132 of the sample 130 while the mold 120 and sample are within the
compressed chamber 110 during an imprinting process. In addition, Figure 3 illustrates
compression of the gasket or seal 116 as a result of chamber 110 compression, wherein
a cavity pressure Peaviry is less than an ambient pressure Pampien €Xternal to or outside of

the cavity of the chamber 110 during the imprinting process.

[0041]  Generally, the gasket or seal 116 is essentially impermeable to one or both of
gas and fluid (hereafter ‘gas/fluid’). Thus, the seal 116 along with the top and bottom
members 112, 114 of the compressible chamber 110 may serve to separate a gas/fluid
within the cavity 111 of the chamber 110 from another gas/fluid outside the chamber
110. In particular, the gas/fluid within the chamber 110 may be at a pressure that differs
from that of the gas/fluid outside the chamber 110. For example, the gas/fluid inside the
chamber 110 may be air at a first pressure and the gas/fluid outside the chamber 110

may be air at a second pressure.

[0042]  Insome embodiments, the seal 116 comprises a compressible material or a
semi-compressible material. In such embodiments, the compressible seal 116 readily
compresses during compression of the chamber 110. For example, the seal 116 may
comprise a material such as, but not limited to, silicone, latex, neoprene, and butyl
rubber. In such embodiments, the compressible seal 116 may effectively define or
delineate a side or sides of the compressible chamber 110 while the top member 112 and

bottom member 114 form a top and a bottom of the chamber 110, respectively.

[0043]  For example, the compressible seal 116 may comprise a silicone ‘o-ring’. In
another example, the seal 116 may be an elastomeric sheet having an opening or space
cut in a central portion of the sheet to form a space for the cavity of the chamber 110. In
another example, the seal 116 may be applied to one or both of the top member 112 and

the bottom member 114 as a liquid or semi-liquid that is cured or ‘hardened’ once
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applied (e.g., silicone or acrylic caulking) to form the seal 116. In yet another example,
the seal 116 may be made of a plurality of materials, some of which are compressible

while others are essentially incompressible.

[0044] The seal 116 may be affixed to one of the members 112, 114 with an
adhesive or another adhering means, or may be essentially free floating between the
members 112, 114 until compressed. Alternatively, the seal 116 may be retained or
positioned between the members 112, 114 in a groove or similar feature defined in an
adjacent surface of one or both of the members 112, 114. Various embodiments of the
compressible seal 116 are described in more detail herein below with reference to
Figures 4, 5A and 5B.

[0045]  Figure 4 illustrates a perspective view of an exemplary seal or gasket 116 as
a compressible, elastomeric sheet with an opening or space cut in a central portion of the
sheet according to an embodiment of the present invention. Figure SA illustrates a
perspective view of an exemplary two-part seal 116 according to another embodiment of
the present invention. Figure 5B illustrates a cross sectional view of the two-part seal
116 illustrated in Figure SA. The two-part seal 116 comprises a rigid, essentially non-
compressible inner ring or portion 116a and a compressible outer ring 116b. The inner
ring or portion 116a supports the compressible outer ring 116b. In some embodiments,
the inner ring 116a may prevent the outer ring 116b from collapsing when a difference
in pressure inside and outside the chamber 110 exists or is applied. In general, the outer
ring 116b is thicker than the inner ring 116a to facilitate compression of the chamber
110. While illustrated as being generally circular in Figures 5A-5B, or having a circular

opening in Figure 4, the seal 116 and/or its central opening may have any shape.

[0046]  In other embodiments, the seal 116’ is essentially non-compressible. For
example, the top member 112 and the bottom member 114 may be configured to nest
inside one another as a piston nests inside a cylinder. In such embodiments, the seal
116’ essentially slides on a surface of one or both of the top and bottom members 112,
114 during chamber 110 compression (e.g., rings of a piston), but does not itself
compress. For example, Figure 2 illustrates a cross section of such an imprint apparatus
100 with nesting top and bottom members 112, 114 and a substantially non-

compressible seal 116°. One skilled in the art may readily recognize other compressible
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chamber configurations comprising one or more of a top member, a bottom member,

and a seal, all of which are within the scope of the present invention.

