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Preface

No one ever thought that Moore’s law would go on forever, that feature widths
would continue to decrease by a factor of two every six years, or that the num-
ber of gates on a chip would double every six years or so. But these rates have
never slowed down; if anything, they have become slightly faster. And now,
with features in production just a few dozen atoms wide, the end is almost
in sight. How will we deal with features ten atoms wide? What if they’re not
always ten, but sometimes nine and sometimes eleven? Will we call the two in
the middle the thumbs, and the two at the edges the pinkies? Suppose gates
shrink to just a few atoms. What will the wires connecting them look like?

The paths we have taken to get this far are fascinating, often using effects
that everyone knew about, but were too constrained by long-standing inhi-
bitions to consider practical. For example, immersion microscopy, in which a
liquid between the objective and the work-piece is used to improve resolu-
tion, was probably older than anyone working in lithography. But for many
years the worst crime a lab technician could commit was to allow anything
to touch the surface of a resist-coated wafer. Yet now, exposing wafers under
water is the mainstream method for fine line patterning.

As another example, contact printing was, and still is, a method for obtain-
ing medium levels of resolution. Combined with the shorter wavelengths of
X-rays, it promised resolutions below 100 nm. But the inhibition against
touching mask to wafer in a production environment was so strong that even
a 10 micron gap between the mask and wafer was considered dangerously
small. This was one of the factors that ultimately led to the abandonment of
X-ray lithography. Yet now, imprinting, in which the mask is literally pushed
into the resist, is a major contender for the next generation of lithography.

As a final example, it has been long recognized that isolated features can
be made narrower than densely packed ones. The trick is to control the devel-
oping, so as not to make the feature width zero, i.e., not to lose the feature
completely. In addition, the use of double exposures with stencil masks was
well known. But the tighter control and the longer exposure time did not
seem suitable for a production environment. Nevertheless, the use of a first
exposure for every other feature, and a second exposure for the remaining
features, is also a major contender for the next generation of lithography.

XXili
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XXIV Preface

This book is intended as a guide to the novice reading technical jour-
nals or facing the complexities of a conference dealing with lithography or
nano-manufacturing. The novice may be a graduate student to whom every-
thing is new, or he/she may be an experienced worker in a peripheral field.
The authors, all experts in their fields, were instructed to give enough back-
ground information to enable novices to understand, and appreciate, new
papers in those fields. My thanks to them for their patience in accepting this
challenge.

The future belongs to the novice, armed with the knowledge of the past,
but unhampered by its inhibitions. How will Moore’s law end? I look for-
ward to finding out.

M. Feldman
August, 2013
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Optical projection lithography
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Abstract: Optical projection lithography has been the predominant
method of micro- and nano-patterning for most semiconductor and
nanotechnology applications. This chapter addresses the approaches,
systems, and materials that have been used, as optical lithography has
enabled patterning from the micrometer scale down to the nanometer
scale. The technology involved with the development of optical
systems and imaging methods is discussed, including the optics, sources,
photomasks, illumination, and techniques for resolution enhancement.

Key words: optical lithography, microlithography, projection lithography,
DUV lithography.

11 Introduction

Optical projection lithography has been a key enabler as the functionality
in nanoelectronic, nanophotonic, and nanobiological devices has increased.
To understand the role that optical lithography plays in achieving higher
resolution and greater density devices, the silicon semiconductor integrated
circuit (IC) is most often looked to. This chapter provides a description of
the underlying technology of optical lithography for nanoscale patterning as
it has evolved through generations of the IC into the deep sub-wavelength,
nanometer-level technology of today. A review of the fundamentals of pro-
jection UV optical lithography is given, followed by in-depth description of
the technology used to advance IC device performance to near theoretical
limits. Application of optical lithography to new generations of nanoelec-
tronic devices, as well as into new nanoscale frontiers, will continue to make
use of this core enabling technology.

1.2 Lithography technology and trends

Optical lithography has been the dominant method of patterning for semi-
conductor device manufacturing since the inception of the IC. Although
other lithography approaches, such as electron beam, X-ray, ion-beam,
imprint, and extreme ultra-violet (EUV) have been pursued (and are

1
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Metal
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8-16 Lines
Typical DRAM/MPU/ASIC Typical flash
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1.1 Typical critical dimension (CD) and pitch designations defined for
semiconductor geometry in dynamic random access memory (DRAM),
microprocessors (MPU), application specific integrated circuits (ASIC),
and flash memory. (Reference 1.)

discussed in later chapters), the needs of high volume, high resolution chip
production have historically been met mostly by optical methods. By looking
at current and past editions of the International Technology Roadmap for
Semiconductors (ITRS), variations to the basic optical lithography theme
are evident.! Throughout the years, improvements have included the use of
shorter wavelengths, larger numerical apertures (NA), customized illumi-
nation, phase-shifting masks, mask correction methods, immersion lithogra-
phy, constrained geometry, and co-optimization of enhancement methods to
achieve the resolution, focal depth, and overlay control required for nano-
scale device patterning.

Technology trends that follow roadmaps like the ITRS often track the
needs and progress of various IC types, such as memory devices, with high
regularity and duty ratios near 1:1 (line-to-space ratio), and microprocessors
with less regularity and more sparse duty ratios. Throughout the genera-
tions of these devices, dynamic random access memory (DRAM) and, more
recently, flash memory have driven dense pattern geometry to the smallest
levels. IC geometry size is often scaled in terms of the half-pitch. The con-
cept of half-pitch is not based on a single geometric feature but instead
derived to establish a comparative metric that could be used for devices’
various geometry density. It is defined simply as one half of the sum of a line
and a space. Although the less dense patterns for microprocessor devices
are generally smaller than those for memory devices, their corresponding
half-pitch has conformed to less aggressive scaling. Figure 1.1 shows how
typical gate geometry defines critical dimension (CD) lines and pitch, where
the CD is the smallest feature of interest in a particular device level.

A summary of IC trends and the corresponding lithography technology
is shown in Table 1.1, where device ‘generations’ are listed together with
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Table 1.1 Lithography methods used for 40 years of IC
generations showing memory devices (DRAM and Flash) and
microprocessor (MPU)

DRAM/Flash? MPU Lithography

hp (nm) hp Method
1981 2000 4000 g/i-line contact
1984 1500 3000 g/i-line steppers
1987 1000 2000 g/i-line
1990 750 1500 g/i-line
1993 500 1000 i-line
1995 350 750 i-line to 248 nm DUV
1997 250 350 248 nm DUV scanners
1999 180 250 248 nm DUV
2001 130 180 248 to 193 nm DUV
2003 90 145 193 nm DUV
2005 65 115 193 nm DUV to immersion
2007 45 90 193 nm immersion
2009 38 b4 Immersion DP
201 28 38 Immersion DP
2013 23 27 Immersion DP/MP
2015 18 25 Immersion MP to EUV
2017 14 20 Immersion MP to EUV
2019 1 16 EUV/ML2/Imprint/DSA/MP
2021 9 1 EUV/ML2/Imprint/DSA/MP

3DRAM represented minimum hp until 90 nm generation
where Flash takes over.

corresponding half-pitch dimensions and lithographic exposure wave-
lengths. As generations shrink toward device features that are a fraction of
the exposing wavelength, constraints have been placed on the structure, ori-
entation, and variety of geometry involved so that a given wavelength tech-
nology can be used as long as possible. While earlier IC generations may
have allowed for nearly unrestricted geometry choices, current and future
devices demand tight constraints. This can be seen for example in Fig. 1.2,
where the evolution of a microprocessor design is shown for generations
from 90 to 32 nm.> As shown, 90 nm and larger generations had allowed
design layout that only constrained gates to one direction with few other
limitations. The evolution to 65 nm added design rules for a variety of allow-
able pitch values. For 45 and 32 nm design rules, all gates are constrained to
one direction with a single pitch. This trending toward more regular, single
pitch ‘grating’-like designs has allowed for the extension toward higher den-
sity and smaller device geometry.

As Table 1.1 shows, the progress of lithography has resulted in the scal-
ing of resolution with wavelength (or vice versa if thought of in terms of
the demands of resolution). Early generation device geometry was many
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90 nm 65 nm 45/32 nm

i

1.2 Microprocessor design evolution and resulting wafer level
patterning for generations from 90 to 32 nm. (Source: From Schenker
R, Singh V and BorodovskyY (2010), ‘The role of strong phase shift
masks in Intel’'s DFM infrastructure development, SPIE Design for
Manufacturability through Design-Process Integration 1V, 7641.)

NA
kn Quarter wave (A/4n) limit
40 -mmmmmm e -
i193 nm
6 3.0 193 nm 02012
8 °
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£ . [ ]
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@ ! i-line
g-line
1.0 ] )
. [
maturity @ PY

ilpsertion.1 980
0.0
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1.3 Wavelength scaling trends of optical lithography generations
over the past several years where the scaling factor is the measure
of resolution with respect to wavelength. (Source: From ‘The saga
of lambda: spectral influences throughout lithography generations,
B.W. Smith, Proc. SPIE Advances in Resist Materials and Processing
Technology XXIX, 8325, 2012.)

times larger than the exposing wavelength, while current and future gen-
erations have structures at fractional wavelength sizes. Figure 1.3 is a plot
showing the wavelength scaling trends over the past several decades.? The
plot shows how half-pitch resolution has scaled with wavelength at insertion
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and maturity points for several generations. The scaling factor (NA/kn) is
a measure of resolution with respect to wavelength, with a limit at a quar-
ter-wavelength (A/4n). Here, A is wavelength, NA is the lens numerical
aperture, k, is a process scaling factor, and 7 is the image media refractive
index. Additional discussion of these terms is provided later in this chap-
ter. Immersion lithography has achieved an impressive scaling factor of a
third-wavelength (A/3rn). The timing of the technology advances necessary
for such scaling has been tied to the incremental learning that has occurred
during these wavelength transitions.

1.3 Fundamentals of optical lithography

The basic components of an optical projection lithography system are shown
in Fig. 1.4. These include a source of uniform ultraviolet (UV) radiation, a
photomask, a projection lens (also referred to as an objective lens), and an
image plane. Projection lithography systems like this are most often config-
ured using Kohler illumination, in the same manner as a conventional opti-
cal microscope. In a Kohler illuminated system, the source is imaged into
the pupil plane of the objective lens and the object (the mask) is imaged
at the image (the wafer) plane. This is shown in Fig. 1.5a, where rays are
traced through the system to show these image locations. There are several
NA locations in the configuration corresponding to object and image sides
of the condenser lens and the projection lens. Specifically, 6, and 6," are the
half-collection angles associated with the condenser lens, where the asso-
ciated NAs in a media with refractive index n are NA, = sinf; and NAi* =
sinf,". The collection angles associated with the projection lens are 0,, (on
the mask side of the lens) and 6,, (on the wafer side). The corresponding
NAs are NA,, = nsin6,, and NA, = nsin6,. In a conventional projection sys-
tem, air is the image medium and NA,, is simply sinf,. For an immersion
lithography system, NA,, is increased by the refractive index of the immer-
sion fluid, which is about 1.44 at 193 nm with water. The reduction value of
the projection lens is the ratio of NA,/NA,,.

Through the manipulation of these apertures relative to each other, con-
trol of the spatial coherence of the system is possible. Spatial coherence in
a projection system is defined as the relationship of the phase of light as it
propagates from the illuminator toward a mask. If there is no angular distri-
bution to the light (which can be achieved by using a very small aperture in
the illuminator), there is no distribution of the phase of the light and it can
be considered spatially coherent. As the illuminator NA is increased, the
angular distribution of the light directed toward the mask is also increased,
leading to a decrease in the phase coherency. This is referred to as par-
tially coherent illumination. If the aperture is at a maximum, allowing all
possible angles of illumination at the mask, the condition becomes one of
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llluminator (condenser) lens

Source i; UU w “

Projecton ———

Wafer \ | /

(substrate)

1.4 Basic components of a projection lithography system, including the
source, mask, projection lens, and substrate.

@) Projection or (b)
objective
optics
lllumination F];ﬁ'é
system  Mask P Wafer
plane plane
Condenser
lens pupil
Objective
lens pupil
Partial
Source coherence
Cor?gr?gser img}gel in _sing _ NA;
pupil plane T si B
) sing, NA,

1.5 Optical elements of projection imaging system illuminated with
Kohler illumination. Shown are (a) the object and image locations
of the illumination and projection optics, and (b) the image of the
condenser lens pupil in the objective lens.

spatial incoherence. In order to quantify these levels of spatial coherence,
the illuminator NA needs to be measured against the ability of the projec-
tion system to collect these angles. In other words, a ratio of the NA, of the
illuminator to the NA, of the projection lens will define the level of spa-
tial coherence. This is known as the partial coherence factor (o), which is
depicted in Fig. 1.5b where:
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o nsing,  NA,
“nsing, NA,

When the ratio of NA, to NA, is small, mask illumination is more coher-
ent. As the ratio approaches unity, the illumination is more incoherent. This
source property is important as it influences the distribution and collection
of the light diffracted by a mask. In doing so, it will also have a strong influ-
ence on image quality and ultimate resolution, as can be demonstrated from
some basic examples.

Consider first a mask comprising a simple binary grating with pitch (p)
of lines and spaces illuminated at normal incidence using light of wave-
length A. Normal incidence results in spatially coherent illumination, which
is achieved with a condenser lens NA, that is effectively zero (like a point
source). Light is diffracted by the mask features to produce diffracted orders
distributed according to the grating formula:

mA
p b

sin g, =%

where m is the integer order number. If all of these diffracted orders can be
collected by an objective lens, a perfect image can be produced at the image
plane. Realistically, however, there will be a limit to the number of orders
that can be collected, which is most often small. Figure 1.6a depicts the sit-
uation for the collection of just the primary orders, the Oth and +1st. The
resulting image that will be projected toward the image plane will have lost
all high frequency content and be imaged as a biased sinusoidal function, as
shown in Fig. 1.6b. Such an image can be sufficient if it is recorded into a high
contrast photoresist, which can create high aspect relief features if there
is sufficient modulation in the optical image. The goal of optical lithogra-
phy therefore becomes one of imaging smaller dimensions while collecting
sufficient diffraction energy so that the response of a photoresist is usable.
Although higher order diffraction energy is generally not needed, methods
to distribute diffraction energy in ways that allow for its collection for finer
pitch features are desirable.

