




exposure of a (3-in diameter) wafer in less than 1 min.

This patterning technology offered the winning combi-
nation of sub-5-�m resolution with high yield and high

throughput (1 wafer/min) and made possible the

economical manufacturing of very large-scale integrated

circuits.

Unfortunately, the optical arrangement of the Micra-

lign limited the numerical aperture to 0.167, which, as

described in the next section, limited the smallest features

to about 2 or 3 �m. So the next family of exposure tools
was to use a step and repeat camera, employing a multiple-

element refractive lens, to expose the wafer directly from

the reticle. The first such steppers were expensive

($500 000) and slow (1 wafer/3 min) but were able to

generate 1.25-�m features, and by 1985 steppers had

replaced the Micralign for the critical patterning steps.

During the next 20-plus years, steppers evolved such that

the numerical aperture is now close to one, the wavelength
dropped from 436 to 193 nm (using an excimer laser), and

the resist technology improved so that features can be less

than 100 nm. A further advantage of the stepper was

improved overlay because alignment could be carried out

die-by-die or to some less dense array of marks to correct

for the most serious spatial frequency components of

distortion of the wafer. Moreover, the introduction of

Bchemically amplified[ resist allows a throughput exceed-

ing one 300-mm-diameter wafer per minute. The most
recent versions employ scanning as well as stepping to

cover the large fields of the ultra-large-scale interated

(ULSI) chips, and liquid immersion optics are being intro-

duced to reduce the wavelength [i.e., increase the

numerical aperture (NA)] further so that the minimum

features will be less than 50 nm. All this comes at a price;

the current Bscanners[ have a price tag of about

$30 000 000. But despite this high price, the cost per
patterned minimum feature has continued to drop.

Needless to say, the mask making technology has also

been changing. In the mid 1970s, Bell Labs introduced and

licensed to ETEC Corporation commercial electron beam

technology for mask making, and initially the product was

the master masks used in the Micralign; only one

patterning step was needed to generate the master. With

the introduction of steppers, the e-beam tools were used to
generate reticles (i.e., only one to four chip patterns)

whose features were four to ten times those on the wafer.

So, despite the shrinking of features on the wafer, the

original electron beam tools continued to be used with

little modification until about 2000. Since then, new

generations of electron beam tools have been introduced,

not simply because the wafer features have become smaller

Fig. 3. The first successful wafer exposure tool using optical projection; the Perkin–Elmer Micralign (1973). This tool made possible

very large-scale integration by directly exposing the reticle onto the wafer with no mechanical contact to either image surface.
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but also because of the need to put on the mask subreso-

lution assist features (SRAFs) to enhance the fidelity of the
projected image to the design layout (Fig. 8).

Less publicized has been the accompanying inspection,
metrology, and repair tools needed to qualify the patterns on
the reticles, masks, and wafers. Inspection for defects is

mostly done with highly automated high-speed optical

microscopy, whereas the scanning electron microscope

(SEM) is used to measure the feature sizes. Inspection,

repair, and metrology of the reticle have now become an
appreciable factor in the total cost of patterning a wafer

and must be considered when assessing the introduction of

a new patterning technology.

III . PHOTOLITHOGRAPHY

A. Limit to Resolution Set by the Wavelength
If you focus an image of a point object using an

aberration-free lens, the result will be an BAiry[ disk of

radius 0.61 �= sin �, where � is the wavelength (at the

image) and � the convergence semi-angle at the image.2 In

light optics, this is frequently written as 0.61 �=nsin�,
where n is the refractive index of the medium at the image,

� the free-space wavelength, and the quantity nsin� the

numerical aperture (NA) of the lens. Lord Rayleigh

suggested that the criterion for resolution of a microscope

should be the radius of the Airy disk. That is, two (self-

luminous) points separated by 0.61 �=NA can just be

resolved when using a perfect (i.e., aberration-free) lens.

This criterion is often referred to, incorrectly, as the

Rayleigh Blimit,[ largely because is it is a practical limit for

two points emitting radiation with no coherence between
the pencil beams from the different points.

However, an IC pattern is very far from being a pair of

points, and we can use many different kinds of illumination

to achieve different levels of coherence between rays from

neighboring points in the object. Often we use a (equal line-

space) grating object for analyzing optical system perfor-

mance. For example, if we illuminate coherently a grating

object and project its image through a perfect lens system
(Fig. 4 top), there will be two diffraction spots, as well as the

undiffracted spot, at the aperture plane (assume that higher

order spots will be outside the aperture) and so the resulting

aerial image will be a periodic wave of unity (maximum)

contrast defined by ðImax � IminÞ=ðImax þ IminÞ. This value
will hold as we shrink the grating (increase spatial

frequency) until the diffraction spots go outside the

aperture, at which point the contrast abruptly goes to
zero. If the illumination is incoherent, usually realized by

impinging over a solid angle up to 2� steradians, from an

extended source, then the curve of contrast versus spatial

frequency drops gradually with increasing spatial frequency

(Fig. 4 bottom); note that the highest spatial frequency for

which there is nonzero contrast is twice that of the

corresponding value when coherent illumination is used.