[0047] The mold 120 provides a pattern that is to be imprinted during lithographic
imprinting. As such, the mold 120 comprises a patterned side that defines the pattern
being imprinted. In general, the pattern comprises at least one protruding feature. In
general, the feature or features have dimensions consistent with one or both of micro-
scale features and nano-scale features. A wide variety of mold materials are known
including, but not limited to, semiconductors such as silicon (Si), germanium (Ge), and
compound semiconductors such as gallium arsenide (GaAs), other materials such as
silicon dioxide (Si0,), silicon carbide (SiC), silicon nitride (SiN), sapphire, quartz,

various metals, and combinations thereof.

[0048] For example, the mold 120 may be a substrate or wafer of silicon or quartz
into which the pattern is defined. Pattern definition may be accomplished by any of
various known techniques including, but not limited to, one or more of electron beam
(e-beam) lithography, x-ray lithography, and etching using one or both of anisotropic
and nonanisotropic etching techniques. Typical dry etching techniques include, but are
not limited to, reactive ion etching (RIE) and plasma etching. Typical wet etching
techniques include, but are not limited to, liquid-phase chemical etchants known to etch
the material of the mold, such as potassium hydroxide (KOH) etching of silicon, or
hydrofluoric acid (HF) etching of SiO,, for example. The etched pattern may include
both protruding and recessed features, for example. Information regarding forming a
pattern in a mold and further details on molds and their use in imprinting lithography
may be found in U.S. Pat. Nos. 5,772,905; 6,309,580; 6,294,450 and 6,407,443, all of

which are incorporated herein by reference.

[0049] The sample 130 comprises a moldable surface that receives the pattern of the
mold 120 during imprinting (also referred to herein as ‘receiving surface’). In essence,
imprinting transfers the pattern of the mold 120 to the moldable surface of the sample
130. In some embodiments, the moldable surface is a surface of the sample 130 coated
with an imprintable or moldable layer or film. In some embodiments, heat and/or an
illumination source (e.g., infrared, visible and/or UV light) may be employed during

imprinting to cure or otherwise ‘fix’ the pattern in the moldable surface by hardening



10

15

20

25

30

WO 2006/036433 PCT/US2005/030880

-11-

the surface. In some embodiments, the heat or illumination is employed to soften the
moldable surface, and subsequent removal of the heat or illumination allows the

moldable surface to re-harden (i.e., cure) and fix the pattern therein.

[0050] For example, the sample 130 may comprise a semiconductor wafer 130 such
as a Si wafer. The semiconductor wafer 130 is coated on a surface with a resist material
such as PMIMA. The PMMA-coated surface serves as the moldable surface during
imprinting. Heating the PMMA to about or just above a glass transition temperature
softens the PMMA-coated surface rendering the surface moldable. The PMMA-coated
surface is cured by cooling the PMMA to below the glass transition temperature. After
curing in association with imprinting, the PMMA coated surface retains the imprint of

the mold pattern for further processing of the semiconductor wafer 130.

[0051] Once the imprint apparatus 100 according to the present invention imprints
the mold pattern, the impﬁnted pattern in the moldable surface 132 may be transferred
into a material or materials of the sample 130 as a positive image of the mold pattern
through further lithography and etching, for example. The process of imprint
lithography is known in the art, as exemplified by the U. S. Patents cited supra. For
example, the transfer of the pattern may be into one or both of a substrate of the sample
130 and a layer on a surface of the sample 130 between the moldable surface 132 and
the sample 130 surface, such as a layer of a conductive material or a semiconductor
material (i.e., transfer layer). In addition, the pattern so transferred may be used for

further processing in the formation of nano-scale structures, such as nanowires.

[0052] Figure 6A illustrates an exemplary mold 120 positioned for imprinting an
exemplary sample 130 according to an embodiment of the present invention. As
illustrated. in Figure 6A, the sample 130 comprises a substrate material 134 (e.g.,
silicon) coated with a transfer layer 136. In various embodiments, the transfer layer 136
may comprise one or more of a polymer layer, a dielectric layer, a polysilicon layer, a
metal layer, and combinations thereof. Also illustrated is a relatively softer layer on top
of the transfer layer 136 that acts as the moldable surface 132 to receive the pattern
imprint. Arrows (in bold print) illustrated in Figure 6A indicate motion of the mold 120
during imprint lithography. The exemplary mold 120 is affixed to the top member 112
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while the sample 130 is affixed to the bottom member 114 of the imprint apparatus 100

and compressed, as described hereinabove with reference to Figures 1-3.

[0053]  Figure 6B illustrates the exemplary sample 130 following imprinting by the
exemplary mold 130 illustrated in Figure 6A. As illustrated in Figure 6B, features of
the mold 120 pattern have been imprinted in the moldable surface 132. According to
various embodiments of the present invention, the imprinting is provided by
compression of the compressible chamber 110 of the imprint apparatus 100. The
effective pressure afforded by the imprint apparatus 100 of the present invention ensures

that a depth of the imprinted pattern is relatively uniform across the contact area.