A basic approach used to manipulate the distribution of diffracted light
is through the control of the partial coherence factor, o. Instead of using
normally incident illumination from a small condenser lens NA_, as shown
in Fig. 1.6, higher values of partial coherence will spread diffracted energy
over a range of angles, as shown in Fig. 1.7. This is achieved by using a larger
NA, to NA, ratio. For example, if Fig. 1.5b is plotted on sin6 axes, the ¢ ratio
depicted is about 0.5. The illumination of a mask with this angular distri-
bution of light would not result in discrete diffraction orders as shown in
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Fig. 1.6a. Instead, each order would have an angular spread equivalent to
that for the illumination, as shown in Fig. 1.7a. When the resulting diffraction
energy is captured by an objective lens, a lens of lower NA, can collect 1st
diffraction order energy than would be necessary for coherent illumination.
This is shown in Fig. 1.7b where three values of partial coherence show that a
smaller objective lens is needed with increasing o values. However, instead of
choosing a smaller objective lens NA, it is desirable to image smaller features
with a given NA. Higher partial coherence values are therefore often used
for many applications where regular fine structure needs to be imaged.

1.4 Image evaluation

A primary goal of a lithography system is to achieve high resolution over a
sufficient field and focal depth. Device field requirements have led to lens
field diameters on the order of 2-3 cm. Focal depth, or depth of focus (DOF)
must be large enough to produce usable imaging throughout an entire pho-
toresist layer. DOF requirements are tied to the dimensional requirements
of a particular device technology, and may be 100 nm or greater. The funda-
mental relationships between resolution, DOF, and optical system param-
eters can be represented in the Rayleigh equations:

) kA
h =—,
p(min) NA
and
+
DOF= ‘_kz’l ,
nsin? @

where k; and k, are process-dependent factors tied to the capability of the
lithography system and photoresist process, and # is the refractive index.

1.4.1 Image resolution

The Rayleigh resolution equation can be derived using Figs 1.6 and 1.7
together with the grating equation. For coherent illumination (Fig. 1.6), where
diffraction orders are located at multiples of +mA/p, the objective lens NA,
must be sufficiently large so that it collects first diffraction order energy, or:

NA, =

0

“B_l&

Through rearrangement to solve for the minimum half-pitch, this becomes:

© Woodhead Publishing Limited, 2014



(a)

Optical projection lithography 9
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1.6 Projection imaging with coherent illumination where (a) single
discrete diffraction orders are collected, and (b) the resulting image
electric field is a biased sinusoid.
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1.7 Projection imaging with partially coherent illumination where (a)
distributed diffraction orders are collected and (b) the result is the
ability to collect more diffraction energy in the objective lens.

. 0.54
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o

For partial coherence (Fig. 1.7), the objective lens NA can be smaller than
Alp by the amount of diffraction order ‘spread’ imparted by the angular dis-
tribution of illumination, sin 6;:
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Intensity

Position

1.8 Aerial image of a space feature or mask opening, showing
minimum and maximum intensity values through defocus.
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P

By dividing both sides of the equation by NA and substituting NA, for siné,,
and o for sinf/NA,, the minimum half-pitch can be solved for as:

0.54

hp (min)zm,

which is a more general solution for any condition of partial coherence.

1.4.2 Image quality

As the partial coherence factor is increased, the minimum resolvable half-
pitch can decrease. This does not necessarily correlate to image quality,
which will decrease as the fractional amount of diffraction order energy
decreases from the spread of diffraction orders. Image quality metrics are
thus required to determine how usable an image is. Practical resolution is
related to image quality as much as it is related to the ultimate limits of the
Rayleigh equation. Consider the image of a space feature (i.e. a clear open-
ing or a trench), as shown in Fig. 1.8. The image exists as an intensity distri-
bution along a plane /(x), known as the aerial image. The plot shows how
image degradation, such as defocus, will degrade an aerial image and reduce
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its quality. Several metrics of image quality could be used to quantify this
degradation. Image modulation (also known and image contrast) measures
the normalized ratio of minimum to maximum intensity as:

Imax B [min

+1

min

Image modulation(M)=

max

For a given system, the change in modulation relative to density of the
geometry that is imaged (or its spatial frequency) is known as the modu-
lation transfer function (MTF). Modulation and MTF are common image
metrics used in many optical situations. Strictly speaking, modulation is
only linear with incoherent illumination (where image intensity will add).
It is also a difficult metric to use for mask features with limited periodicity
where there are no well-defined maximum and minimum intensity values.
Inspection of the aerial image plot of Fig. 1.8 shows the opportunity to uti-
lize a quality metric that measures the degradation of the slope of the aer-
ial image, Al(x)/Ax. Such a slope measurement should, however, take into
account the logarithmic response of the detector (which is photoresist in
this case). Taking the log of an aerial image prior to measuring the sidewall
slope leads to a response metric that can behave linearly with varying input.
Specifically, the image log slope (ILS) is a measure of the slope of the log of
the aerial image:

din(x)

X

ILS=

Mask Edge

which is measured at the position of the transitional edge of the targeted
feature (the Mask Edge). The units of ILS are reciprocal distance (such as
nm™'). The product of ILS and feature size provides a unitless metric, which
provides an indication of image quality regardless of feature size, known as
the normalized image log slope (NILS):

dIn7(x)CD

dx

NILS=ILSxCD=

1.4.3 Depth of focus

As seen in the Rayleigh DOF equation, focal depth falls off linearly with
shorter wavelength and quadratically with the sine of the collection angle.
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For air as an image medium (with a refractive index of 1.0), the denominator
of the DOF equation becomes NAZ which shows how the optical properties
that lead to higher resolution (wavelength and NA) are detrimental to focal
depth. The process factor k, in the equation may be a value near 0.5 for a
conventional high contrast photoresist, and values greater than that imply a
resist that is more capable of utilizing a poorly modulated aerial image. The
full usable depth of focus (UDOF) is often extracted from photoresist expo-
sure tests through a range of focus and exposure conditions (a focus—expo-
sure matrix). The UDOF is the full range of focus that leads to a feature of
a CD that remains within a required specified size range (the CD specifica-
tion) over an established range of exposure variation, the exposure latitude
(EL). Common values for the CD specification and EL are + 10% and + 5%
respectively. Using the UDOF derived from such exposure testing can lead
to a solution for a process-specific k, value by solving the equation:

_ UDOFxNA?

k
’ 21

The relationship between DOF, NA, and wavelength can be visualized
by comparing a wavefront propagating through an objective lens pupil
focused at different positions at an image plane, as shown in Fig. 1.9. For
two image plane locations (i.e. the top and the bottom of a photoresist
layer), there exists two unique spherical waves in the lens pupil that would
converge to focal points at each respective plane. For a single point at
the object (mask) plane, centered on the optical axis, these are the two
spherical waves that would be associated with focusing an image of that
point at the top and the bottom of the resist. In other words, when the
point is focused at the top of the resist, the wave W, would need to exist
in the lens pupil. When the point is focused at the bottom of the resist, the
wave W, would be necessary. The challenge for lithography is to achieve
good focus throughout a depth sufficient to account for the photoresist
thickness and any substrate topography. This is the DOF budget. The error
associated with choosing a single focal plane and evaluating the image at
other locations can be assessed by considering the optical path difference
(OPD) between the corresponding spherical waves. This OPD increases
with a larger pupil (and NA,). Since the OPD is a result of the difference
between two spherical waves, it will increase quadratically with pupil size.
Hence the presence of NA? in the denominator of the Rayleigh DOF equa-
tion. Since this OPD is the distance traveled by light propagating through
the lens pupil, wavelength also influences the impact of the OPD. Longer
wavelength light experiences less wavelength error through a given phys-
ical path length than shorter wavelength light does. This explains why
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1.9 Comparison of the wavefronts corresponding to two focus
positions in the substrate plane, where the OPD is the separation
between them.

wavelength is in the numerator of the Raleigh DOF equation. Evaluating
an optical imaging system from the perspective of the lens pupil is use-
ful for understanding other phenomena as well, including aberrations that
will be discussed in a subsequent section.

1.5 Projection lithography systems

Historically, optical lithography systems have been designed to image a
photomask onto a substrate in various ways including contact, proxim-
ity, scanning, and stepping modes or variants thereof. Until the late 1990s,
many projection lithography systems had been configured to operate in
what is referred to as a step-and-repeat imaging mode. Commonly referred
to as ‘steppers,’ these systems expose an arrayed matrix of IC chip fields
by exposing one field at a time and stepping through rows and columns
to cover an entire wafer substrate, as shown in Fig. 1.10a. More recently,
a step-and-scan imaging mode (a step-and-scanner) has been employed
where a row of chip fields is scanned in one direction, followed by a stage
stepping motion to allow for the imaging of additional rows, as shown in
Fig. 1.10b.

A main advantage of step-and-scanning over step-and-repeating is real-
ized when considering the utilization of the projection lens field. This is
shown in Fig. 1.11, where the lens field is depicted together with its utili-
zation for a square stepper field and a slot scanner field. Since the scanner
requires only a narrow portion of the lens field (about 5 mm x 26 mm for
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(a) Step-and-repeat (b)  Step-and-scan
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1.10 Exposure sequencing for (a) a step-and-repeat lithography system,
and (b) a step-and-scan lithography system.
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1.11 Comparison of the maximum field sizes for stepper and scanner
lithography systems using the same lens field size.

commercial systems), the imaging of larger chips compared to the stepper is
enabled. This is an important advantage, as optical lithography systems have
been driven to require both very large fields and very high NAs. Achieving
both of these attributes is an optical challenge, and the field configuration
for a slot scanner allows for a larger image field in a given projection lens
without significant modifications to an optical design.

1.5.1 Projection lithography optics

The lenses used for optical lithography systems have comprised refrac-
tive elements (known as catoptric designs), reflective elements (known as
dioptric designs), or combinations of the two (catadioptric designs). An
early example of a mostly reflective lens design is that of the Perkin Elmer
Micralign full wafer scanner. The objective lens for such a system is shown
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1.12 Mostly reflective (catadioptric) optical design of a full wafer
scanner.

Substrate

Photomask location

location

1.13 Refractive (dioptric) design example of a reduction projection
lithography lens.

in Fig. 1.12, where photomask and substrate each utilize one half of the full
optical system diameter. The mask is illuminated with a long narrow arc slit
of illumination, and the mask and substrate are scanned in unison across
this slit. A 1:1 image of the mask is directed toward the wafer, which is com-
plete when each is scanned across its entirety. This approach was a dominant
imaging mode of the semiconductor industry in the 1980s for 3” to 6” wafers
with resolution to about 1.5 um.

Larger substrates and higher resolution were attainable using higher NA
projection lenses and reduction projection imaging. Large field dioptric pro-
jection lenses with NA values up to 0.93 have been built for use in step-
and-repeat and step-and-scan systems. An example of such a lens is shown
in Fig. 1.13, where over 20 lens elements are combined in an all-refractive
reduction projection lens. Reduction ratios for such lenses have been as
large at 10x and as small as 2x. Problems associated with large field scaling
and the implications for very large masks made 10x reduction impractical
for high volume manufacturing. A small reduction ratio of 2x causes chal-
lenges for masks since feature sizes, mask defects, and dimensional control
are nearly as difficult as for 1x reduction. The dominant reduction value for
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most projection lithography systems has converged to 4x where it remains
today.

1.5.2 Numerical aperture and field size trends

The progress of IC technology has driven devices toward larger chip fields
and smaller circuit features. This has placed increasing demands on the
amount of information that must be transferred though an optical lithog-
raphy system. A measure of the information content can be obtained by
multiplying the image field of the system (in mm for example) and the spa-
tial frequency of the image content (in cycles per mm for example, where
100 nm lines and spaces correspond to a spatial frequency of 500 cycles
per mm). The product of these two system attributes gives a unitless indica-
tion of the information content of the lithography process. In optics, such a
measure is referred to as an optical invariant or the Lagrange invariant (1),
specifically:

_fieldradiusxNA
4k A

where k, is the Rayleigh resolution factor for the smallest feature (CD) of
the device. This is a measure of the bits of information that the lens processes
to image into the photoresist. As an example, a 365 nm 0.60 NA projection
lens with a 35 mm image field diameter imaging 300 nm lines and spaces has
a corresponding k; of 0.49 and can transfer 1.47 x 10* bits of information.
The utilization of this field (as a square stepper field or a slot scanner field
for example) will alter this accordingly. A leading edge 1.35 NA immersion
lithography 193 nm scan-and-repeat system may print a 50 nm half-pitch CD
with a 26 mm slot scanning 5.2 x 103 bits. With a throughput of 175 wafers/h,
this corresponds to 1.13 x 10'2 bits/s. Figure 1.14 is a comparative plot show-
ing the information content of various lithography systems, including i-line
(365 nm), 248, 193 nm, EUV (13.5 nm), interferometric lithography (IL),
and double patterning. Details regarding EUV lithography can be found
in Chapter 2. Double patterning and immersion lithography (necessary for
NA values greater than 1.0) are addressed later in this chapter. Each line on
the plot represents the approximate information content that could be pro-
duced using these technologies with systems that either have been built or
have been contemplated.