In practice, the illumination is partially coherent, so
the curves are somewhere between the two, but the trend

of monotonically decreasing contrast for smaller features is

usually true.

Thus, except for perfectly coherent illumination, there

is no sharp criterion for resolution of the grating object, so

today we replace the factor 0.61 with k1 for the minimum

(half-pitch) feature that is resolved by the projection2See any optics book. Also see [5].

Fig. 4. Resolution limitation of optical imaging of a grating object; for simplicity the system is shown for unity magnification. Top diagram shows

the object illuminated by a collimated monochromatic light at normal incidence. The aperture in the optics just allows the undiffracted and

both first-order diffracted rays to reach the image plane, so the grating pattern is just resolved. This corresponds to curve 1 (lower diagram)

of contrast versus spatial frequency that goes abruptly to zero when the spatial frequency reaches 2NA=1. If the illumination is tilted or

arrives at many angles, then the aperture can accept the undiffracted rays and one of the first-order diffracted rays so spatial frequencies

up to 4NA=� can be resolved but at lower contrast (curve 2). In current parlance, we say that the feature size is k1�=NA.
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falls off as the lines and spaces shrink. One of the first
wavefront engineering techniques was the phase-shifting
mask [7], [11], [12] (Fig. 7) in which alternate clear fea-

tures have a � phase change in the transmitted light so

that they destructively interfere and give rise to a region

of zero intensity between them, thus restoring contrast.

This is very effective for line-space patterns but in general

there were pattern topologies (e.g., the letter M) that

made the application of alternating phase shifting chal-
lenging. There have been many variations on this original

idea. Related to this is the technique of concentrating the

illumination at certain angles (tilted illumination) so that

contrast of the characteristic spatial frequency of a

periodic mask pattern is maximized. One literal short-

coming of images for k1 G 0:5 is that the ends of lines

become rounded and shortened, and this can often be

compensated by making the mask pattern for a short line
in the form of a Bdogbone.[

Such semiempirical techniques were effective for a

time, but as features became smaller, k1 continued to drop

and more and more effects due to nearby features (hence

the term Bproximity effects[) became significant and there

were more neighbors to take into consideration. The

complexity of arriving at an acceptable mask pattern soon

became a computational nightmare. This was exacerbated
by the more complex physics that needs to be invoked for

Fig. 7. The alternating area PSM (M. D. Levenson, IEDM 1982)

compared with the conventional binary mask. The resultant intensity

curves show clearly the better contrast in the image of the PSM.

This was probably the earliest example of treating the mask as

a diffractive element rather than an object to be faithfully imaged.

Fig. 8. Transition of mask pattern from simple binary to a complex diffractive element showing optical proximity correction and SRAFs

as well as alternating area PSMs. The computation, fabrication, and inspection required for generating a qualified mask for a complex

chip pattern with 1 � 1010 features at 65 nm and below has become a major challenge.
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modeling the imaging process when features are smaller
than the wavelength of the radiation and the numerical

apertures are so high that the obliqueness of zonal rays

becomes appreciable. Use of the scalar model for optical

imaging ceases to be adequate, and Maxwell’s equations

have to be solved for each case (Bvector[ model). This

nightmare was partially ameliorated by the introduction of

model-based correction for these optical proximity effects

[13], [14]. The principle of the model-based approach is
that an IC pattern can be thought of as made up of a finite

menu of basic patterns, and knowing thoroughly the

behavior of these basic patterns simplifies the task of

computing the proximity effects for the complete pattern;

the evolution of optical masks is shown in Fig. 8. In more

recent versions, the development response of the resists is

also taken into account. Several companies have been

formed that devote their entire efforts to improving the
speed and accuracy of predicting completely the optical

lithography process, including the tolerance to variations

in exposure level and focus level, and identifying

Bhotspots[ where such variations can reduce yield; the

term computational lithography has recently been coined to

describe this activity. Again, this is a large topic, and more

complete descriptions can be found in [6]. Applying such

techniques has led to the ability to manufacture ICs at the

65-nm node using 193-nm radiation at an NA of 0.9. This
corresponds to a k1 of 0.3.