[0054] There are many ways of transferring the imprinted pattern into the sample

130 during further processing. For example, the moldable surface 132 may be etched or
otherwise processed to leave raised areas 132a and remove residual material in recessed
areas 132b of the moldable surface 132. Such etching or processing may include, but is

not limited to, dry etching and/or wet etching of the moldable surface 132.

[0055] Figure 6C illustrates the exemplary sample 130 illustrated in Figure 6B
following removal of residuial material of the recessed areas 132b of the moldable
surface 132. Selective removal of the residual material leaves some portions 136a of the
transfer layer 136 ‘protected’ while other portions 136b are exposed or unprotected. In
particular, exposed portions 136b are created in locations where the residual material of
the recessed areas 132b is removed. The exposed areas 136b of the transfer layer 136
may be etched using known methods while the remaining raised areas 132a of the

moldable surface 132 acts as an etch mask.

[0056] Figure 6D illustrates the exemplary sample 130 illustrated in Figure 6C
following etching of exposed regions 136b of the transfer layer 136. As illustrated in
Figure 6D, only the protected portions 136a of the transfer layer 136 remain after
etching.

[0057] After the transfer layer 136 is etched, the remaining material of the moldable
surface 132a is removed using known techniques. Figure 6E illustrates the exemplary
sample 130 following removal of any remaining moldable surface 132 material. The

method of Figures 6A-6E described herein is exemplary and provided with the
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understanding that the embodiments of the present invention are not so limited to this

described method of transferring a mold pattern to a sample.

[0058] As mentioned above, the mold 120 and the sample 130 are affixed to the
respective chamber members 112, 114 of the imprint apparatus 100 for imprinting. For
example, a side of the mold 120 opposite the patterned side 122 is adjacent to and in
contact with the top member 112. A side of the sample 130 opposite the moldable
surface 132 is adjacent to and in contact with the bottom member 114. The mold 120
may be affixed to the top member 112 using means for attaching including, but not
limited to, an adhesive, such as an epoxy or glue, and a mechanical fastener, such as
clips or screws, for example. Similarly, thie sample 130 may be affixed to the bottom

member 114 using similar means for attaching.

[0059] The means for attaching is firma or provides a firm attachment, such that the
mold 120 and the sample 130 do not shift during imprinting. Depending on the
embodiment, the means for attaching may be temporary or provides a temporary
attachment, such that the mold 120 and thee sample 130 are readily removable from the
members 112, 114 of the chamber 110 after imprinting. The exemplary means for
attaching listed above are not intended to 1imit the scope of the embodiments of the
present invention in any way. Other means for attaching may be readily devised by one
skilled in the art. These other means for attaching are within the scope of the

embodiments of the present invention.

[0060] The top member 112 with the affixed mold 120 is aligned with the bottom
member 114 with the affixed sample 120. Then the top member 112 and bottom
member 114 are moved toward one another until the seal 116 contacts both a surface of
the top member 112 and a surface of the bottom member 114 in some embodiments.
Contact of the seal 116 to the top member 112 and bottom member 114 essentially
forms the cavity 111. To imprint the mold pattern, the chamber 110 is then compressed

to press the mold 120 into the sample 130.

[0061] In some embodiments, a pressure difference between a pressure inside the
cavity 111 of the compressible chamber 1 10 and a pressure outside the chamber 110 is

used to press the mold 120 into the sample 130. In particular, a cavity pressure Peaviy
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within the cavity 111 less than an external or ambient pressure Pgmpien Outside the cavity

111 produces a positive pressure difference Py during imprinting in such embodiments.

[0062] For example, the cavity pressure Pcqi,, may be approximately a vacuum

(e.g., ~ O torr) while the external ambient pressure Pampiens may be approximately one
atmosphere (e.g., ~ 760 torr). The positive pressure difference Py between the cavity
pressure Pqyy and the pressure outside the cavity Pampient, acting through the structure of
the chamber 110 (i.e., the top and bottom members 112, 114), causes the mold 120 to be
pressed against the sample 130 at a mold/sample interface 14-0 with an effective pressure
P,y The effective pressure Poyis a product of the pressure di fference Py and a ratio of
a cavity area Aairy to a contact area Acomae. In particular, the effective pressure Py

exerted by the imprint apparatus 100 on the mold/sample interface 140 is given by

Acavi
‘Pejf = A = (Rzmbium —1)cavity) (1)
contact
[0063] where the contact area A mqe 1S an area of contact between the mold 120 and

the sample 130 and the cavity area 4cqvy is an internal area o f the chamber 110 defined
by the members 112, 114 and the seal 116.