As both the NA and field size requirements of lithography lenses have
increased, scanning systems have been favored and design complexity has
increased. For example, a high (0.80) NA 193 nm lithography system may
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1.14 Comparative plot of the information content of various lithography

systems measured as the Lagrange invariant in bits of image
information.

have 25 or more refractive elements in a dioptric design. As acceptance
angles (sinf) are pushed above 0.90, the addition of reflective components
is often necessitated for the reduction of aberrations across a large field,
leading to the increased use of catadioptric lens designs. Figure 1.15 is an
example of hyper-NA (NA > 1.0) 193 nm immersion lithography projec-
tion lens designs utilizing both refractive and reflective elements.*

1.5.3 Aberrations, flare, and their influence

Image quality metrics such as modulation, MTF, ILS, and NILS are used
to determine the fidelity of the aerial image resulting from the illumina-
tion of mask features and the collection of diffracted energy. Assuming
no errors in the collection process, a resulting aerial image can be calcu-
lated based on diffraction theory alone. In reality, a lens system will intro-
duce error to the collection and image formation process. This is known
as lens aberration. Lens aberration can be evaluated and quantified from
the perspective of the errors experienced as rays are traced through the
optical system. Alternatively, the error can be evaluated in terms of the dif-
ferences between an ideal wavefront in the lens pupil and that which can
be achieved with a lens of a particular design and manufacturing process.
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1.15 Examples of hyper-NA (NA > 1.0) optical projection systems for
immersion lithography using catadioptric design approaches. (Source:
From ‘Immersion Lithography in Mass Production: Latest Results

for Nikon Immersion ExposureTools, A. Hazelton, S. Wakamoto,

K. Shiraishi, T. Fujiwara, H. Nagasaka, K. Nakano, S. Owa andT.
Matsuyama, Sematech Immersion Symposium,2007, http://www.
sematech.org/meetings/archives/litho/8065/pres/TO-02%20Hazelton_
Nikon%20final%20dist.pdf.)

This approach to quantifying the wavefront error as a deviation from an
ideal was introduced in discussions about DOF and defocus through the
concept of OPD. In this more general case of lens aberration, the OPD is
the difference between an ideal spherical wavefront and that which can be
achieved. Figure 1.16 depicts this, where the OPD varies across a lens pupil
and will result in the blurring of a point object in a way that is characteris-
tic of the particular deformation present in the lens. The OPD is also plot-
ted for a lens pupil, showing various forms of symmetry and asymmetry as
deviation from an ideal flat response that would result from a perfect lens.
Characteristics of this deformation can be split into categories of aberration
type, such as symmetrical defocus and spherical aberration or asymmet-
rical coma, astigmatism, and three-foil aberration. Various mathematical
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1.16 Wavefront variation in an objection lens pupil in the presence of
aberration (a) in one dimension showing the OPD, and (b) over the
entire lens pupil.

decompositions and normalizations exist, including the Zernike polyno-
mial description. The Zernike normalization balances aberration types in
terms of a set of coefficients that are orthogonal over the lens pupil using
the general polynomial form:

W(0.0=3. @ Z (0.0

where n and m are positive integers (n — m > 0 and even), ¢,,, and s, are
aberration coefficients, and the radial polynomial R of degree n in terms
of the normalized radial coordinate in the pupil plane (p), and where i is a
polynomial ordering index, p and 6 are the normalized radial and angular
coordinates of the lens pupil, Z, (p,0) is the ith Zernike polynomial function,
and o is the Zernike polynomial coefficient. The Zernike radial polynomial
function of degree n takes the form:

Rm @)eiimﬂ
n

where n and m are positive integers (n — m > 0 and even).

The first nine Zernike polynomial terms are given in Table 1.2. These include
tilt, defocus, astigmatism, coma, and spherical. The first term (Z, or piston) is
a constant and represents an offset of the wavefront pupil wavefront.

Figure 1.17 is a plot of the first 37 Zernike polynomials. Various forms of
symmetry allow for the identification of spherical terms (29, Z16, Z25, 736,
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Table 1.2 Zernike aberration terms for
primary aberrations, where r is the pupil

radius

Aberration Phase aberration @ (r, )
Spherical Z, [6r°—6r2+1]

Coma Z,¢ [3r°-2r]cos 6 (sin 6)
Astigmatism Zs4[r*(cos 20)] (sin 26)
Defocus Z,[r-1]

Tilt Z, 5 [rcos 6] (sin 6)
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1.17 Zernike polynomial expansion representations of individual
aberration types including spherical terms (Z9, Z16, 225, Z36, and Z37),
astigmatism (Z5, Z6, 212, Z13, Z21, Z22, Z32, and Z33), coma (Z7, Z8,
214, Z15, 223, Z24, Z34, and Z35).

and Z37), astigmatism (Z5, 26, Z12, Z13, 721, 722, 732, and Z33), coma
(27,78,714,715,723,724,34, and Z35), and others.

The influence of each of the aberration types will uniquely impact the
imaging of various mask feature types. For example, spherical aberration,
which is a radially dependent defocus effect, will cause features of differ-
ent pitch to possess different best focus values. Asymmetry in focus-expo-
sure-related behavior will also result. Astigmatism will produce different
through-focus behavior for features oriented along one direction compared
to another (for example X and Y orientation). Coma is an across-pupil aber-
ration and will cause differences in the imaging of features on one side of
a grouping compared to the other side. Image placement error (IPE) can
result from coma aberrations as well.
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The tolerable level of aberration in a lens will be a function of its appli-
cation. For most optical applications, what is often referred to as the quarter
wave limit (QWL) A/4 is sufficiently good for a high quality lens. The QWL
for a lens expresses the maximum OPD across the lens pupil, measured
either in terms of variance (or RMS) or full range (or peak-to-valley). In a
high quality lithography lens, the tolerable level of aberration is more likely
below /200 (RMS). For a 193 nm lithography system, this corresponds to
an astonishing 1 nm deviation between the ideal wavefront in the lens and
the actual wavefront that can be achieved. Furthermore, the distribution for
any single aberration term and the variation, as well as the variation of any
one aberration across the field, is at the sub-nm level. Needless to say, the
design, fabrication, and metrology processes involved in the manufacture of
such optical systems present a great set of challenges.

Flare or stray light is a component of all optical systems, and will also
lead to detrimental effects in image quality. Though flare can be measured
in terms of its impact near the site of formation (short range) as well as the
effect it has over a large area (far range), the general effect can quite simply
be described in terms of its influence over general image quality. If a pho-
toresist is exposed with an ideal image with an initial modulation M, in the
presence of flare (F), the image contrast will be reduced. A simple calcula-
tion of image contrast with flare (M) can be carried out as:

M, =M, x(1-F)

where the flare level is normalized to the initial source intensity. Flare in an
optical lithography system is a result of reflections from interfaces in the
projection lens (where 40+ layer surfaces may exist), surface scattering at
each boundary, as well as reflections and scattering from the photomask,
pellicle, and substrate. Anti-reflection coatings on optical surfaces reduce
the specular reflection of optical surfaces and are an integral part of the
lens design and manufacture process. Surface roughness leading to scatter is
reduced as much as possible but becomes limited by the structural proper-
ties of the optical glass (as well as the ability to measure and reduce rough-
ness as it approaches the nanometer level). Although earlier lithography
systems with flare levels of several percent may have been tolerable for pre-
vious generation devices, leading edge ICs require that lithography systems
operate with flare below 1%.

1.5.4 Alignment and overlay

Most micro-electrical, mechanical, or optical devices require the deposition
and subsequent patterning of several film layers over a substrate in order to
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perform an intended function. In the case of a microelectronic IC, this layering
comprises steps of thin film deposition, lithography, etching, thin film removal,
and other steps that are replicated many times over. Modern nanoscale IC
requires hundreds of separate process steps and tens of lithography masking
levels over fields of several centimeters and wafer substrates 300 mm across.
The accuracy of the alignment of one level to the next and the measurement
of the resulting positional overlay (or registration) accuracy must be within a
fraction of the minimum feature size. Errors in overlay will result in electrical
problems such as variances in resistance, current leakage, and shorting, lead-
ing to yield issues. Improvements in overlay accuracy are achieved through
optical, mechanical, design methods, detection schemes, and analysis means.
A general specification for overlay control has been 25% of the device CD (3
sigma). For example, a 45 nm hp DRAM device process would require over-
lay control of 11 nm or better. Similarly,a 28 nm hp device would require 7 nm
or better control. As device geometry progresses to where overlay control
approaches a few nm, the ability to achieve such control may be the limiting
factor to progress beyond a particular device generation.

1.6 Wavelengths for optical lithography

Diffraction scaling has driven optical lithography from portions of the elec-
tromagnetic spectrum known as the blue-UV (350-450 nm) to the mid-
UV (or MUYV, 300-350 nm), into the deep-UV (or DUV, 180-300 nm) and
toward the vacuum-UYV (or VUV, 100-180 nm). Mercury or mercury—xenon
gas discharge lamps have traditionally been used to produce high power UV
radiation in the blue and UV spectral regions. Emission lines are the result
of transitions between electronic states, which are strong at 579 (e-line), 546
(f-line), 436 (g-line), 405 (h-line), and 365 nm (i-line). This is seen in the
emission plot in Fig. 1.18. There are several weaker emission lines including
a transition resulting in emission at 254 nm, which has also been used for
lithography systems operating in the DUV.

Other sources have been considered or used for lithography at wave-
lengths down to 100 nm. Lyman-alpha (at 121 nm) and deuterium (at
160 nm) sources can emit at short-UV wavelengths but their power is gen-
erally too low to be practical. Starting with the argon (Ar,) excited dimer
(excimer) source at 126 nm, several excimer type sources were developed
in the late 1970s including Kr, (148 nm), F, (157m,), the ArF rare-gas hal-
ogen excited complex source (an exiplex, but commonly referred to as an
excimer) (193 nm), KrClI (222 nm), KrF (248 nm), XeCl (308 nm), and XeF
(352 nm). The efficiency of excimer and exiplex sources allows them to be
operated as lamps but higher power can be achieved through a narrow
bandwidth as lasers. These lasers have come to be dominant for lithography
exposure wavelengths in the DUV.
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1.18 Spectral distribution of emission lines of a mercury vapor lamp,

showing dominant lines including those used for lithography at 436
and 365 nm.

The transition to shorter wavelength must be justified with regards to the
corresponding resolution potential. Simple calculations of wavelength scal-
ing can be made, such as those shown in Fig. 1.19.3 Here, the wavelength
shrink corresponds to the ratio between old and new generations (and
resulting in values less than one). It becomes apparent that there has been
more potential in some transitions than others, where the step from i-line
to 248 nm corresponds to a shrink better than 0.70. Such assessment shows
how some lithography transitions were always difficult to justify, such as that
from 193 nm (dry) to 157 nm lithography or any optical wavelength below
193 nm.

1.7 Lithography in the deep ultraviolet (UV)

The resolution improvements that are possible with shorter wavelength have
driven lithography toward shorter DUV wavelengths. In moving lithography
to wavelengths below 300 nm several material, design, and source factors
have required consideration. Optics and optical materials issues have played
a large role. The refractive influence of optical materials with wavelength,
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1.19 Fractional wavelength shrink from one lithography generation

to the next, showing the potential improvement in resolution from
wavelength reduction. (Source: From 'The saga of lambda: spectral
influences throughout lithography generations, B.W. Smith, Proc. SPIE
Advances in Resist Materials and Processing Technology XXIX, 8325,
2012.)

defined through optical dispersion and manifesting as chromatic aberration,
could be considered as one of the most important factors. The dispersion
of an optical material is defined as the change in refractive index, An, for a
change in wavelength, AA:

p=2"
AA

For a refractive lens, chromatic aberration or color error will result in a vari-
ation in focus for different wavelengths. This is shown in Fig. 1.20 for a single
positive lens element. The variation in focus between to wavelengths (or
over a range of wavelengths) can be determined as:

_ foAn
n,—1

of
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1.20 Chromatic aberration as the change in focus for different
wavelengths for a refractive lens. In general, shorter wavelengths
will focus closer to the surface of a positive lens as refractive index is
increased.

where n, is the initial refractive index, and f; is the initial focal length. For
a complex lens design, each element will be influenced by dispersion and,
unless corrective measures are made, will only be well corrected for one
wavelength or color. In a lithography projection lens, the demands on reso-
lution, DOF, and image quality lead to spectral bandwidth requirements on
the order of a picometers (pm) or better, measured as full width half maxi-
mum (FWHM) of the spectral distribution of the source. As seen from the
spectrum for the mercury—xenon lamp of Fig. 1.18, the bandwidth at DUV
wavelengths is more likely on the nm level or more, 1000x that which is
necessary.

The use of cemented doublets in an optical design allows for the reduc-
tion of chromatic aberration through the combination of glass types with
different refractive indices and dispersion values. This is seen in Fig. 1.21
for an i-line reduction projection lens that contains two doublets of dif-
ferent glass type within the design. At wavelengths below the absorption
edge of traditional optical glass, few materials exist that can be combined
for such correction. With fused silica as the main glass material for deep-
UV optics, other means must be employed. Methods to reduce or elim-
inate the adverse effects of chromatic aberration include the use of a
spectrally pure source (with bandwidth AA in the picometer range in the
case of lithography optics) or the use of entirely reflective optics (catop-
tric lenses) or mostly reflective optics (catadioptric lenses). Regarding the
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1.21 Use of cemented doublets in a refractive lens allow for the
correction of chromatic aberration. This requires the use of different
glass types in the lens design, which becomes difficult at DUV
wavelengths.

1.22 Reflective (catoptric) design approaches leading to partially
reflective (catadioptric) alternatives.

narrow bandwidth solution, this is problematic for excimer lasers where
their high efficiency for populating metastable excited states leads to
lower temporal coherence than most other lasers. At a natural bandwidth
of 1 nm, additional correction methods are necessary. While spectral line-
narrowing of excimer lasers has been explored since the late 1970s, using
gratings, prisms, and/or etalons, the maturity of such techniques was not
proven robust enough for high volume manufacturing until sometime later.
Alternatively, the use of reflective optics, such as those shown in Fig. 1.22,
exhibits no refractive chromatic aberration. Designs have evolved from
the simple Schwarzschild objective to those used in commercial lithogra-
phy systems. However, the use of reflective elements in a reduction pro-
jection lens (for stepper or step-and-scan use) did not reach high volume
application until catadioptric designs, such as shown in Fig. 1.23, were
introduced.’