D. Immersion Optics [15], [76]
The arrangement is shown schematically in Fig. 9. By

using water for the fluid filling the space between the

lens and wafer surface, we can increase the numerical

aperture to more than one. Although the principle is

simple and the technique has been used for microscopy
since the nineteenth century, the practical difficulties are

challenging. For example, in a modern scanner, the wafer

is moving past the lens at up to 1 m/s so droplets are

often left on the surface and bubbles can form; but

despite these difficulties, this technique is now being

introduced to manufacturing for 45-nm (half-pitch)

features and is slated to be extended to 32 nm. Some

of the arrangements for maximizing the numerical
aperture with this technique are described in [15] and

[76] and illustrated in Fig. 9.

E. How to go Beyond k1 ¼ 0:25
How low can k1 go? Looking at Fig. 4(b), we can see

that the contrast drops to zero at k1 ¼ 0:25. However, that
is for a single exposure, and we have already pointed out

that we can overetch to achieve arbitrarily finer features.

Fig. 9. Immersion optics has been used for more than 100 years in microscopy but its application to deep ultraviolet has spawned major

challenges arising from the lack of transparent and high index fluids and solids at 193-nm wavelength and from the difficulty of maintaining

the fluid in place while the wafer moves at up to 1 m/s past the final surface of the lens. Top left shows the general principle in which a

topcoat is used to match the refractive indices of the fluid (e.g., water) and resist. To achieve numerical apertures 9 1 at 193 nm, we either need

(a) a fluid and a ‘‘glass’’ with respective refractive indexes greater than those of water and of fused silica or (b) a combination of a curved lens

final surface and a thick (i.e., highly transparent) fluid [76]. The lower figure shown some preliminary results with NA 9 1 [15].
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So we could expose, develop, and overetch one grating
pattern and then pattern an identical grating pattern offset
so that the combination is now a grating of double the
spatial frequency of the original. A huge number of
variations of suchdouble exposuretechniques are being
described. In some, there is no need to remove the wafer
from the scanner, so registering the second exposure to the
first is less of a problem. However, most of the techniques
do require a second registration operation, and achieving
sufficiently accurate overlay has now become a major
issue. Whereas for single exposure techniques an overlay
accuracy of linewidth/three was regarded as adequate,

with double exposure, an accuracy of a few nanometers is
now desirable for 32-nm half-pitch.

One particularly ambitious approach to overcoming the
wavelength limitation on resolution in optical lithography
is absorbance modulation optical lithography(AMOL) [16].
AMOL employs simultaneous exposure at two different
wavelengths and is shown schematically in Fig. 10.
Twenty-nanometer lines and spaces have been reported
corresponding to a k1 value of 0.05.

The bottom line is that ultraviolet lithography has de-
monstrated features below 22 nm, so the issue is not fun-
damental physics but technology (including economics). A

Fig. 10. An example of an ambitious approach to achieving features sizes for k1 G0.25, AMOL. Under exposure at one wavelength, the absorbing
modulation layer (AML) turns opaque and transparent at the other. Thus a simultaneous exposure at l 1 and l2 can achieve an arbitrarily small
transparent opening in the AML, which is then transferred to the photoresist by the same exposure at l 1. To achieve closely packed features,
the operation must be repeated prior to developing. (Courtesy of H. I. Smith.)

Fig. 11. Schematic of scanning electron beam lithographic tool featuring continuous feedback on stage position and sporadic feedback of
landing position on workpiece (see [20]). Schemes to provide continuous feedback from the beam landing position have also been reported
but are not yet in commercial use. (Courtesy of H. I. Smith.)
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BEBES[ [20]; see Fig. 11). With one pencil beam, the pat-

tern is built up one picture element (pel) at a time. A min-

imum feature has at least 5� 5 ¼ 25 pels. A current chip
pattern containing, say, 1 � 1011 rectangles has 2.5 � 1012

pels. If the maximum blanking rate is 100 MHz, then it will

take 8 h to write one chip pattern; this is unacceptable for

writing directly on the wafer but might be just acceptable

for patterning a reticle. Even so, the versatility and reso-

lution (better than 10 nm) (Fig. 12) of EBDW has led to at

least two commercial systems (VISTEC and JEOL) that are

used for prototyping a wide range of individual devices.
The slowness of this single pencil process was recog-

nized from the start [18], and various approaches have

been used to mitigate the problem. The shaped beam

approach is the most successful. By imaging a square

aperture as the object, we can project a complete square

simultaneously. When introduced in about 1976 [19] by

IBM for the personalization of gate arrays, the mini-

mum feature size was 2.5 �m and it was possible to expose
22 wafers of 2.25-in diameter in 1 h. But today, with 65-nm

minimum features and 300-mm wafers, the same system

would take several months to pattern one wafer. So more

elaborate approaches have been tried such as the variable-

shape [21], [77]–[79] and cell projection [22] (Fig. 13).