[0064] Thus, according to the present invention, the effective pressure Py applied
by the imprint apparatus 100 to press the mold 120 into the sample 130 is controllable
by both the pressure difference (i.e., Paiy= Pambien: — Pcaviy) and the ratio of the cavity
area Acayiry to the contact area Aconuer- Even when the pressure difference Py is
essentially dictated by an environment in which the imprint apparatus 100 is used, the
effective pressure Pymay be arbitrarily determined or established by controlling the
ratio of the cavity area 4caviry and the contact area Aconaer. In some embodiments, the

cavity area Acayiy is determined as an area bounded or encompassed by the seal 116.

[0065]  For example, the imprint apparatus 100 may be exmployed in conjunction
with a conventional contact mask aligner system (not illustrated) for imprint
lithography. The mask aligner is first used to align the mold 120 and the sample 130.
In this example, the top member 112 of the compressible chamber 110 may be or

comprise a mask blank 112 of the mask aligner, while the bottom member 112 of the
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compressible chamber 110 may be or comprise a substrate carrier 114 of the mask

aligner.

[0066]  Following alignment of the mold 120 to the sample 130 using the contact
mask aligner, according to various embodiments of the present invention, an
approximate vacuum is established in a vicinity of the imprint apparatus 100. In some
embodiments, the established approximate vacuum surrounds the mask blank 112 and
substrate carrier 114 while the mold 120 and the sample 130 are aligned and brought in
contact with one another. As the mold 120 is brought into contact with the sample 130
by the mask aligner, the seal 116 contacts both the mask blank 112 and the sample
carrier 114, thereby completing or closing the compressible chamber 110. The cavity

111 essentially ‘traps’ the vacuum within the chamber 110.

[0067] The vacuum external to the chamber 110 is then released to re-establish the
ambient pressure Pampien OUtside the chamber 110 (e.g., Pambien: ~ 760 torr) while leaving
a vacuum inside the chamber 110 (i.€., Peqyiry ~ O torr in the cavity 111). Imprinting
then proceeds with the effective imprint pressure Py given by equation (1). Typically,
one or more of heat and light (e.g., infrared, visible, and/or UV light, for example) may
be applied during imprinting to facilitate transfer of the pattern to the moldable surface
132 around the mold 120.

[0068]  Figures 7A-7D illustrate the process of aligning and imprinting the sample
130 using the imprint apparatus 100 according to an embodiment of the present
invention. Figure 7A illustrates the imprint apparatus 100 during an alignment of the
mold 120 and sample 130 according to an embodiment of the present invention. In
particular, the top member 112 with the mold 120 affixed thereto is illustrated above
and separated from the boitom member 114 with the affixed sample 130. Axrows (in
bold print) indicate movement of the top member 112 and mold 120 during alignment

according to this embodiment.

[0069] Also illustrated in Figure 7A is the seal 116 adjacent to or in contact with the
bottom member 114 according to this embodiment. In other embodiments, the
alignment may be facilitated by movement of the bottom member 114 either in addition
to or alternatively to the top member 112 movement. Moreover, in other embodiments,

the seal 116 may be adjacent or contacted to the top member 112 instead of the bottom
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member 114. Also, alignment movement is not limited to the directions illustrated by
arrows in Figure 7A. The alignment movement may include one or more directions into
or out of a plane of the page of Figure 7A, rotational movement, and up and down
movement directions, as well as the illustrated side to side movement. It should be
noted also that the top member 112 may support the sample 130 and the bottom member
114 may support the mold 120, instead of that illustrated, and still be within the scope of

the various embodiments of the present invention.

[0070]  Figure 7B illustrates the imprint apparatus 100 during establishment of an
approximate vacuum in a vicinity of the apparatus 100 after alignment according to an
embodiment of the present invention. Note that while alignment is described herein as
preceding establishment of the vacuum, the alignment may be performed concomitant
with or following the vacuum establishment and still be within the scope of the present

invention.