Deep-UV lithography in the 248-54 nm range was primarily carried out
using a catadioptric design like that in Fig. 1.23 and the 245 nm line of Hg,
until sufficient success of the spectrally line narrowed excimer KrF laser. As
shorter wavelengths were pursued, the 193 nm output from the ArF laser
proved dominant over others. Issues involving the bandwidth requirement
of high NA catadioptric lenses allowed use with an un-narrowed excimer,
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1.23 Catadioptric projection objection lens using a beam splitting cube
to allow for a full pupil imaging without central obscuration. The use of
polarized illumination allows for throughput near unity.

but refractive approaches eventually dominated. As 193 nm lithography
evolved toward very high NA values, the use of reflective components
within projection lenses increased again, leading to new catadioptric lens
concepts for leading edge lithography, such as the lens designs depicted in
Fig. 1.15.

1.8 Resolution enhancement technology

The Rayleigh equation suggests that the limit to resolution for a given wave-
length and NA can be achieved using incoherent illumination, where the k;
factor is 0.25. Although it is true that some degree of image modulation may
result from mask geometry at this minimum pitch (accounting for optical
reduction factor), the usability of such an image is not certain. It is likely,
in fact, that incoherent illumination of features at k, = 0.25 will result in an
image modulation so poor that photoresist can make no use of it even at
best focus. The concept of resolution enhancement technology (RET) is a
general one used in many fields of imaging. In the case of optical lithogra-
phy, RET generally refers to methods employed to improve on the quality
of an image compared to what could be achieved using incoherent illumi-
nation alone. Examples of now commonly used RET include phase shift
masking (PSM), optical proximity correction (OPC), modified or off-axis
illumination (OAI), and polarized illumination.

© Woodhead Publishing Limited, 2014



28 Nanolithography

1.8.1 Mask correction approaches and optical proximity
correction

Features on a photomask of the same size may image very differently
depending on how they are grouped and what is neighboring them. This is
primarily driven by the feature density dependence as seen in the Rayleigh
equation, where resolution is determined by the periodicity or pitch of an
object. Theoretically, geometry of any size could be imaged, regardless of
how small it is, so long as its periodicity falls above diffraction limits. This
is why the minimum half-pitch designation of a resolution limit is more
useful than the minimum feature size. In practice, however, the resolvabil-
ity is determined by a photoresist’s ability to print such an image into a
well-defined three-dimensional structure. Because of the variation in the
printing ability of a small feature is strongly determined by what is in its
proximity, modifications to its surrounding can influence performance. This
is often referred to as OPC, which is used to correct for optical proximity
error (OPE). Two types of OPC are often employed at a photomask. One
addresses the feature density dependence described above. A second type is
used to compensate for feature corner rounding and line shortening effects
in the image plane (the X-Y plane).

The plots in Fig. 1.24 show the first type OPE, namely the behavior of a
line of a given size through pitch and defocus. The example shows an 80 nm
line imaged using a 193 nm wavelength and a 0.80 NA objective lens with a
partial coherence (o) of 0.80. Four focus values are shown, from best focus
to 0.15 um defocus. The image CD is plotted, which is the width of the aerial
image at a 30% intensity level. This would correspond to the approximate
level of response of a photoresist. As is clear from the figure, the behav-
ior of the 80 nm line is very dependent upon its density. In particular, the
image CD decreases as the periodicity decreases. Uniform CD performance
is desired to meet device performance requirements.

The reason for the differences in the imaging behavior of features with
changing density can be understood by considering the neighborhood sur-
rounding a line as density is varied. Shown in Fig. 1.25 for example are
lines with duty ratios (or line-to-space ratios) of 1:1 and 1:3. Also shown
are the coherent aerial images for each case when few diffraction orders
are collected. The aerial image of 1:1 lines modulates around a background
intensity of 0.25, whereas the image for the 1:3 lines modulates around a
background value of 0.56. The reason for these differences is fundamen-
tal, where background intensity corresponds to the Oth diffraction order
squared, or the space-to-pitch ratio squared, (s/p)> These two situations
can have very different printing performance as focus and exposure are
varied. The challenge of OPC is therefore to equalize the background lev-
els across a variety of duty ratios.
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1.24 OPE for lines of various pitch values through-focus, showing how
neighboring features influence behavior.

1:1 dense lines 1:3 semi-iso lines
-1.6 -1.6
F1.4 1.4
F1.2 1.2

0.8 0.8

ro6 . ___\ ____/ _____ 0.6

L 0.4 Zero order L 0.4

""""" -0.2 -0.2
Zero order 0 0
0 0

1.25 Aerial image plots for lines of two duty ratios, 1:1 and 1:3, showing
how differences in line spacing drive the average image intensity.

Figure 1.26 shows how the use of additional features to a mask can lead
to a more common through-focus behavior. Figure 1.26a is the through-
focus intensity of these lines with duty ratio from 1:1 up to 1:4. As defocus is
increased, the intensity around which the lines demodulate increases by as
much as 2x. By adding correction features as small bars, as seen in Fig. 1.26a,
the intensity between the lines with increasing duty ratio can be decreased,
leading to a more common through-focus intensity behavior. The goal for
the bars is to influence this demodulation behavior but not lead to printing
of the bars themselves. Regions where bars may begin to print are those
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1.26 Aerial image plots for a mask with 100 nm lines of varying duty
ratio with (a) no correction for the OPE effect, and (b) correction
features for the OPE effect, where the addition of small features
produces a level average intensity through pitch.

where the bar width becomes large compared to the space within which
it is placed. The use of multiple thin bars can help to reduce bar printing
effects.

The second type of OPE and subsequent OPC is the use of additional
mask features (serifs and other shapes), which can alter the energy collected
by the projective lens for parts of a mask feature that are near line ends and
corners. An example of this is shown in Fig. 1.27, showing a simple T-shaped
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1.27 OPC using small serifs at the corners of features to compensate
for the energy losses in these regions resulting from the lack of capture
by the objective lens.

feature on a mask together with a plot of the intensity at the image plane
when a limited amount of diffraction energy is collected. For imaging con-
ditions where few diffraction orders are collected, rounded corners result
as high frequency diffraction orders are lost, and the formation of square
corners is thus difficult. The situation can be compensated to some extent
by over-exaggerating the corners to allow more exposure energy in these
regions. The situation becomes one of dose compensation to help account
for the energy that is lost. This is not actually a ‘correction’ method since the
diffraction energy is at frequencies too high to be collected by the projec-
tion lens. It is instead an optical proximity compensation approach to allow
for printing performance closer to what is desired. Figure 1.27 shows how
this image compensation can be carried out using serifs at the corners of
rounding features. Too much compensation can cause over exaggeration of
the effect as well.

1.8.2 Phase shift masking

As seen earlier, a conventional ‘binary’ photomask is defined using an
amplitude function that varies between values of one and zero. There is
potential to design into a mask different values of phase, which can lead
to image variation and improvement. Consider for example Fig. 1.28. The
amplitude and intensity functions for a binary grating mask are plotted for
a limited amount of diffraction energy collected by an objective lens. The
amplitude function is the lowest frequency sinusoidal representation of the
mask function. When squared, this leads to an intensity function that can
be used to expose photoresist. If the grating mask is modified with phase
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1.28 Comparison of a binary mask and an alternating PSM, showing
the decrease in the image amplitude frequency for the PSM.

shifted regions between every other line, the resulting amplitude function
is sinusoidal with one half of the frequency. When squared, the resulting
intensity function resembles that of the binary mask (a squared sinusoid vs
a squared biased sinusoid). The differences, however, are significant in two
ways. First, since the frequency of the amplitude function is 50% lower than
the binary amplitude function, the objective lens pupil could be one half as
large to collect all of the diffracted energy necessary. Thought of another
way, a lens of a given NA could image a grating of twice the frequency for
a phase shifted mask compared to a binary mask. Also, since the amplitude
function passes through zero with a phase shift, an intensity value of zero
in the dark mask regions is ensured even with image degradation (such as
defocus).

Achieving a phase shift of 180° (or ) is necessary to bring about such
effects. This is accomplished through multiple process steps during the mask
fabrication process, etching regions in a mask so that a wavetrain of light
propagating through a phase shifted opening is out of phase with an un-
shifted opening by half a wavelength. The example shown in Fig. 1.28 is for
an ideal grating mask, which is simpler than the geometry of real ICs. When
phase shift masks are used, a second binary mask is often used in a dual
exposure sequence to remove unwanted pattern regions or artifacts. This
second mask is referred to as a ‘trim mask.” An example of two such masks
(aPSM and a trim mask) are depicted in the high density gate designs shown
earlier.

Variations on this basic theme have been developed to adapt PSM to real
device applications. These include the use of light ‘leaking’ through the dark
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regions of a mask, allowing for a phase shift to clear regions through appropri-
ate selection of materials and film thicknesses. These types of mask are known
as attenuated phase shift masks (APSM) and can utilize materials such as
molybdenum oxide and silicon dioxide (Mo-Si APSM) or other refractory
metal oxides and nitrides combined with silicon dioxide or silicon nitride.®

1.8.3 Modified illumination

Up to this point, mask illumination that is circular and centered on the
optical axis has been considered. Alternatives to this ‘on-axis’ illumination
are also possible. Using OAI, source shaping such as dipole, quadrupole,
annular, and more customized variations can lead to improvements in the
printing of photoresist features. Although incoherent illumination leads to
the limits of resolution for an optical system (and a k, = 0.25), the image
quality at these limits will generally be poor. This is especially true as defo-
cus and other image degradation mechanisms (e.g. aberrations) are consid-
ered. For projection optical lithography, incoherent illumination should be
thought of as a starting point, where improvements in image quality can be
achieved through the removal of select portions of a full o = 1 illuminator.
This approach leads to an understanding of how OAI and more customized
illumination are an integral part of leading edge optical lithography.

Off-axis illumination

Though a common treatment of OAI is to start with a coherent on-axis
point source, it can be more intuitive to begin instead with a full circu-
lar incoherent source, as shown in Fig. 1.29. For X-oriented features with
0.25 < k; < 0.5, there is a central portion of a full sigma illuminator that
will produce diffraction energy that cannot be collected by the objective
lens pupil. There are portions toward the edge of the illuminator, how-
ever, that will result in first diffraction order energy that can be collected
by the objective lens. Because both Oth and 1st order energy are collected,
it can be used in image production. The left edge of the illuminator results
in collected +1st diffraction order energy and the right edge results in
—1st order collected energy. If regions without more than Oth order are
discarded, what remains is a two-component source often referred to as
a dipole illuminator. If this exercise is carried out in the Y direction as
well, a four-pole or quadrupole illuminator arises. If all mask orienta-
tions are allowed, the illuminator becomes annular in shape. Figure 1.30
shows a variety of off-axis source shapes that could be utilized in pro-
jection lithography. Variations in the pole shape result from the particu-
lar method of implementation and they may be circular, arcs, wedges, or
other shapes.
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1.29 Distribution of diffraction energy with OAl and its capture by the
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1.30 Several of the choices for OAl in a projection lithography system.

The advantage in using only a select portion of the lens pupil is appreci-
ated when considering that those portions removed only add background
energy to an image. The consequence is a reduction in image modulation.
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1.31 Comparison of the capture of diffraction order energy for on-axis
illumination and dipole OAI, showing how the off-axis case leads to the
avoidance of the center of the lens and a potential for increased DOF.

An additional advantage of OAl is a large DOF that can be gained by distri-
bution diffraction energy only at radial locations of the projection lens pupil.
This is shown in Fig. 1.31, where the defocus OPD is shown together with
the diffraction order energy for on-axis low sigma illumination and off-axis
dipole illumination. In the on-axis case, a large defocus aberration effect will
result in image blur because of the phase difference between the diffraction
energy traveling through the center of the pupil and that traveling through
the edge of the pupil. For dipole illumination, each pole distributes Oth and
1st diffraction order energy at radial pupil locations only. Because of this,
there is little difference in the phase of all orders as they are collected by the
lens pupil. The end result is imaging with significant improvement in DOF.
Indeed, for poles that are single points, the DOF is infinite. More practical
source sizes such as those in Fig. 1.30 may be necessary for throughput as
well as the reduction in coherent image artifacts, and the improvement will
be lessened.

Customized illumination and source-mask optimization

The approach described for source design can be utilized for very specific
mask structures to arrive at a unique source shape for the best performance
across a mask field (or a critical portion of the field). This can lead to source
shaping that has attributes of some of those shown in Figs 1.29 and 1.30, but
with additional shaping based on the size, shape, periodicity, and orientation
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of geometry. This approach can be used together with mask optimization to
iteratively optimize the source and the mask through source—-mask optimi-
zation (SMO).” Though the concept may be a simple one, the implementa-
tion becomes very involved and difficult as large field areas are considered
over many billions of device structures. There is additional complexity
because of the loss of the phase information in the intensity at the image
plane, making an inverse solution to the problem computationally difficult.
As phase shift masks are added to the challenges of amplitude (binary)
masks, OPC and unrestricted source shaping, the development of efficient
approaches and algorithms has been necessary to enable SMO as a prac-
tical RET.