These schemes are faster than the fixed shape and are still

being used for mask making and prototyping complex

circuits. A related system with the same advantages in

principle is the dot matrix configuration [24]. As can be

inferred from Fig. 13, even though the object and image are
extended, all rays pass through a common aperture

centered on a single axis. At currents above about 1 �A,
the coulomb forces between electrons usually introduce

not only first-order defocusing but also third-order aber-

rations and stochastic blurring of the beam [23], [80] so

large-scale manufacture of ULSICs is not economical.

To get around this, the idea of many electron beam

columns has repeatedly surfaced [25] but this has not yet
proved practical, largely because of the difficulty of

matching the different columns. Perhaps the most pro-

mising idea has been one that has its origins in the early

days of electron lithography [26]; the principle is shown in

Fig. 14(a). That particular idea failed because of contam-

ination of the photoelectron emissive film by the resist

being bombarded and because any nonflatness of the wafer

distorted the electric field and caused misalignment of the
projected image. However, its reincarnation [Fig. 14(b)]

overcomes those problems and is being researched by at

least one institution [27], [28], [81], [82]. The main diffi-

culty now appears to be achieving an array of adequately

intense, uniform, and stable photoelectron sources. A

similar scheme, MAPPER [29], ran into the same problem

but now employs a different approach that brings about

Fig. 14. For further enhancement of electron beam lithography, we can employ multiple axes so that the beams are completely separated. The use

of multiple columns has so far proved impractical because of the difficulty of matching the different columns. An early scheme (top) [26] employed

parallel uniform E- and B-field to accelerate and focus photoelectrons emitted from a photocathode deposited on top of a chromium-on-glass

mask. The high E-field at the wafer led to contamination of the photocathode and to poor overlay. The scheme shown below has negligible E-field

at the wafer and employs only a uniform magnetic field to bring about simultaneous focusing of the different beams and so can be indefinitely

extended. Sub-50-nm beam diameters have been demonstrated [81]; developing an array of suitable photoelectron sources is continuing.
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larger, as in the case of reticles for steppers) that was widely

blamed. Others, including one of the authors, believe the

real problem was the membranous nature of the substrate

and the thick absorber layers that were needed; a 4� mask

would have had to have 16� the area of a 1�mask. However

a variant, originally dubbed Bsoft X-ray lithography,[ ap-
peared in the early 1990s. It offers a way around the

difficulty of making X-ray lithographic masks by offering

reduction optics and a thick mask substrate. To make the

introduction of this technology more palatable, it was

renamed extreme ultraviolet lithography [36].

EUVL is now the favorite technology to supplant optical

lithography. The wavelength is 13 nm. For this wavelength,

mirrors can be made with up to 70% reflectivity by using a
multilayer (e.g., about 70 alternating layers several nan-

ometers thick of Si and Mo) structure with tolerances of a

few atomic layers. All-reflective optics are used (including

the mask substrate), and building the appropriate focusing

elements and defect-free mask blanks have been major

challenges that, somewhat to the surprise of several

authorities, appear to have been successfully met. Coming

up with an appropriately powerful source now appears to be
the main problem. At this wavelength, the shot noise

limitations begin to appear, which could make the source

problem even more daunting. Until now, the only published

sub-30-nm features that look acceptable have been made in

very insensitive resist such as polymethylmethacrylate

(PMMA) or hydrogen silsesquioxane (HSQ) but it is

possible that more sensitive resists will be adequate. Some

early results are shown in Fig. 17. Two prototype EUV

exposure tools have recently been delivered (Fig. 17) [37],

and it will be interesting to see how well the technology

performs. Assuming they are successful, this approach may

be more economical than immersion 193 nm using double

exposure because, at the 22-nm half-pitch, the relative
simplicity of the process allows greater tolerance for each

step. The annual meeting on microlithography sponsored by

Fig. 17. (Top) Photograph of ASML EUV alpha demonstration tool together with a list of key characteristics. (Bottom) Examples of resist

patterned with EUV lithography. The term � refers to the ratio of the NA of the illumination optics/NA projection optics [37]. (a) Resist profile

cross-section by an FEI dual-beam SEM. (b)–(d) Top-down SEM images of 50-nm hp, 40-nm hp, and 35-nm hp lines, respectively (MET-2D resist,

dose¼ 19 mJ/cm2; NA ¼ 0:25; � ¼ 0:5 conventional illumination.

Fig. 18. Example of fashioning a 3-D nanostructure using a focused

ion beam.
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The International Society for Optical Engineering is the best
source of current progress on this and other patterning

techniques for semiconductor manufacturing.