[0071]  Figure 7C illustrates the imprint apparatus 100 being sealed according to an
embodiment of the present invention. In other words, the compressible chamber 110 is
formed and closed off from the external environment, thereby defining the cavity 111.
In particular, to seal the imprint apparatus 100, in this illustrated embodiment, the top
member 112 is brought into contact with the seal 116 that is contacted with the bottom
member 114 to form the compressible chamber 110. The imprint apparatus 100 is
sealed with the vacuum in place both inside the cavity 111 and outside the chamber 110.
In some embodiments, the mold 120 affixed to the top member 112 may contact the
sample 130 when the seal is formed. In other embodiments, the mold 120 may be

spaced apart from the sample 130 when the seal is first formed, as illustrated in Figure
7C.

[0072] Figure 7D illustrates a release of the vacuum outside the imprint apparatus
100 according to an embodiment of the present invention. Release of the vacuum re-
establishes the ambient pressure Pppiern outside of the compressible chamber 110 of the
apparatus 100 that differs from the vacuum retained inside the cavity 111 of the
chamber 110. The pressure difference Pyyybetween the cavity pressure Peayiy, inside the
compressible chamber 110 and the ambient pressure Pappien: OUtside the chamber 110

results in a force being applied to the members 112, 114 as indicated by the arrows in
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bold print in Figure 7D. Although not illustrated with arrows, a force may be applied
against the member 114 in addition to or alternatively to the force illustrated as applied

against the member 112.

[0073]  The applied force moves the members 112, 114 toward one another thereby
compressing seal 116 and, in turn, compressing the chamber 110. Compression of the
chamber 110 presses the mold 120 into the sample 130 to imprint the sample 130 with
the pattern of the mold 120. As described hereinabove, an effective pressure with which
the mold 120 is pressed into the sample 130 is controlled as given by equation (1). In
other words, the effective pressure is proportional to or a function of a selected or
predetermined ratio of cavity area to contact area and the pressure difference between

inside and outside of the chamber 110.

[0074] Any one or more of the parameters, such as the inside cavity pressure Peavigy,
the outside cavity pressure Pampiens, the contact area Aconrar and the cavity area Acavipy may
be manipulated to control the effective pressure Peythat is used to press the pattern of
the mold 120 into the sample 130. However, in some embodiments, the outside cavity
pressure Pumpien: i atmospheric pressure and the cavity pressure Peqviry is essentially a
vacuum. In such embodiments, the ratio of contact area A oni 10 cavity area Acaviy is
primarily used to control the effective pressure P,y For example, the cavity area may be
controlled simply by adjusting or predetermining a size of the central opening in the seal
116, such that the size of the members 112, 114 may remain constant. Furthermore,
such alignment and controllability facilitate achieving uniformly applied pressure
throughout the contact area Acone: between the mold 120 and the sample 130 contacted
surfaces. The uniformity and its control are often important for imprint mold patterns
that include micro-scale and nano-scale features, since errors in the alignment or the
uniformly applied pressure may be pronounced or significant for patterns of nano-scale

and micro-scale dimensions as compared to patterns of larger feature dimensions.

[0075] Figure 8 illustrates a block diagram of an imprint lithography system 200
according to an embodiment of the present invention. In particular, the imprint
lithography system 200 provides both alignment between a mold and a sample to be
imprinted and imprinting of the sample with a mold pattern defined in the mold.

Furthermore, the imprint lithography system 200 accomplishes both the alignment and
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the imprint in a single setup or apparatus without a need to remove and/or transfer the
mold and the sample after alignment from one setup or apparatus to another for

imprinting, as in conventional systems.

[0076] The imprint lithography system 200 comprises a contact mask aligner 210
and an imprint module or apparatus 220. The contact mask aligner 210 holds the
imprint module 220 during both alignment and imprinting. The contact mask aligner
210 comprises a mask armature 212 and a sample chuck or stage 214. In particular, the
contact mask aligner 210 may be a conventional mask aligner with a substrate chuck or
stage for holding a sample and a mask armature for holding a mask blank. In the
conventional mask aligner, the mask armature and the substrate chuck are movable
relative to one another enabling the mask blank to be aligned to (e.g., x-y and/or
rotational (®) alignment) and then placed in contact (e.g., z-motion) with the sample.
However, the mask aligner 210 of the present invention differs from the conventional
mask aligner in that the mask aligner 210 holds or supports the imprint module 220 of

the present invention for imprinting, which is further described below.