1.9 Immersion lithography

The concept of immersion lithography for high NA had existed for several
decades but became practical only when it was apparent that few alterna-
tives existed to extend optical lithography. Additionally, the identification
of water as a suitable immersion fluid for use at 193 nm led to the success-
ful implementation of immersion lithography to lithography generations
beyond 65 nm.%? The principles of immersion lithography are similar to
immersion microscopy, with a few important exceptions. As seen earlier, a
lens NA is defined in terms of its collection angle and the refractive index of
the surrounding medium:

NA = nsinéd

The NA is also known as an optical invariant. As light propagates through
media of different refractive indices, the NA remains constant, as described
by Snell’s Law:

n, sin &, =n, sin &, =n, sin &, =NA

In an immersion microscope, where magnification of an object at the image
plane is desired, the limitation of a lens is its ability to collect large angle
diffraction detail from the object. Collection in air is limited to angles of 90°
and the corresponding NA of 1.0. If image media of higher refractive index
were used, such as immersion oils with indices as high as 2.0, the maximum
NA would be increased corresponding to the index, allowing for greater
collection of diffracted detail. This would directly equate to higher resolu-
tion. An immersion microscope therefore utilizes an increased NA at the
object plane through immersion. For optical lithography, projection imaging
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1.32 Comparison of (left) an immersion microscope setup in
magnification mode, and (right) a reduction immersion lithography
setup.

occurs in a reduction mode. The limits to diffraction are thus imposed at the
image plane. Instead of immersing the object plane, as with a microscope,
the image plane is introduced to a higher refractive index. The situation is
shown in Fig. 1.32.

Another important difference between immersion microscopy and
immersion lithography is that, under normal circumstances, microscopy is
used with static fields. The meniscus formed at the interface of air, the fluid,
and the solids (the cover glass and lens) exhibits a shape that is dependent
on these materials properties. In a scanning lithography system, the interface
is also unique to the materials used (the photoresist and the lens) and is also
influenced by the motion of the stage. A critical requirement of the fluid film
is that it follows the surface of the wafer with the lens during a scan. This is
facilitated with the water immersion fluid since a lens surface is hydrophilic
in nature and a photoresist film is more hydrophobic. The scanning of the
meniscus creates advancing and receding edges, as depicted in Fig. 1.32. The
angle of these edges must be carefully controlled through the design and
engineering of the immersion ‘head’ containing the optic, the properties of
the photoresist material, and the motion of scanning. Inadequate control
can lead to defects through the trapping of air into the fluid or the deposi-
tion of fluid droplets onto the wafer surface. The control of such defects is
critical to ensure successful implementation of an immersion lithography
process.

For the DUV wavelengths necessary for leading edge lithography, fluids
must be suitably transparent at exposing wavelengths and also be compati-
ble with photoresist materials and processes. Water has very attractive prop-
erties in the DUYV, with a refractive index that increases from about 1.3 in
the visible to about 1.44 at 193 nm. Figure 1.33 shows how water immersion
lithography at 193 nm can lead to a higher NA (and therefore higher reso-
lution) than an air (or dry) lithography counterpart. The diagrams compare
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1.33 Rays traced through the lithography stacks for (top) a dry
lithography scenario, and (bottom) an immersion lithography scenario,
showing the larger angles enabled with immersion lithography.

situations where the sines of the refracted angles in image media are 0.90.
For the dry lithography case, it is clear that the limitation to the refracted
angle occurs in the air. For the case of water immersion, the maximum
refraction angle in the lens last optical element (LOE), the image media,
and the photoresist are closer, and the NA of the system can be increased by
a value equivalent to the increase in the refractive index (1.44). NAs up to
1.35 have been achieved using water immersion lithography at 193 nm.!

1.10 Multiple patterning optical lithography

Optical lithography options for shorter wavelength and higher NA may
have reached a point of maturity. As seen in Fig. 1.18, a wavelength shrink
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factor below 0.8 would probably be necessary to justify a new generation.
This would force optical lithography into the VUYV, presenting significant
material challenges, as suitably transparent optics, photoresists, mask sub-
strates, pellicles, and immersion media are few and far between. Higher
NA for 193 nm immersion is similarly challenging, as a 0.80 shrink through
a higher index immersion fluid would require a refractive index of 1.8 or
greater. Fluid materials with suitable DUV transmission with necessary
mechanical, chemical, and thermal properties are not likely to be identified.
In the absence of traditional methods identified in the Rayleigh equation,
approaches to multiple patterning at the image plane have been developed.
Such approaches could be used to extend optical lithography well beyond
k, = 0.25 and toward resolution that might otherwise be obtained only with
other non-optical approaches.'”

Multiple patterning approaches are also referred to as double pattern-
ing, pitch division, and pitch splitting. The concept of these approaches is
quite simple. If there is a fundamental pitch limitation for a given process,
that limit could be overcome by interleaving two patterning processes with
each producing images of small lines (or small spaces) at that fundamen-
tal pitch. To appreciate the limitation of the concept, one needs to realize
that the interleaved images are ones with minimum contrast — essentially
sinusoidal variations in intensity. The interleaving of sinusoidal intensity
functions will only lead to constant non-image intensity. In other words,
a simple second exposure will wash out a first. What is necessary, there-
fore, is a method to somehow capture or transfer a first exposure as a high
contrast image and follow it up with a subsequent operation to pattern
a second exposure. Possible solutions can include a double development
method using two development schemes that can discriminate between
fully exposed resist and fully unexposed resist and lead to a doubling of
resolution through the patterning of feature sidewalls. Alternatively, resist
freezing methods can use two photoresist coatings with a fluid or vapor
chemical step to freeze the first coating and allow for a second overcoat.
As another alternative, a sidewall spacer defined process can lead to the
doubling of pitch density through the deposition of a conformal inor-
ganic thin film coating over patterned lines. Subsequent top layer removal
steps can then reveal material remaining only on two sides of each fea-
ture, resulting in a doubling effect. Or a double pattering approach using
a first lithography step, followed by an etch step, followed by a second
lithography step, followed by a second etch step (litho-etch-litho-etch) can
be used to define lines or spaces. Details of the various processes that
have evolved for multiple patterning are described in the resist processing
chapter (Chapter 7). Such schemes and variations represent opportunities
to extend optical lithography into areas beyond what is possible through
wavelength and NA scaling alone.
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1.11 Conclusion

Optical projection lithography has been the principle patterning approach
for technologies at the microscale to the nanoscale. Advances in optical
systems that have included the use of shorter wavelength sources, modified
illumination approaches, advanced photomask design, immersion imag-
ing, and multiple patterning have allowed for robust lithography down
to a few nanometers. Although it may prove difficult to reduce pattern
sizes one hundred-fold again, as has been done over the past few decades,
it can be expected that there is more to gain through clever design and
insight. Traditional scaling rules continue to be extended into new gen-
erations. Combinations of the techniques described in this chapter have
not yet been fully exhausted, especially when considered together with
the possibilities offered with extreme UV lithography (EUVL, Chapter 2).
Also, if hyper-resolution technologies now used in microscopy fields can
be applied to lithography, imaging beyond the limits of diffraction may
become possible.
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Abstract: This chapter describes extreme ultraviolet (EUV) lithography,
a photon-based lithography technology with the potential to enable

the continuation of Moore’s law throughout the 2010s and beyond.

In this introduction we motivate the choice of EUV wavelength for

use in lithography. A brief history of the early research work on EUV

is provided, followed by sections on the phases of development and
commercialization. Key EUV technology sub-systems are then covered,
with emphasis on the most challenging components: sources, optics,
masks, resists and EUV scanner integration. The chapter concludes
with ruminations on the economic and technical implications of EUV
lithography.

Key words: lithography, extreme ultraviolet (EUV), EUV source, EUV
mask, EUYV resist.

2.1 Introduction

For the past 45 years the semiconductor industry has followed a trend of
technology advancement with clocklike precision. The density of transistors
patterned on silicon wafers has doubled every 18-24 months so consistently
that the behavior has been dubbed ‘Moore’s law’ after Gordon Moore, the
first to observe the trend. This achievement has become more than a marvel
of engineering execution — now the steady improvement is an axiom upon
which the semiconductor industry’s business model relies. The pressure to
continue this improvement is more economic than technological.

This chapter describes extreme ultraviolet (EUV) lithography, a photon-
based lithography technology with the potential to enable the continuation
of Moore’s law throughout the 2010s and beyond. In this introduction we
motivate the choice of EUV wavelength for use in lithography. We then
provide an overview of the key sub-systems of EUV lithography. A brief
history of the early research work on EUV is next, followed by sections on
the phases of development and commercialization. After the introduction,
EUYV technology is described system by system, with emphasis on the most
challenging components: sources, optics, masks, and resists. Next, some of

42
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the integration challenges within the EUV scanner tooling are discussed.
The chapter concludes with ruminations on the economic and technical
implications of EUV lithography.

2.1.1 Wavelength change

The bread and butter of transistor size reduction, or ‘scaling’, has been the
relentless improvement in optical projection lithography over the past
30 years. Described in detail in the previous chapter, the progression of
steadily shorter wavelength lithography steppers and scanners has pro-
pelled the industry into a high resolution, high yield space undreamt of in
the 1960s when Moore first wrote about transistor densities on integrated
circuits. Ultimately, however, physics places limits on photon-based litho-
graphic resolution scaling. The previous chapter introduced the reader to
the general form of the Rayleigh criterion:

R = kA/NA [2.1]

where R is feature resolution, k, is an all-inclusive ‘lithography process’ pro-
portionality factor, and NA is the numerical aperture of the optical system.
For today’s optical scanners, the resolution limit of a single exposure is deter-
mined by the limits on each of the terms in (Equation [2.1]). The largest NA
achievable today on an immersion lithography system is 1.35. The shortest
wavelength of light available in a commercial optical lithography exposure
system today is 193 nm. The theoretical limit for &, in a process using inco-
herent illumination, a phase-shifted mask and a ‘perfectly’ tuned photoresist
is 0.25. Putting all these together yields a theoretical optical lithography res-
olution limit for single exposure processes of

0.25%193 nm B
135 B

36 nm

Economic forces and worldwide demand for continued improvement in
computer chip functionality, however, require that semiconductor device
manufacturers fabricate chips with feature sizes much smaller than 36 nm.
Referring to Equation [2.1], it is clear there are three approaches to achiev-
ing a smaller resolution using photon-based lithography: lower k; shorter A;
and increased NA.

Lowering k: it is possible to exceed the theoretical single exposure pro-
portionality limit of k; = 0.25 by using two or more processing steps in a
technique known as double (or multiple) patterning (Lee et al., 2008; Xie
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and Smith,2009). For example, 22 nm features can be fabricated in commer-
cial environments using just such approaches. However, the use of twice (or
more) the number of processing steps adds cost, making these approaches
unattractive.

Increasing NA:for an optical system in air the limit of NA is 1, with a prac-
tical engineering limit around 0.93. Today’s state-of-the-art optical exposure
systems exceed this limit by placing the final optical element of the projec-
tion optics in water, effectively boosting the NA by the index of refraction of
water (n = 1.44) and giving rise to today’s NA limit of 1.35. This approach is
called immersion lithography. Exceeding the water-based NA limit is possi-
ble by replacing the fluid, final lens element, and photoresist materials with
so-called ‘high index materials.” Such an approach has been investigated, but
so far no suitable materials have been found (Zimmerman et al., 2009).

Shortening A: the final component of the Rayleigh criterion that could
allow improvement in resolution is the wavelength. Since photons have
no wavelength limit, there is no physics limitation on resolution improve-
ment. In fact, as mentioned at the start of this section, the modern history of
lithography is simply a litany of wavelength choices, each shorter than the
previous. Extremely bright mercury lamps exhibited strong spectral peaks
at 436 nm (‘g-line’), 405 nm (‘h-line’), and 365 nm (‘i-line’), and each of
these wavelengths was a broadly utilized commercial lithography tool. As
resolution and throughput requirements increased, high brightness mer-
cury lamps were phased out and replaced with excimer lasers. The initial
Hg lamp-based 248 nm exposure systems were replaced by krypton fluoride
(KrF) laser-based scanners. Argon fluoride (ArF) lasers, emitting at 193 nm,
became widely available in the early 2000s and are the predominant tech-
nology in use as of this writing, whether in dry or immersion exposure sys-
tems. The 157 nm wavelength was explored extensively, but not adopted for
commercial use primarily due to the advent of 193 nm immersion lithog-
raphy just described. X-rays, with a wavelength around 1 nm, were used in
X-ray proximity lithography (see Section 2.1.3), but this technology was also
not widely adopted.

EUV is a photolithography based on a choice of 13.5 nm for the exposure
wavelength. The wavelength choice is 15 times shorter than 193 nm systems,
and one that is no longer in the optical band but instead found in the soft
X-ray band. This wavelength choice promises the ultimate benefit of vastly
improved resolution. Because the improvement is so significant, the use-
fulness of the technology should extend over a long period of time. This
extendibility factor is attractive for semiconductor manufacturers who hope
to be able to make use of EUV technology for as long as possible.

It is important to note that there are other ways to improve lithographic
resolution that do not involve photons or (Equation [2.1]). Alternative
lithography solutions using electron beams, ion beams, and imprint, also
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2.1 Key EUV lithography sub-systems.

being explored today, are discussed in their respective chapters elsewhere
in this volume.

2.1.2 EUV lithography: the basics

EUV lithography is a projection lithography approach that utilizes 13.5 nm
photons to expose photoresist. Figure 2.1 shows a schematic of an EUV
lithography exposure system. Before describing the key sub-systems, some
general observations are in order. First, since 13.5 nm is in the soft X-ray
band, all materials absorb EUV photons strongly, meaning it is not possible
to use refractive optics nor is it possible to transmit these photons through
air. Second, the reflectivity of essentially all single materials at normal inci-
dence is very small. ‘High’ (e.g. 70%) normal incidence reflectivity can be
achieved using a series of paired thin layers of high and low atomic number
(Z) materials, such as molybdenum and silicon. Such a construct is known
as a Bragg reflector or, more commonly, a multilayer (ML) mirror. High
reflectivity can also be achieved using a grazing incident angle.