VI. NON-RADIATION-BASED
PATTERNING
Unlike the above forms of patterning that employ radiation

(photons, electrons, or ions) to delineate a pattern in a
resist, non-radiation-based patternings delineate features

in a resist primarily using mechanical or chemical means or

both. Mechanical patterning uses a mechanical mold (also

called template) that shapes a material into features (i.e.,

nanoimprinting [39]) or a stamp that transfers an ink onto a

surface (nanoprinting or soft-lithography [40]). Chemical
patterning techniques use a local chemical energy minimum

of a material system, hence called Bself-assembly,[ since in
a thermal equilibrium a system always goes to its energy

minimum and the patterns form themselves. Chemical

patterning techniques include self-assembly of a monolayer

of molecules on the local surface and the phase-separation

of diblock polymers. Mixed patterning techniques combine

mechanical and chemical means, such as guided self-

assembly, that use a larger mechanical or chemical patterns

to guide the self-assembly of much small patterns, so that
the self-assembled patterns have predetermined locations

and large domain size rather than random locations and

small domain sizes in unguided self-assembly.

Compared with radiation-based nanopatternings, non-

radiation-based patternings have three major advantages due

to fundamentally different physical principles. First, they do
not have a diffraction limit in resolution; secondly, they are

easy for 3-D patterning; and thirdly, they can directly pattern

functional materials to reduce fabrication steps and cost.

(They also eliminate expensive, complicated particle source

and optical systems.) Although non-radiation-based pattern-

ing is far less mature and has its drawbacks (as discussed

below), it potentially offers a high resolution and low cost

unmatchable by radiation-based patterning.
Nonradiation patternings have their own challenges. For

example, mechanical patterning (such as nanoimprint or

nanoprint) is a form of contact lithography, facing issues of

defect density, 1x mask cost, mask damage, and wafer

throughput (for step-and-repeat). It is to be seen whether all

of these issues can be solved, to what degree, and for what

applications. Unlike radiation-based patterning, which has

been used by the semiconductor industry for more than
30 years and has had tens of billions dollars investment (in

today’s money) for research and development, non-

radiation-based patterning is just introduced to industry

from laboratory research and has received several orders of

magnitude less funding for research and development. It is

of great interest to see if, when given sufficient funding and

time, the previous issues will be solved and the potential of

nonradiation patterning will be fully utilized.
Here our discussion focuses on nanoimprint, since it

may be the most promising non-radiation-based patterning

for electronics applications due to its ultrahigh resolution

and high pattern transfer fidelity. Nanoimprint has been

put on the roadmaps of many industries, including ITRS, as

Fig. 19. Schematic of the earliest nanoimprint technologyVnanoimprint lithography. (a) Imprinting using a mold to create a thickness contrast in

a resist. (b) Pattern transfer using anisotropic etching to remove residue resist in the compressed areas [39], [40]–[43].
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a next-generation patterning method for manufacturing
semiconductor integrated circuits [38] and the roadmap
for manufacturing magnetic data storage disks.

A. Nanoimprint Technologies

Principle:Nanoimprint patterns nanostructures by phys-
ical deformation of a material using a mold, creating a pattern
in the material (rather than by changing the local chemical
properties of the material using radiation) (Fig. 19) [39],
[41]–[43]. The imprinted material can serve as a resist for
pattern transfer (as in conventional lithography and being
removed later) or can be a part of the devices to be built and
stay on the wafer (direct imprint of functional materials).

Different Forms of Nanoimprint:There are various forms
of nanoimprint technology. The earliest is thermal
nanoimprint lithography (thermal-NIL), originated in
1994, that imprints a thermoplastic resist and removes
the residual layers of the imprinted materials to expose the
substrate. (A thermoplastic material starts as a solid film,
becomes a viscous liquid when its temperature is raised
higher than its glass transition temperatureðTgÞ, and re-
turns to a solid when its temperature is brought belowTg.)
The imprint resists also can be photo (often ultraviolet
light) or thermal curable materials, which are initially in
liquid state and become solid by curing them with photons
or heat, respectively [43], [44]. An entire wafer can be
imprinted by a single step or multiple steps with one im-
print step on one die and repeat.Step-and-flash imprint
lithograph(SFIL) is a photo-NIL process in which drops of a
resist liquid are dispensed and imprinted on one single die
area at a time. This process is repeated as the imprint mold
isBstepped[ from die to die across the wafer, repeating the
resist drop and imprint cycle [45]. Other forms of nano-
imprint includeBroller nanoimprint[ that can offer ultra-
high throughput and low cost of nanopatterning [46]; and
transfer nanoimprint and casting nanoimprint, where a
material is imprinted outside a wafer and later is trans-
ferred on the wafer (by a bonding processes).