[0077]  The imprint module 220 comprises a mask blank 222, a sample carrier 224,
and a seal or gasket 226. In some embodiments, the mask blank 222 is a rigid or semi-
rigid plate that provides a mounting surface for an imprint mold 228a. In such
embodiments, the mold 228a may be removably affixed to the mounting surface of the
mask blank 222 using an adhesive or a mechanical fastening means, for example. In
other embodiments, the imprint mold 228a may be formed in or is fabricated as part of

the mask blank 222.

[0078] The sample carrier 224 is a rigid or semi-rigid plate that provides a mounting
surface for a sample 228b to be imprinted. In some embodiments, the sample 228b is
removably affixed to the mounting surface of the sample carrier 224. For example, an
adhesive or a mechanical fastening means may be employed to affix the sample 228b to
the sample carrier 224. In other embodiments, the sample 228b itself may act as the
sample carrier 224. For example, the sample 228b may be a portion of a larger wafer
acting as the sample carrier 224. The gasket 226 is positioned between the mask blank
222 and the sample carrier 224 and provides a compressible, essentially gas/fluid tight

seal therebetween during imprinting using the system 200.
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[0079] In some embodiments, the imprint module 220 is essentially similar to the
imprint apparatus 100 described hereinabove. In such embodiments, the mask blank
222 is essentially similar to the top member 112, the sample carrier 224 is essentially
similar to the bottom member 114, and the gasket 226 is essentially similar to the seal
116 described herein above with respect to the imprint apparatus 100. Likewise, the
mold 228a and the sample 228b are essentially similar to the mold 120 and the sample
130, respectively.

[0080] The mask aligner 210 initially holds the imprint module 220 as two separated
or spaced apart sections or parts dictated by the relative positions of the mask armature
212 and sample chuck 214. In particular, the mask blank 222 and the affixed mold 228a
are held by the mask armature 212 of the mask aligner 210 while the sample carrier 224
and the affixed sample 228b are seated in and held by the sample chuck 214. The
gasket 226 may be affixed to either the mask blank 222 or the sample carrier 224.

[0081]  Figure 8 illustrates the gasket 226 adjacent to or on the sample carrier 224 by
way of example. The initial spacing dictated by the mask aligner 210 facilitates
alignment of the mold 228a and sample 228b using a conventional operation of the
mask aligner 210 in a way similar to mask alignment known in the art. In some
embodiments, the mounting surface of the mask blank 222 and the mounting surface of
the sample carrier 224 are essentially parallel to one another when so held by the mask
aligner 210. In other embodiments, the mounting surfaces are brought into parallel by
adjusting one or both of the mask aligner 210 plates 212, 214 and the imprint module
220 plates 222, 224.

[0082] Once aligned, the mask armature 212 and the sample chuck 214 are moved
toward one another to bring the mask blank 222 in contact with the gasket 226 on the
sample carrier 224. Contact of the mask blank 222 and the sample carrier 224 with the
gasket 226 forms a chamber having an internal cavity and a seal 226. The seal 226
separates the formed internal cavity within the imprint module 220 from a region
surrounding the imprint module 220 within the mask aligner 210. In some
embodiments, the chamber having an internal cavity is similar to the compressible
chamber 110 and cavity 111 described above for the imprint apparatus 100. Moreover,

in some embodiments, the mask aligner 210 comprises means for supporting a vacuum
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in a vicinity of the imprint module 200, as further described below. Such means for
supporting includes, but is not limited to a compartment or enclosure that separates an
internal environment adjacent to the imprint module 220 from an external environment

of the mask aligner 210, at least temporarily to support the vacuum.

[0083] The movement of the mask armature 212 and the sample chuck 214 may
comprise moving one or both of the armature 212 and the chuck 214 relative to a
reference frame of the mask aligner 210. Such movement is consistent with
conventional operation of a mask aligner that brings an aligned mask in contact with a
resist covered substrate. With respect to the imprint module 220, a relative alignment of
the mold 228a and the sample 228b achieved by the mask aligner 210 is generally
maintained while the mask armature 212 and the sample chuck 214 are moved toward

one another.

[0084]  Insome embodiments, an approximate vacuum is established in a vicinity of
the mask blank 222 and sample carrier 224 prior to forming the seal 226 (e.g., with the
means for supporting a vacuum). Once the seal 226 is formed, the vacuum is released in
the region of the mask aligner 210 outside of the formed chamber of the imprint module
220. A pressure difference between the region outside and a region inside the chamber
cavity of the imprint module 220 applies a force to the imprint module 220 such that the
cavity is compressed and the aligned mold 228a is pressed into the aligned sample 228b.
An effective pressure with which the mold 228a is pressed into the sample 228b is
controlled by a combination of the pressure difference and a ratio of an area of contact
between the mold 228a and sample 228b to an area of the cavity within the imprint
module 220. In some embodiments, the effective pressure is given by equation (1)

described hereinabove.