EUYV lithography tools typically utilize a plasma source to generate the
13.5 nm photons. EUV light from the plasma is gathered using an optical ele-
ment called a ‘collector’ EUV sources and collectors will be described in detail
in Section 2.2. Light from the collector is directed into a set of shaping optics
collectively known as the ‘illumination optics.” This light illuminates a pho-
tomask located on a high scan-speed vacuum stage. The illumination optics
consists of multilayer-coated normal incidence mirrors as well as grazing
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2.2 Schematic of an EUV multilayer mask in cross section (not to scale).
(Source: Frank Goodwin, SEMATECH.)

incidence mirrors. EUV masks (see Fig. 2.2) consist of a six inch square,
quarter inch thick low thermal expansion material with a multilayer reflec-
tive coating and an absorber layer, typically chrome, etched into the design
of a circuit layer. The reflected image of the EUV mask enters a projection
optic with a demagnification, typically 4:1. The projection optics are typically
a collection of six or more multilayer mirrors and has an NA > 0.25. The final
image is focused onto a silicon wafer coated with a photo-sensitive etch resist
chemical emulsion or photoresist. The wafer is located on a high scan-speed
vacuum-based stage. Each of these sub-systems, from plasma source to wafer
stage, operates in a low-hydrocarbon, high vacuum environment.

2.1.3 The EUV lithography research phase

Since their discovery in 1895 by Wilhelm Conrad Roentgen, X-rays of vari-
ous wavelengths have been used in imaging. Early concepts to shape X-rays
using optics were proposed in the 1940s and 1950s by Kirkpatrick and Baez
(1948) and Wolter (1952), followed by the first X-ray telescope, conceived in
1960 by Riccardo Giacconi and Bruno Rossi. Later, in the 1970s and 1980s,
X-ray proximity lithography (XPL) was proposed, using X-rays and proxim-
ity masks. While XPL was successfully demonstrated, manufacturing diffi-
culties with the proximity masks prevented the adoption of this technology.

The principal difficulty with imaging is directing the rays themselves. X-ray
machines record images of the contrast between X-ray transmission and
absorption of objects placed in the direct line of sight of an X-ray source. In
the case of XPL, masks are placed directly under a collimated and condensed
X-ray beam (Uda et al., 1998), literally casting a shadow of the circuit pattern
etched into the mask onto a photoresist-coated wafer. For X-ray telescopes,
grazing incidence optics are used to gently bend the light, permitting the col-
lection of larger solid angle of light and enhancing the imaging capability.

In the 1980s the technology to fabricate normal incidence soft X-ray
mirrors was entering a period of rapid improvement spurred by interest in
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X-ray lasers for defense, X-ray microscopy, X-ray solar physics and X-ray
lithography (Underwood and Barbee, 1981; Zernike and Attwood 1994).
Using normal incidence reflective surfaces, it became possible to design
more compact soft X-ray projection optics with track lengths on the order
of a meter. Normal incidence soft X-ray mirror technology ushered in a new
era in lithography research.

Early research on soft X-ray projection lithography was conducted around
the globe. The pioneering work was conducted in the mid 1980s by groups at
NTT in Japan (Kinoshita et al., 1989), AT&T Bell Labs (Silfvast and Wood,
1988; Bjorkholm et al., 1990; Berreman et al., 1990), various US national lab-
oratories (Hawryluk and Seppala, 1988; Hawryluk et al., 1989; Kubiak et al.,
1991), and FOM in the Netherlands (Bijkerk et al., 1991). Together, these
groups laid the foundation for the development of imaging with soft X-rays.
This research established the feasibility of diffraction limited imaging using
soft X-rays and, in so doing, highlighted the technical challenges to commer-
cializing the technology: photoresists capable of high resolution image trans-
fer, sources sufficiently bright to deliver adequate power for high volume
throughput, reflective masks with sufficient quality and contrast, and design
requirements for optics.

The early research into EUV also defined the wavelength to be used.
Throughout the 1980s and early 1990s, soft X-ray imaging research had been
conducted over a band from 4 to 40 nm (Kinoshita et al., 1989; Hawryluk and
Ceglio, 1993; Stearns et al., 1993). The variety of wavelengths employed was
a consequence of material choices in the fabrication of multilayer reflec-
tive optics used by the researchers. The multilayers were constructed using
pairs of high atomic number (‘reflective’) and low atomic number (‘trans-
missive’) materials in a quarter wave architecture determined by the Bragg
wavelength

A=2d sind [2.2]

where d is the period of the multilayer structure and 6 is the angle of inci-
dence of incoming light rays. The resulting ‘Bragg reflector,” henceforth
referred to as a multilayer stack or multilayer, results in high reflectivity
for specific wavelength and material combinations. The ‘best’ material pairs
were chosen based on highest net reflectivity but with reasonable wave-
length bandwidth. If the bandwidth is too small it does not permit matched
transmission of light rays from different angles of incidence emerging from
the projection optics.

Another consideration was the requirement that the photons be capable
of producing high contrast images in photoresist with reasonable resolution
and depth of focus. EUV photoresist performance depends strongly on the
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Table 2.1 Optical performance [Ref CXRO], resist performance in PMMA
and safety considerations of candidate materials for the multilayer

ML material A AMA Reflectivity PMMA Safety
profile

Ni/C 4.4 + Poor Poor Excellent Benign

La/B,C 6.7 + Poor Good Excellent Benign

Mo/Be 1.3+ Good Excellent Good Toxic

Mo/Si 12.5+ Excellent Excellent Poor Benign

Source: Kinoshita et al., 1989; Wood et al., 1995; Skulina et al., 1995;
Kortright et al., 1993; and Berreman, 1991.

EUYV absorbance of the material. Poly(methylmethacrylate), or PMMA, an
organic resist representative of EUV imaging materials, exhibits increasing
absorption with wavelength from 4.4 nm upwards (Kinoshita et al., 1989).
Wood et al. (1995) showed that PMMA’s sidewall profile performance was
best at shorter wavelengths and worsening with increasing wavelength, with
excellent behavior at 6.8 nm but considerably degraded performance at
13.9 nm.

Table 2.1 summarizes the characteristics of four different material choices
and their associated wavelength ranges. The lower limit of each wavelength
range is listed in the table and stems from the X-ray absorption cutoff for
the ‘transmissive’ material in each pair (i.e. C, B, Be, Si). Taking into account
the influences of photoresist performance, multilayer reflectivity and band-
width, and safety considerations arising from materials in the multilayer, the
industry settled on a wavelength range just above 12.5 nm as the standard
wavelength for soft X-ray projection lithography. Specifically, 13.5 nm was
chosen, due to a local peak in xenon photon emission observed in EUV
source experiments.

While the industry was converging upon the wavelength choice, the name
for the technology was being adjusted. The successes of a decade of research
into the feasibility of lithography with soft X-rays had resulted in a gen-
eral excitement about the prospects of the technology. Since the shorter
wavelength X-ray technology XPL was in development and, competing for
resources and supporters, the community adopted the term ‘extreme ultra-
violet’ (EUV) lithography to provide easy differentiation between the two
X-ray technologies.

2.1.4 The EUV lithography development phase

In the early 1990s, industry and government organizations began to take an
interest in supporting the development of the many component technolo-
gies that comprise EUV lithography. These efforts generally centered upon
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evolving the EUV imaging tools from lab experiments to proof of concept
systems.

The national EUV lithography program

In 1994, the US Department of Energy (DOE) began the national EUV
lithography program. This program funded EUV development efforts at a
variety of DOE-sponsored National Laboratories including Sandia National
Laboratory (SNL), Lawrence Livermore National Laboratory (LLNL),
and Lawrence Berkeley National Laboratory (LBNL). Over a three-year
period, progress was made in constructing high resolution EUV imaging
equipment, but before the feasibility of a commercial EUV imaging system
could be established the US Congress reduced DOE’s budget substantially,
forcing the DOE to halt all EUV funding.

The EUV limited liability company (LLC)

Recognizing the potential of the technology and the imminent loss of concen-
trated EUV expertise at the National Labs with the looming end of federal
funding, Intel Corporation provided some short-term funding to maintain
the EUV research programs. Historically, this was typical behavior for a lead-
ing semiconductor company: invest heavily in next-generation technology
and secure a competitive advantage through early access to the technology.
In the case of EUV lithography, however, Intel rapidly concluded that the
cost of perfecting the technology would be significantly more than that of
prior optical lithography technologies. A new model was required.

Intel took a visionary approach: create a collaborative model where
semiconductor manufacturers would share the cost of developing the tech-
nology in exchange for intellectual property and preferential rights to pur-
chase equipment made with that IP. The EUV limited liability company
(EUV LLC, or ‘LLC’) was formed in late 1996. The LLC entered into a
Cooperative Research and Development Agreement (CRADA) with ‘the
Virtual National Laboratory’ (VNL), an amalgam of SNL, LLNL, and
LBNL, in 1997. This arrangement ensured the seamless transfer of early
EUYV learning from the previous, government-funded phase to the privately
funded LLC.

The LLC program centered on the fabrication of a demonstration tool
called the Engineering Test Stand (ETS). The ETS was envisioned to be a
state-of-the-art prototype scanning exposure tool that would become the
starting point for subsequent commercial EUV scanners. The LLC formed
technical programs to support the construction of the ETS: ETS fabrication,
EUYV optics, ML coating, metrology, masks, EUV source, and resist. These
technical programs became the focus of intense academic and industry
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research and development activities, and effectively created a checklist
that could be used to evaluate the readiness of EUV for commercial use.
Worldwide efforts expanded with the creation of Japanese (ASET) and
European (EUCLIDES, MEDEA, PREUVE) government-funded pro-
grams to support development activities being led by the LLC’s technical
programs.

The primary output of the EUV LLC was a working ETS that established
the credibility of EUV as a potential commercial lithography, and the iden-
tification of key technology challenges that would need to be overcome if
EUYV was to be implemented in high volume manufacturing. While the LLC
effectively established solutions for multilayer coatings and at-wavelength
interferometry, in other areas it merely codified the gap(s) that remained.

The consortia

In the early 2000s, the community of EUV researchers was beginning to
realize that commercialization of EUV would require vast resources and
concerted international collaborative effort. Characterized by a combina-
tion of private and government funding, several regional consortia of semi-
conductor manufacturers began to direct significant resources (in excess of
$ 100 M per year) into EUV research. These consortium-based efforts were
primarily focused on creating a commercial infrastructure for the imple-
mentation of EUV. The SEMATECH consortium, for example, created a
number of development centers in the mid 2000s to enable segments of
EUYV technology.

SEMATECH’s Mask Blank Development Center was launched in 2003
with the goal of establishing a commercial supply of EUV mask blanks —
ML-coated, defect-free unpatterned mask ‘blanks’ The process of fabricat-
ing such an EUV blank required access to a number of commercial tools
that did not exist. SEMATECH entered into development agreements with
a number of equipment manufacturers to develop the required equipment,
such as multilayer deposition tooling, mask blank cleaning equipment, and
high resolution defect inspection equipment. By 2008, commercial versions
of these tools were available for purchase and two mask blank manufactur-
ers were enabled. Over this period of time, EUV mask blank defect levels
were reduced from thousands of defects per blank to several tens of defects
per blank.

In the photoresist arena, the supplier community required access to reli-
able imaging equipment to test their formulations. Intel, SEMATECH and
SELETE launched programs to create small-field ‘micro’ exposure tools
(MET) that could be used for quick-turn testing by resist suppliers. 0.3
NA METs became available in 2004. By 2010, EUV resist suppliers were
evaluating thousands of distinct photoresist formulations per year on the
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50 nm, Intel MET, 32.5 nm, SEMATECH 24 nm, SEMATECH 16 nm, SEMATECH
2004 LBNL MET 2006 LBNL MET, 2009 LBNL MET, 2012

2.3 Images of chemically amplified EUV photoresist from the Intel MET
(leftmost image only) and SEMATECH LBNL MET highlighting EUV
resist resolution improvement since 2004.

SEMATECH METs. Photoresist resolution improved at a steady rate as
access to the METs became widespread. Figure 2.3 shows chemically ampli-
fied resist resolution improvement over the 2004-12 timeframe. It should
be mentioned that 50 nm resolution was first achieved in non-chemically
amplified photoresist as early as 1990 (Bjorkholm et al., 1990), but chemi-
cally amplified resists did not surpass this until the 0.3 NA METs became
available.

2.1.5 The EUV lithography commercial phase

Ultimately, the success of EUV lithography will be measured by its indus-
trial-scale use in the fabrication of semiconductor chips. The chipmakers
require that reliable and cost-effective equipment be available for purchase.
Because of the inherent complexity of EUYV, the cost to develop commer-
cial lithography tools is exceedingly high and requires an entire ecosystem
of supporting technology. Commercial suppliers for these support technol-
ogies likewise require assurance from chipmakers of the timing and vol-
ume of EUV adoption in order to invest. The entire ecosystem investment
becomes a series of chicken/egg problems. Investments by consortia, such as
those described in the previous section, have helped enable key supporting
technology.

In the mid 2000s, ASML and Nikon, world leaders in lithography expo-
sure equipment manufacture, made a large-scale commitment to develop
so-called ‘alpha’ EUV exposure tools. Operating by 2006, these tools lent
credibility to EUV. The upswing in interest was immediate, and the result
was an announcement of a beta tool program by ASML. Six beta tool cus-
tomers emerged, providing the needed funding for ASML to continue its
development program and spurring many of the other suppliers within
the EUV ecosystem to increase their independent EUV programs. Today
ASML has orders for, and is working to produce, the first production-ready
EUYV lithography tools, while Nikon is evaluating when to enter the market.
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Table 2.2 Specifications for ASMLs ADT, NXE:3100, and NXE:3300 platforms

Platform Alpha NXE:3100 NXE:3300B* NXE:3300C*
demo tool
(ADT)

Resolution 32 nm 27 nm 22 nm 16 nm

NA/c 0.25/0.5 0.25/0.8 0.33/0.2-0.9  0.33/Off-axis

Overlay (single <7 nm <4 nm <3.5nm <3 nm
machine)

Throughput 4WPH <10 WPH (60 125 WPH 150 WPH
(WPH=wafers/ WPH target) target target
hour)

Resist Dose 5 mJd/cm? 10 mJ/cm? 15 mJ/cm? 15 mJ/cm?