The imprinted material can serve as a resist for
subsequent processing and be removed afterwards or stay
as a part of the device. For simplicity, we call all imprinted
materialsBresists[ in either case.

NIL Capability:Because its working principle is
fundamentally different from radiation-based patterning
technology, nanoimprint has many advantages over
conventional lithography, particularly in patterning reso-
lution, high pattern transfer fidelity, 3-D patterning, larger
area (full wafer if needed), ability of reducing other
fabrication steps, high throughput, and low cost.

Patterning resolution:Since pattern delineation in
nanoimprint lithography is not based on the modification
of the chemical structure of a resist by radiation, its
resolution is not limited by the factors that limit the

resolution of conventional lithography: wave diffraction,
scattering and interference in a resist, backscattering from
a substrate, and the chemistry of resist and of its
development. In fact, photocurable NIL has demonstrated
6-nm half-pitch imprinted into a resist [Fig. 20(a)] [47],
[48] and thermal-NIL has demonstrated arrays of 10-nm-
diameter dots separated by 40 nm (400 dots/in2)
[Fig. 20(b)] [49]. Yet, these features are not the limits of
NIL, but the limits of our ability in making the features on
the mold; NIL can achieve even smaller features if a mold
can be made. From the faithful duplication of nanometer
variations on a sidewall of a mold, it is clear that
imprinting of sub-3-nm features is possible [50].

High pattern transfer fidelity:NIL has been demon-
strated to have high fidelity in pattern transfer, accurately
reproducing original mold patterns and maintaining smooth
vertical sidewalls in the imprint resist. For example, repeated
imprinting of SRAM metal interconnect patterns of 20-nm
half-pitch has achieved a standard deviation of 1.3 nm in the
variation of the imprinted feature width (Fig. 21) [47]. High
aspect ratio patterns with smooth sidewalls on the mold are
transferred to the resist faithfully (Fig. 22), unlike in
conventional lithography, which can produce sloped side-
walls and line edge roughness due to a Gaussian shape of the
light profile, light scattering, and other noise [48].

3-D patterning:The third unique feature of NIL is 3-D
patterning, rather than the two-dimensional patterning as
in conventional lithography.Three-dimensional features
are very desirable for certain applications such as
microwave circuits and microelectromechanical systems.
For example, the T-gate for microwave transistors has a
narrow footprint for high-frequency operation but wide
top for lower resistance. Fabrication of a T-gate often
requires two electron beam lithography steps: one for the
footprint and one for the wide top. Each electron beam
exposure could take more than 2 h to pattern a single 4-in
wafer. With NIL, the entire 4-in wafer can be patterned in

Fig. 20. SEM of (a) imprinted resist grating with a minimum 6-nm
half-pitch [47], [48] and (b) 10-nm-diameter and 40-nm period of
metal dot array by nanoimprint and a liftoff [49].
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example, for the T-gate in microwave devices or the inter-

connects in ICs, the conventional approaches to create a

3-D dielectric structure require multiple steps of deposi-

tions, lithography, etching, but nanoimprint needs one

step because the imprint material is already the dielectrics

and the 3-D shape can be made by one imprint.

Low cost and high throughput: Because NIL does not

use complicated and expensive optics systems and laser
sources, NIL tools can be much cheaper than conventional

photolithography. The overall cost of a lithography needs to

factor in the cost of masks and wafer throughput. A 1x mask

for NIL is intrinsically more expensive than a 4x mask for

photolithography, unless some low-cost 1x masking will be

developed. For a single full wafer imprint, its throughput

should be higher than photolithography (currently some

600 wafer per hour full-wafer imprint tools are under
development). For step-and-repeat, NIL throughput can be

comparable to photolithography (as discussed below).

Challenges in Manufacturing by Nanoimprint
Defect density: The contact between a imprint mask

and a wafer makes the technology susceptible tomore defects

than projection photolithography. However, the situation of

today’s nanoimprint is quite different from the problems
faced by old contact lithography, which were one key reason

of having migrated to projection lithography. In the old

contact lithography, the mask would pick up some Bdirt[ at

each contact, hence accumulating the dirt, becoming worse

each time, and eventually going over a certain defect density

limit. In contrast, in nanoimprint, the mold is coated with

a thin antisticking layer, which prevents dirt from sticking

on a mold while the resist behaves more like a glue that
will take a dirt away from a mold. Therefore, in each

imprint, a dirt on the mold will be picked up by the resist

and comes off from the mold, making a mold cleaner after

each imprint. Such mold Bself[ cleaning in nanoimprint

was long observed in its early date [54] and was further

documented recently [55]. Recently, a defect density of

1.2 defects per square centimeter has been reported [56].