[0085] In some embodiments, one or both of the mask blank 222 and the sample
carrier 224 are essentially transparent to light to facilitate photo-curing or to facilitate
photo-softening of a moldable layer on a surface of the sample 228b. In such
embodiments, the imprint lithography system 200 further comprises a light source 230
(e.g., infrared, visible, and/or UV light). In other embodiments, the moldable layer on
the sample 228b is cured using heat or softened using heat followed by cooling. In such

embodiments, the imprint lithography system 200 further comprises a heat source 240
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that applies heat for the moldable layer during imprinting. In some embodiments, the
imprint lithography system 200 comprises both a light source 230 and a heat source 240
enabling one or both of heat curing/softening and photo-curing/softening of the
moldable layer, depending on the embodiment of the moldable layer used. Thus, the
imprint lithography system 200 is essentially a turn-key system that provides alignment,
imprinting and curing in a single setup. Further, a controllable pressure, facilitated by

the features of the imprint module 220, provides uniform imprinting of the mold pattern.

[0086] Figure 9 illustrates a flow chart of a method 300 of imprinting a pattern of a
mold into a surface of a sample according to an embodiment of the present invention.
The method 300 employs a selected or predetermined ratio of an area of a cavity of a
compressible chamber to an area of contact between the mold and the sample to control
an effective pressure with which the mold is pressed into the sample. In particular, by
selecting a specific ratio of such areas, the effective pressure may be controlled

essentially arbitrarily according to the method 300 of the present invention.

[0087] The method 300 of imprinting comprises aligning 320 a mold to a sample.
The mold is affixed to a mask blank and the sample is affixed to a sample carrier. The
mold comprises a pattern defined in a surface of the mold that is to be imprinted and the
sa&nple comprises a moldable layer that receives the pattern to be imprinted. In some
embodiments, the mold and the sample are aligned 320 in an x-y plane while being held
spaced apart from one another along a z-axis perpendicular to the x-y plane by the mask
blank and the sample carrier, respectively. In some embodiments, aligning 320

comprises moving one or both of the mask blank and the sample carrier in the x-y plane.

[0088] In some embodiments, the method 300 of imprinting further comprises
providing 310 the mold and the sample. Providing 310 may comprise fabricating the
mold pattern in a surface of the mold. Providing 310 may further comprise preparing
the sample with a moldable layer and optionally, with a transfer layer. In some
embodiments, the method 300 further comprises one or both of affixing the mold to the
mask blank and affixing the sample to the sample carrier before aligning 320.

[0089] The method 300 of imprinting further comprises establishing 330 an
approximate vacuum in a vicinity of and surrounding both of the mask blank and sample

carrier. In other words, a gas/fluid pressure adjacent the mold and the sample is
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evacuated. The method 300 further comprises contacting 340 the mask blank and the
sample carrier to a seal gasket therebetween to create an essentially gas/fluid tight,
compressible chamber with an internal cavity formed by the mask blank, the sample
carrier and the seal. Contacting 340 while the gas/fluid pressure is evacuated encloses
the mold and the sample within the compressible chamber at essentially vacuum
pressure. The seal effectively separates an internal portion or cavity of the chamber at

essentially vacuum pressure from a region outside of the chamber.

[0090] The method 300 of imprinting further comprises establishing 350 a pressure
difference between a pressure of the internal cavity and a pressure of the region outside
of the compressible chamber. In some embodiments, the pressure difference is
established 350 by releasing the vacuum outside of the cavity and re-establishing an

ambient pressure of the outside region.

[0091] The method 300 of imprinting further comprises imprinting 360 the sample
with the mold using an effective pressure that is a function of a selected ratio between
an area of contact between the mold and the sample to a cavity area of the compressible
chamber. In some embodiments, the contact area is an area that the mold and the
sample are interfaced during imprinting 360. In some embodiments, the cavity area is
determined by an internal area bounded by the compressible gasket or seal, the mold
blank and the sample carrier. In some embodiments, the effective pressure is further a
function of the pressure difference. In particular, the pressure difference applies a force
to compress the seal/gasket and therefore, compress the chamber. The compression of
the chamber, in turn, presses the mold into the sample thus imprinting 360 the sample
with the mold pattern. The ratio is selected to control the effective pressure given the
pressure difference. In some embodiments, the effective pressure of imprinting is given
by equation (1) described hereinabove. In some embodiments, the contact area is less
than one half of the cavity area, such that the effective pressure is more than two times

the pressure difference.