Source Power 8W 10 W achieved 250W 350 W target

(1oow target
target)

* Forthcoming

Source: Chen, 2010.

Table 2.2 shows the top level performance characteristics of ASML’s EUV
exposure systems to date and the projected capability for those systems that
are forthcoming.

Without a mature ecosystem of support infrastructure, components, sub-
components, and materials, however, integrated exposure systems such as
those described in Table 2.2 would simply not be achievable. Coincident
with ASML’s investment, companies have been working to commercialize
EUYV optics, EUV sources, EUV masks, EUV resists, EUV mask carriers,
EUYV mask deposition, clean, inspection, review and repair tools, and many
other portions of the EUV ecosystem. The total investment in all aspects of
EUV has surpassed $5 billion.

2.2 EUV sources

Photolithography is the technique of using light to transfer patterns. It is
therefore appropriate to begin the discussion of the component technol-
ogies of EUV lithography with an examination of the approaches used to
generate light at a wavelength of 13.5 nm. Devices which create these pho-
tons are called sources.

2.2.1 EUV source approaches

Optical lithography at various visible and ultraviolet wavelengths employs
either high power lamps or lasers to provide photons to exposure tools. The
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power output in the band of interest is in the kilowatt range. The optical
lithography exposure equipment generally has a surfeit of photons permit-
ting a high rate of exposure of patterns on silicon wafers limited only by the
speed of the wafer and mask stages within the tool. This mode of operation
is aptly referred to as stage-limited. In contrast, it is the EUV photon source
that is the bottleneck in EUV exposure tool throughput. We describe this
situation as photon-limited.

In the case of EUV lithography, the soft X-ray nature of the 13.5 nm pho-
tons prevents adoption of the primary optical methods of photon genera-
tion. Lamps and other ‘light bulbs’ are excluded because of the extremely
low transmission of EUV light through material media. For all practical pur-
poses, the ‘glass bulb’ would absorb all of the EUV light. While low-power
(< 1 mW) soft X-ray lasers have been demonstrated, high-power soft X-ray
lasers are generally unachievable because of the low reflectivity of even the
best multilayer mirrors at 13.5 nm. Recall that laser cavities achieve gain by
stimulating photon emission over many passes of a photon back and forth
between highly reflective mirrors. With peak reflectivities in the 70% range
at 13.5 nm, there is no opportunity for gain and hence little chance to gener-
ate a high-power laser output at the EUV wavelength.

As an aside, if one does not require the mirrors to last, it is possible to
achieve a short-lived X-ray laser pulse by starting with an ultra-intense burst
of incoherent X-rays. Only a few passes in a laser cavity would be required
to generate a coherent pulse, albeit with greatly reduced intensity and at the
cost of destroying the X-ray reflectors. This is the underlying principle of
defense-oriented X-ray lasers.

In practice, two approaches have the potential to produce sustained
high-power levels of EUV photons: synchrotrons, and high tempera-
ture plasmas. Synchrotrons bend electrons using magnetic fields in var-
ious configurations to generate X-ray photons. With circumferences in
the 100-1000 m range, installing synchrotrons at modern semiconductor
manufacturing plants would pose challenging space and cost obstacles.
Smaller synchrotrons, with circumferences of a few meters, can be used
in combination with a resonant laser cavity (Loewen, 2003) to produce
X-rays. This technique is presently capable of generating only a fraction
of a watt of EUV power, and so is currently insufficient to meet EUV
exposure tool requirements.

Compact (i.e.room-sized or smaller) plasma generation devices, or plasma
sources, have been demonstrated using a variety of techniques. Figure 2.4
shows the two most common approaches: discharge produced plasma
(DPP) and laser produced plasma (LPP). LPP and DPP sources are under
development as the most viable approaches to achieving reliable high EUV
power sources. As of writing this, that potential remains unrealized due to a
number of complex manufacturing issues that require mutually compatible
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2.4 Typical configurations for LPP and DPP EUV sources. (Source:
ASML.)

solutions. The balance of this section discusses the source components and
their attendant challenges.

Discharge produced plasma sources

DPP sources create a pulsed plasma by periodically arcing a high current
through a fuel-filled gap between two electrodes. The electric energy ionizes
the atoms of the gas and creates various excitation states of the remaining
electrons. The electron states then transition back to lower energy states by
emitting photons.

Laser produced plasma sources

LPP sources also create pulsed plasmas, but typically do so using a pulsed
laser burst to irradiate a liquid or solid piece of fuel. The fuel is often a
droplet that is ‘falling’ and must be accurately ‘hit’ by the laser pulse. Once
irradiated, the droplet is ionized into a plasma with appropriately populated
excited atomic states that then de-excite and emit EUV radiation.

2.2.2 Source fuels

The physics of EUV plasmas has been described by Hassanein et al. (2005),
but the defining characteristics of the plasma are strongly influenced by the
choice of plasma material, or ‘fuel,” such as the required input energy, and
the relative intensity of the emitted spectrum of photon energies according
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to the fundamental atomic properties of the material. The goal is to effi-
ciently convert the input energy (electric energy for DPP, laser energy for
LPP) into EUV photons (13.5 nm +1%), the so-called ‘in-band’ radiation.
Unfortunately, most materials that radiate appreciably near 13.5 nm do so in
a relatively ‘broad’ rather than ‘peaked’ fashion. The net result is that most
of the photons generated from the plasma are emitted far from 13.5 nm, in
the form of ‘out-of-band’ (OOB) radiation.

A number of potential fuels have been utilized since stand-alone (that
is, not connected to a synchrotron) EUV imaging systems began to be con-
structed. Investigations of most of the periodic table took place historically
throughout the age of atomic spectroscopy, and researchers at the VNL and
in industry benefited from that knowledge. Xenon (Xe) was found to have
approximately 1-2% conversion efficiency from input power to in-band
radiation. As a noble gas it is very attractive because it tends not to react
with any of the other source components. Tin (Sn) was observed to have a
better conversion efficiency (up to 3-5%), although it tends to deposit and
accumulate rapidly on source component surfaces.

Commercial DPP and LPP sources using both Xe and Sn have been
constructed and attached to EUV imaging systems. Because of its higher
efficiency, all the high volume commercial sources currently under develop-
ment use Sn exclusively.

2.2.3 The collector

In both DPP and LPP sources, EUV photons from the plasma are emit-
ted in all directions. In order to be useful to an exposure tool they must be
directed toward the imaging optics in an organized fashion. An initial opti-
cal element called a ‘collector’ gathers a portion of the photons and focuses
them at a point called the ‘intermediate focus” When EUV source power
is referenced for a given source it is generally the power measured at this
intermediate focus.

DPP and LPP plasmas tend to have distinct shapes. This can have signifi-
cant consequences on the amount of collectible light. The object and image
in a precision optical system are related by the 2D invariant known as éten-
due, or

E=7A (NAY [2.3]

where A is the area illuminated by the optics with a numerical aperture
NA. This quantity describes the light gathering power of an optical sys-
tem. Any photon originating outside the étendue cannot be transmitted
through the optical system, and is effectively wasted. For this reason, EUV
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optics designers tend to favor sources with a small plasma volume capa-
ble of fitting entirely within the étendue of the optical system. In general,
DPP plasma volumes are larger (~1 mm radius) than LPP plasma volumes
(<0.1 mm radius).

DPP sources require quite a close proximity between the electrodes and
the plasma, often exhibiting gaps between electrodes of a few centimeters
or less. As shown in the right portion of Fig. 2.4, this effectively restricts the
usable photons to those that are moving away from the circuit equipment.
Because of this constraint, DPP source collector geometry is typically a series
of concentric, grazing incidence, and cylindrically symmetric mirrors called
‘shells.” Multi-shell collectors can collect as much as 30% of the light emitted
from DPPs.

LPP sources are not restricted by the need for electrodes to be near the
plasma, and so may use a normal incidence mirror. This collector, like any
other normal incidence EUV mirror, must be coated with a reflecting mul-
tilayer coating. Compared to a multi-shell grazing incidence collector, this
geometry is elegant, simple, and more efficient, theoretically collecting
nearly 50% of the light from the laser plasma. Five steradian collectors, with
40% collection efficiency, have been demonstrated.

2.2.4 Debris mitigation

The plasma process is highly energetic (several Joules per pulse), high fre-
quency (kilohertz), and short-lived (hundreds of nanoseconds). The result is
that many charged ions, neutrals, and larger clusters, collectively referred to
as ‘debris,” are created with kinetic energies measured in the keV range. The
interactions of the debris with the collector, in particular, can have disas-
trous consequences. Energetic particles striking the collector mirrors would
rapidly sputter the surfaces, effectively ruining their ability to reflect EUV
photons. Species such as Sn tend to deposit on mirror surfaces and rapidly
reduce the reflective properties of either a grazing incidence or normal inci-
dence mirror. In still other conditions, the presence of the plasma can lead
to chemical changes in the collector surface, such as oxidation, also leading
to a rapid degradation of reflective properties. These various mechanisms
necessitate a debris mitigation effort.

Any successful debris mitigation scheme must do two things: maximize
the transmission of EUV photons, and maximize the life of the collector
mirrors at high reflectivity. Some of the techniques employed include:

Buffer gas: placing either a background pressure throughout the chamber
or a high pressure ‘curtain’ of gas between the plasma and collector. Debris
interacts with the buffer gas and is slowed or deflected, effectively protect-
ing the collector.
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Foil trap: for grazing incidence collectors, using a fixed or rotating radial
‘fin’ configuration that allows photons to pass with high geometrical effi-
ciency (>80%) but has a ‘long’ longitudinal extent. The principle is that
atoms, or more commonly clusters of atoms, moving toward the collector
will not typically follow ‘straight line’ trajectories. Each ‘bounce’ from a fin
or ‘foil’ will generate an opportunity to stick to the foil, effectively trapping
the debris (Corthout and Neff, 2007).

Rotating foil trap: adding a rotation to the assembly (Corthout and Neff,
2007) will increase the number of bounces for the debris dramatically while
having no effect on the photons.

Magnetic fields: in the case of charged debris, magnetic fields can be used
to deflect ions away from the collector toward a designated dump area
(Fujimoto et al.,2012).

Secondary plasma: a secondary plasma (in addition to the one generating
the EUV photons) can be employed to ionize neutrals, permitting neutral
species to be deflected by magnetic fields as well (Jurczyk et al., 2005).

One technique, complementary to debris mitigation, is debris prevention.
In many source fuel delivery schemes, the plasma is formed using less than
all of the fuel atoms present. Those excess fuel atoms do not contribute
to light generation but do contribute to debris generation. Using so-called
‘mass limited targets’ reduces the excess fuel leading to correspondingly less
debris at the same light output (Richardson et al., 1998).

Neither of these techniques (mitigation and prevention) is 100% effec-
tive. In each case, some method of cleaning is necessary due to the high
cost of fabricating the collector mirrors. Reactive gas cleaning is a technique
employed to remove deposited material from the collector mirror sur-
faces in situ (Rettig et al., 2005). Collector optics lifetimes range from one
to three months and correspond to less than 10 000 wafer level exposures
(assuming 300 mm wafers) before collector replacement/refurbishment is
required. This must be improved by at least a factor of ten to meet HVM
requirements.

2.2.5 Source scaling

EUYV sources must generate extremely high in-band power, with high reli-
ability and low cost. Cost-effective exposure tools require between 100 W
and 250 W of EUV in-band power at intermediate focus. This is an extremely
formidable challenge. In the case of DPP, 20 kW or more energy must be
dissipated and literally liters of tin must be prevented from coating opti-
cal surfaces. For LPP, sufficiently powerful drive lasers and high repetition
droplet generators must be fabricated to operate reliably at high duty cycle.
Today’s achieved EUV source power (about 10 W) is far from the level
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required (approximately 100 W) to generate commercially viable (70-80
wafers per hour throughput) EUV exposure systems.

2.3 EUV optics

Following the source, EUV photons emerge from the collector to enter the
optics of the imaging equipment. Recalling Fig. 2.1, the light from the source
is first shaped in the illumination optics and is then directed through the
projection optics.

As mentioned in the introductory section to this chapter, normal inci-
dence EUV optics relies on a multilayer stack of thin films to create a Bragg
reflector. These mirrors are constructed using specially fabricated low ther-
mal expansion materials (LTEM) because the consequence of 70% reflec-
tive mirrors is 30% absorbing mirrors. Even at high heat loads the mirrors
must retain their shape, or risk deforming to the point that they no longer
produce high fidelity images. The LTEMs have a coefficient of thermal
expansion below 107°.

This section begins with a discussion of the surface requirements for EUV
mirrors. Techniques for depositing multilayer stacks are then reviewed. The
requirements on the projection optics are described next. This is followed
by an overview of issues related to the lifetime and contamination of EUV
optics (other than the collector). The section concludes with an investiga-
tion of the limits of EUV optics and what extensions are possible.

2.3.1 Surface roughness

While EUV’s greatest asset is resolution enhancement due to its wavelength,
this very attribute results in a number of considerably tighter specifications.
Specifically, light that is incident on a surface has a component that is scat-
tered. Unfortunately, the amplitude of the scattered light is proportional to
(o,/1)? where o, is the rms surface roughness. For comparison, EUV scatters
about 200 times more than 193 nm light would scatter from the same quality
surface. The implication, therefore, is that surface roughness must improve
dramatically to compensate for the increased propensity for EUV photons
to scatter.