The belief is that the defect density can be further reduced.

Mask damage: Mask damage is another issue in a
contact printing. A variety of technologies have been devised

for avoiding and reducing mask damages. For example,

before imprinting a die on a wafer, the die can be previewed

by a microscope and will be skipped from imprinting if a

Bsignificant[ dust is observed, avoiding a mold damage. A

Bsoft[ mold also can be used to reduce the mold damaging.

1X masks (mold): In today mask making technology,

1x masks cost much more than 4x mask. However, the
difference in mask costs is getting smaller as 4x masks use

more and more optical proximity corrections (for improv-

ing the patterning capabilities) which has a feature size

near or the same as that in a 1x masks. In parallel, some

new ways of making 1x masks (nanoimprint molds) are

being explored.

Wafer throughput: Wafer throughput for SFIL tools is

�5 wafers (8-in diameter) per hour commercially avail-
able7 and 20 wafers per hour is under development.

Although these tools can produce feature sizes five to seven

times smaller, they have a throughput slower than current

65-nm photolithography tools, which have a throughput of

60–80 wafers per hour. It should be clearly understood that

just imprinting a pattern into a resist itself can be done in

less than a microsecond. In fact, sub-200-nm imprinting in

either liquid silicon or resists has been demonstrated [57],
[58]. The slow throughput of current SFIL tools primarily

comes from the time for dispensing resist on a die,

alignment on each die, and resist curing. There is no doubt

that with further development, these times can be reduced

and the throughput of step-and-repeat tools improved.

Nanoimprint Applications: Because of its unmatchable

advantages over the existing nanopatterning technology,
nanoimprint technology, as soon as it was invented, was

applied quickly and increasingly to a broad range of dis-

ciplines, including magnetic data storage, optics, optoelec-

tronics, displays, biotechnology, semiconductor integrated

circuits, advanced materials, and chemical synthesis, to

name just a few [54], [59]–[63]. Initially, nanoimprint

technology was used in laboratory demonstrations; but in

recent years, nanoimprint technologies have been pushed
by various industry sectors to become key in industrial

manufacturing. Working Si nanotransistors have been

fabricated on 4-in wafers using nanoimprint at each of

four lithography levels (Fig. 25) [63].

B. Other Mechanical Patterning Methods
Other mechanical patterning include micro/nanoprinting

(or soft lithography), where a stamp with surface patterns
transfers an ink onto a surface [64]. Soft lithography is one

of the earliest forms of mechanical patterning introduced.

It is mainly for patterning of micrometer sizes or features

greater than 100 nm because it is very difficult to control

the amount and flow of a liquid ink and the stamps are not

7Imprio-250, Molecular Imprint Inc., 2006.

Fig. 24. Three-dimensional dielectric patterns for metal interconnect

damascene using SFIL [53].
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sufficiently rigid. The feature resolution of the printing is

poorer than nanoimprint, where a hard mold and em-

bossing are used. Soft lithography has been widely used in

microfluidic devices and biology due to its low cost, flexi-

ble, and fast prototyping nature. To overcome the problem

of ink flow and amount control, nanotransfer printing is
used, where a solid material (ink) pattern is created on a

hard stamp by nanoimprinting or material deposition, and

then is transferred to a substrate by bonding the solid

material pattern to the substrate and peel off (separate) the

mold from the solid material pattern [65].

C. Chemical Patterning (Self-AssemblyVUnguided
and Guided)

Self-Assembly (SA): Patterning refers to the process

where the materials form patterns themselves. This is

because the final formed patterns are a local chemical

energy minimum of the material system, while the initial

material state has a higher energy. In unguided SA, a

single domain where self-formed patterns are in a

uniform desired regularity often has a small area (several
micrometer ranges) and the orientations between the

different domains are random. The reason is that the self-

assembly occurs simultaneously in many locations of a

substrate without any correlation between different sites.

This can be solved by putting some guiding patterns on a

substrate prior to an SA. The guiding pattern, often much

larger than that formed by an SA, serves as a guide to

teach an SA where to start and end and to establish a
desired correlation between different SA sites. Another

type of guided self-assembly (GSA) is a Bcarbon-copy[
GSA, where the self-assembled patterns follow the exact

patterns that were prefabricated on a substrate, except

having smoother edges and/or different pattern thickness.

So a carbon-copy GSA is not for creating a lithography

pattern, but for improving it. Presently, self-assembly
approaches are still in the research phase and have issues

such as defect density, placement accuracy, and materials

compatibility.