[0092] Thus, there have been described embodiments of an apparatus, a system and
a method of imprint lithography that employ one or more of a predetermined contact
area between a mold and a sample, a predetermined cavity area, and a predetermined

pressure differential between a chamber enclosing the mold and the sample and an
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environment outside the chamber to control an effective pressure of imprinting. It
should be understood that the above-described embodiments are merely illustrative of
some of the rmany specific embodiments that represent the principles of the present
invention. Clearly, those skilled in the art can readily devise numerous other
arrangements without departing from the scope of the present invention as defined by

the following claims.
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What is claimed is:

1.  Animprint apparatus 100, 100°, 220 comprising:

a compressible chamber 111 that encloses an imprint mold 120, 228a having a
mold pattern 122 and a sample 130, 228b to be imprinted, the chamber 111 being
compressed 330, 340, 350 to imprint 300, 360 the mold pattern 122 on the sample 130,
228b, the mold 120, 228a being pressed 350 against the sample 130, 228b with an
effective pressure Py, wherein the effective pressure Peyis controlled by a selected ratio
A cavity/Acontact of 2 cavity area Acqyy of the chamber 111 to a contact area A contact bEtWeEED
the mold 120, 228a and the sample 130, 228b.

2. The imprint apparatus 100, 100°, 220 of Claim 1, wherein the compressible
chamber 111 is compressed 330, 340, 350 by a pressure difference Py between a
pressure Peayiyy inside the chamber 111 and a pressure P ampient outside the chamber 111,
the effective pressure P,z being proportional to the pressure difference Pyyyand the

Selected I‘atiO Acav[ty/Acontact -

3. The imprint apparatus 100, 100°, 220 of Claim 2, wherein the effective

pressure Py is equal to the pressure difference Py times the ratio Acavi/ A contact-

4.  The imprint apparatus 100, 100°, 220 of any of Claims 1-3, wherein the
compressible chamber 1 11 comprises a first plate 112, 222, a second plate 114, 224
spaced from the first plate 112, 222, and a gasket 116, 116°, 226 that bridges a perimeter
of a space between the first plate 112, 222 and the second plate 114, 224, the mold 120,
228a being affixed to the first plate 112, 222 and the sample 130, 228b being affixed to
the second plate 114, 224 for imprinting 300, 360, the gasket 116, 116°, 226 forming
one or both of a gas tight seal and a fluid tight seal between the first plate 112, 222 and
the second plate 114, 224, one or both of the first plate 112, 222 and the second plate
114, 224 being moved together to compress 330, 340, 350 the chamber 111.

5.  The imprint apparatus 100, 220 of Claim 4, wherein the gasket 116, 226 is

a compressible material that is impermeable to one or both of a gas and a flmd.
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6. The imprint apparatus 100, 100°, 220 of any of Claims 1-5, wherein
adjusting one of the cavity area A qyi, and the contact area A onsact changes the effective

pressure Peg.

7.  The imprint apparatus 100, 100, 220 of any of Claims 1-6 used in an
imprint lithography system 200, the system 200 comprising:

a contact mask aligner 210 having parallel support plates 212, 214 that support
the imprint apparatus 110, 1007, 220,

wherein the mask aligner 210 aligns 320 the mold 120, 228a and the sample 130,
228b, the chamber 111 being compressed 330, 340, 350 to imprint 300, 360 the mold
pattern 122 of the aligned mold 120, 228a in a surface 132 of the aligned sample 130,
228b.

8.  The imprint apparatus 100, 100°, 220 of Claim 7, wherein one or both of
the first plate 112, 222 and the second plate 114, 224 move respectively by an action of
the supporting mask aligner 210, 212, 214 to align 320 the mold 120, 228a and the
sample 130, 228b and to seal 330, 340 the chamber 111.

9.  The imprint apparatus 100, 100’, 220 of any of Claims 7-8, wherein the
imprint lithography system 200 further comprises one or both of means for hardening an
imprinted surface 132 of the sample 130, 228b and means for softening a moldable

surface 132 of the sample 1 30, 228b for imprinting.

10. The imprint apparatus 100, 100°, 220 of Claims 9, wherein the means for
hardening and the means for softening independently comprises one or both of a light

source 230 and a heat source 240.
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