Self-Assembled Monolayers (SAMs): SAM is a process

where only one monolayer molecules are attached to the

substrate surface (for a review, see [66]). The principle of

SAMs, based on the fact that each molecule used for
assembly has two end functional groups, one end group,

called head functional group, preferentially attaches to the

material on the substrate surface and the other end

functional group, called terminal functional, does not

attach to the substrate material nor the head functional

group. Hence once one layer of molecules has attached to

the substrate surface, the rest of the molecules stop

attaching to the surface, and hence only layer of molecules
is attached. For examples, thiol (SH) can be used as the

head functional group for attaching a gold surface, and

hydroxyl (OH) can be used as a head functional group for

attaching to SiO2. Methyl (CH3) can be used as terminal

functional group. Often, a SAM is coated on nanoparticles

with its terminal functional group attractive to a substrate,

so that a monolayer of the nanoparticles can be coated on

the a surface and the monolayer of nanoparticles can self-
form certain patterns.

Fig. 25. Sixty-nanometer channel length MOSFET fabricated on 4-in wafer using nanoimprint in all four lithography levels [63].
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Phase Separation of Block Copolymers:Block copolymers
are a special type of polymer where different polymer
blocks are connected. For examples, a diblock copolymer
has a blockA � A . . . A connected to another block
B � B . . . B, namely,A � A . . . A � B � B . . . B, where
A and B are different monomers. An example is
polyisoprene (PI)-polystyrene (PS) diblock copolymer
that has monomer of isoprene and styrene, respectively.
In general, block A mixes well with block B, and the film is
uniform. But when the copolymer is heated at the order–
disorder temperature (e.g.,� 140� C for PI-PS copolymer),
the two polymer blocks phase-separate (because a nonmix-
ing state has a lower energy). However, since the two
blocks are connected at their ends, the phase separation
only can be in microscopic regions, forming periodic
patterns of A and B blocks, with the length of each A and B
block region about two times the block A and B molecular
length, respectively [67]. By controlling the initial molec-
ular length of each block, we can varyeach A and B block
region from a few to hundreds of nanometers. Further-
more, depending upon the relative size of the two blocks,
the final phase separation structures can be spheres,
cylinders (HEX), lamellae (LAM), bicontinous, or perfo-
rated layers [67]. Because each polymer block has a
different reactive ion etching (RIE) rate, the RIE of a phase-
separated diblock copolymer film will convert its original
composition difference into topology difference, hence
carving out the pattern formed by phase separation [68].

Guided Self-Assembly (GSA):Also called templated self-
assembly, uses patterns much larger than that formed in
the assembly to guide self-assembly. The guiding patterns
allow fixing a SA starting location and ending location, and
establish the orientation relation with SA in the other areas
of the substrate. For examples, patterned substrates have
been used for guided the phase separation of diblock
copolymers (Fig. 26) [69]–[71]. Such GAS has been used
to fabricate multiple 1D channel MOSFETs [72]. The
diblock copolymer phase-separation is also being used as a
carbon-copy GSA to remove edge roughness caused by
original lithography [72].

VI I . CONCLUSIONS

Patterning is fundamental to advancing (almost) any
technology.

For many applications, most notably electronic cir-
cuitry, smaller is better in terms of speed, power con-
sumption, and cost. According to classical scaling laws, the
energy consumed per computing function varies as the
cube of the linear dimension, i.e., halving linear dimen-
sions, results in an eightfold reduction in energy consumed
for a given amount of computation. Judging by the con-
tinued investment by industry leaders in new patterning
technology, significant advantages will continue at least
down to 20-nm features.

Patterning of features to 20 nm and below has been
demonstrated by a variety of techniques. So the issues are
now technological (including economics) rather than
fundamental. Although even 248-nm radiation has been
used to make 9-nm devices, the complexity of the processes
involved may well render this approach uneconomical.
Many authorities believe that EUVL will be more
economical despite the complexity and cost of the exposure
tool. However nonradiation patterning techniques such as
nanoimprint lithography also appear very attractive but
presently lack the investment needed to make them
attractive for semiconductor IC manufacturing. It is
possible that they will be used initially for patterning the
less critical levels and later migrate to more critical levels,
i.e., behave as a classical disruptive technology. Self-
assembly of structures is an appealing approach particularly
when periodic patterns that do not require overlay accuracy
to a small fraction of a minimum feature are required. One
example might be to increase the surface area of capacitors
through the fabrication of high aspect ratio holes or pillars.

Inspection and metrology of the fabricated patterns do
not often feature in the discussions of patterning technol-
ogy, yet these steps are now becoming a significant
contributor to total cost and merit more attention from
the research community. In many cases, the tecniques used
for writing may well be used for high speed, high resolution
inspection. One example could be a multiple-beam SEM
using multiplexed secondary electron detectors.h
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Fig. 26. Phase separation of diblock copolymer (polystyrene-b-
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