The scatter from an optical surface is frequently described using the power
spectral density (PSD). Figure 2.5, a PSD from a typical EUV mirror, shows
the relative strength of signals from grating structures at various length
scales, from a few nanometers (lower right) to a centimeter (upper left). The
main value of a PSD plot is to identify polishing problems: a smooth PSD
curve indicates high quality polish, while a jagged PSD response indicates
polishing artifacts at that length scale. The response is broadly classified into
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2.5 PSD in arbitrary units of surface roughness on the SEMATECH 0.3
NA MET optic at LBNL. (Source: Erik Gullikson, LBNL.)

three categories: low spatial frequency response (LSFR), or ‘figure,” above
1 mm; mid spatial frequency response (MSFR), or flare, from about 1 um to
1 mm; and high spatial frequency response (HSFR) from about 1 um down
to about 10 nm. LSFR represents light that is modestly deflected due to vari-
ations over very large length scales. This can impact the fidelity of imaging
and induce optical aberrations such as astigmatism. MSFR indicates mid-
range deflections of light that provide a background light to other features
in the image, effectively reducing the imaging contrast at the wafer. Finally,
HSFR corresponds to light that is deflected at very large angles completely
out of the image, effectively indicating light loss.

To reduce the flare and aberrations of an EUV optic, it is therefore nec-
essary to achieve better surface roughness at each of the length scales cor-
responding to the frequency response ranges above. In practice, for EUV
mirrors to achieve flare values comparable to 193 nm equipment (about 4%
or better), it is necessary to polish surfaces to roughness less than 0.1 nm
rms in the MSFR ranges (Litt ez al.,2002; Kuerz et al.,2008; Feldmann et al.,
2010). This is, on average, less than one atomic layer of variation!

2.3.2 Multilayer deposition

EUYV mirrors attain reflectivity through the deposition of many (usually
more than 40) pairs of thin films, each a few nanometers thick. As men-
tioned in Section 2.1.3, the EUV community settled on molybdenum and
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2.6 (a) A Mo/Si multilayer film stack. (b) The reflectivity of a Mo/Si film
stack with B4C interdiffusion barrier. (Source: Sasa Bajt, LLNL.)

silicon (Mo/Si) as the multilayer materials for EUV mirrors. Figure 2.6
shows a multilayer Mo/Si film stack with 50 pairs. The theoretical maxi-
mum EUYV reflectivity for Mo/Si mirrors is approximately 74% (Henke
et al., 1993; Spiller, 1994). In practice, however, physical properties such as
roughness, thickness uniformity, interdiffusion of atomic species, oxidation,
and thermal stability conspire to limit the reflectivity that can be achieved
to about 70%.

ML deposition can be conducted using a variety of available technologies:
physical vapor deposition, magnetron sputtering, ion beam deposition, elec-
tron beam evaporation, atomic layer deposition, molecular beam epitaxy,
and others. Since the 1980s, magnetron sputtering has been a commonly
used technique that has achieved highly reflective surfaces. The technique’s
popularity is due to its ability to coat large surfaces (300 mm diameter
and larger), low cost, support for multiple targets within a single chamber,
repeatability, and relatively high deposition rate. One drawback of the tech-
nique is that it is relatively dirty, creating large numbers of small particles
on the surfaces, which makes it unsuitable for use in coating EUV masks
(discussed in detail in Section 2.4).

The primary constraints on the multilayer are maximum reflectivity and
lifetime. The transmitted light for the entire optical train in an EUV imag-
ing system is proportional to the reflectivity of the EUV mirrors to the nth
power, where n is the number of reflective elements. Small improvements
in mirror reflectivity can have a big impact on overall system throughput
in such cases. For example, for a system with n = 11, increasing reflectivity
from 66% to 68% results in a 39% increase in system light transmission.
Conversely, a reduction in reflectivity from 66% to 64% for each mirror
would incur a 29% loss of light. It is important to recognize that each mirror
acts as a band pass filter, so the peak reflectivity of each mirror must also be
precisely matched to avoid additional losses in the system.
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2.3.3 Optical train

EUYV optics are the most advanced optical surface being fabricated today.
As mentioned in Section 2.3.1, the surfaces are smoothed to less than an
angstrom across spatial length scales that span eight orders of magnitude. In
other words, the mirror surfaces are atomically smooth across their entire
extent — in some cases hundreds of millimeters! The as-designed surfaces are
frequently aspherical, and the actual achieved surfaces deviate from design
(the so-called wavefront error or WFE) by less than 1 nm at all points.

Although a detailed description of the requirements for the EUV expo-
sure system’s optics is beyond the scope of this text, a few key objectives
should be described. Referring to the cartoon in Fig. 2.1, light from the EUV
source is first carefully shaped so that upon reaching the mask it is highly
uniform across the pupil. This is the function of the illumination optics, or
illuminator. The reflected image of the mask must then be demagnified and
projected with high fidelity to the wafer. This is the function of the projec-
tion optics.

Figure 2.7 shows a ray diagram of a typical projection optic with an NA
of 0.25. There are six mirrors in the design, each with varying degrees of
curvature. One of the challenges specific to EUV optics is the need for the
centroid-reflected wavelength to be constant across all of the points on all
of the mirror surfaces. Because the incident angles of light striking the mir-
ror vary with location, the coatings must vary in thickness accordingly to
achieve uniform reflectivity across the entire mirror surface. These coatings
are called graded coatings.

2.3.4 Optics lifetime

Ultimately, EUV optics must maintain their reflectivity for the life of the
exposure system. Depending on the rate of use, this corresponds to a life-
time of four or more years, or about 30 000 h. The lifetime of the EUV mir-
rors depends on maintaining a minimum uniform reflectivity. Chemical and

Mask Wafer

2.7 A typical six-mirror EUV projection optic design. (Source: Lowisch
et al., 2007.)
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physical processes and thermal cycling can degrade the ML over time and
use, leading to degradation in total reflectivity or uniformity.

The ML stack must first be stable. Mixing of molybdenum and silicon can
smear the interface between adjacent layers and, if severe, can impact the con-
structive interference of the Bragg reflector, reducing overall reflected EUV
light. One approach to preventing this behavior is to place a very thin (0.4 nm
or less) interdiffusion barrier layer between the Mo and Si layers. Boron car-
bide (B,C) is a material typically used for this purpose (Bajt et al.,2002).

The top surface of the ML is susceptible to a number of degradation
mechanisms. Chemical processes can cause the top surface to react and form
unwanted film growth. Residual water in the EUV vacuum system interacts
with EUV light and produces oxygen that then leads to oxidation of the ML.
A thin capping layer is used to prevent oxidation of the ML. Ruthenium and
titanium oxide are often used for this purpose. Oxidation of these materials
self-terminates after the formation of a very thin layer that causes minimal
EUYV transmission loss.

Contamination in the form of hydrocarbons is an almost unavoidable con-
sequence in an EUV system. A background pressure of hydrocarbons exists
in any vacuum environment. EUV photons have sufficient energy to break
down or ‘crack’ the hydrocarbons, producing carbon that then deposits on
the EUV mirror surfaces. This is highly problematic as even a very thin film
of carbon can drastically reduce EUV reflectivity, especially on grazing inci-
dence mirrors where the oblique angles of incidence lead to very long path
lengths through the carbon contamination layer. An effective countermea-
sure for carbon deposition is to use a reactive gas to ‘clean’ away residual
carbon. Often a background pressure of atomic hydrogen or oxygen is used
to create a steady state of competing deposition and reduction reactions
that yields a stable, clean surface. The choice of capping layer must also
recognize the need to be impermeable and stable in the presence of such
cleaning chemistries as well.

Provided that the strict limits placed on hydrocarbon backgrounds are
met continuously during operation, the lifetime of EUV optics meets the
required 30 000 h specification.

2.4 EUV masks

As mentioned in the introduction, an EUV mask is a 6 inch square, 0.25 inch
thick LTEM substrate coated with an EUV reflective ML and covered in
an absorbing material etched into a circuit pattern. Figure 2.2 shows a sche-
matic of a typical EUV mask structure. The patterned mask, or reticle, must
be a high fidelity representation of the as-designed circuit pattern, or any
computer chip imprinted with the pattern will fail to operate correctly. The
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fabrication process must therefore be defect free, or provide a mechanism to
identify and repair any defects.

EUYV masks differ from optical masks in several important ways. First,
like all EUV optical elements, the EUV mask is reflective, while optical
masks are transmissive. Second, light incident on the mask is centered
on a chief angle that is not normally incident (typically 6° from normal),
whereas optical masks receive light centered on the normal. This gives rise
to asymmetrical illumination or ‘shadowing’ of features perpendicular to
the light plane. Third, optical masks have a protective, transmissive cover
called a pellicle, which is suspended about 6 mm above the etched circuit
pattern. EUV masks do not have this pellicle, due in part to the difficulty
of engineering a highly transmissive (i.e. < 100 nm thick) membrane with
enough structural strength to span the 6 inch square surface of the mask.
The pellicle’s purpose it to stop particles from landing on the mask sur-
face, holding them at a plane that is out of focus and preventing them from
imaging on the wafer. The absence of the pellicle gives rise to a require-
ment that no particles should be permitted to reach the mask surface.

2.4.1 EUV mask fabrication

EUYV mask fabrication is a complex, multi-step process. Figure 2.8 shows
this process in block diagram form. The process begins with an LTEM sub-
strate. This substrate must be polished with a peak-to-valley surface flatness
no greater than 50 nm.

LS LS LS

Back CrN Final clean Substrate defect
magnetron sputtering inspection
Si/Mo multilayer Ru layer Mask blank

lon beam deposition lon beam deposition defect inspection

y A &

EUV reflectivity Absorber deposition Anti-reflective coating
measurement magnetron or other tech magnetron or other tech

2.8 Schematic of the EUV mask fabrication process.
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Substrate
chuck

Multilayer EUV mask blank

2.9 An IBD tool. lons emitted from the ion gun strike a target,
sputtering target atoms or clusters that uniformly coat an LTEM
substrate affixed to the substrate chuck.

A backside metallic coating, typically chromium nitride (CrN), is depos-
ited to permit the use of electrostatic chucks (ESC) in the exposure equip-
ment. The primary reason for the use of ESCs is to eliminate the need to
physically touch the patterned side of the mask with a clamp. Physical con-
tact with the surface inevitably generates particles, which in turn are poten-
tial defects.

After backside deposition, the mask is cleaned and the front side is
inspected for defects in the substrate polishing process. Once the substrate
is cleaned and inspected, it is coated with a multilayer. A multilayer-coated
substrate is referred to as an EUV mask blank. The equipment used to make
mask blank multilayer coatings is different from that used to coat other
EUYV optics, because the need for cleanliness is paramount. Ion beam depo-
sition (IBD) is the technology of choice. An IBD tool (see Fig. 2.9) directs a
beam of argon ions alternately at targets of molybdenum and silicon, phys-
ically sputtering atoms and clusters of atoms that are then deposited on an
LTEM substrate. The process must be carefully controlled to achieve the
required surface roughness and to avoid the generation of particles that
could become embedded in the multilayer stack. A capping layer of ruthe-
nium is deposited in the same IBD tool after the formation of the ML stack.
The newly created mask blank is then inspected for defects and its reflectiv-
ity measured.

The final step in the formation of an EUV mask blank is to coat it with
an absorber. This material must not reflect EUV light, instead absorbing it.
Since EUYV light is strongly absorbed by most materials, this seems trivial.
However, as mentioned in the introduction to this section, the light incident
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on the EUV mask is not normal. The resultant shadowing can result in a
biased transfer of patterns. One way to combat this is to make the absorber
as thin as possible, thereby limiting the impact of mask shadowing. Another
approach is to compensate for the shadowing by resizing features on the
mask. Absorber materials and compensation strategies are now the subject
of intenive and highly proprietary research.

After the ML stack is finished, antireflective coatings (ARC) are some-
times added to improve the contrast for various inspection tools. The blank
is shipped to a mask shop and the absorber is then patterned with photore-
sist, electron beam writing, and etchers in a fashion similar to that employed
for optical masks. An aerial imaging tool that simulates the mask perfor-
mance in an exposure tool is used to review the patterned mask for defects.
Any defects revealed by this technique are repaired, if possible, using local
techniques such as focused ion beam etching and deposition. A post-repair
review of the aerial imaging tool either certifies the mask for use in produc-
tion, or flags it for additional repair or to be discarded.

2.4.2 EUV mask defects

Semiconductor manufacturers require that masks faithfully reproduce their
circuit designs without introducing defects that could cause the circuit to
fail to perform. For this reason, EUV masks must be fabricated with a mini-
mum of defects. Figure 2.10 shows the variety of defects that can be formed
during the mask fabrication process. Defects of interest depend on the size
of features being printed with the mask. Any imperfection that would cause
a short or an open circuit in the final printed circuitry must be identified

i | i ﬁ i EUV light EUV light I

r
Mask SEM image Wafer printing results

Perfectly repaired Shadow effect is observed!

2.10 Types of defects on EUV masks. (Courtesy Abbas Rastegar,
SEMATECH.)
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2.11 A typical particle (left) and pit (right) defect on an LTEM substrate.

and resolved (i.e. repaired, ignored due to redundant circuitry, covered with
absorber, etc.). Ultimately, semiconductor device makers must gauge the
acceptable level of mask blank defects based on the built-in redundancy
of their circuit designs. A few defects in the memory areas of circuits are
generally acceptable, while even a single defect in the logic areas is usually
unacceptable. Determining what defects will print is a complex exercise, and
a complete discussion of this topic is beyond the scope of this text, but gen-
erally any defect larger than the half pitch of the densest printed circuit pat-
terns is relevant and should be eliminated. Of concern are also defects that
may cause a circuit to fail prematurely. For example, a defect that causes a
conductor to be undersized may permit the circuit to work initially, but may
lead to infant mortality. This is the traditional reason why redundancy alone
in memory chips does not result in acceptable defects.

Substrate defects tend to fall into two categories: particles and pits (see
Fig. 2.11). Both result from the polishing processes used to achieve atomic
smoothness in the surface of the LTEM material. While cleaning can remove
added particles (prior to multilayer deposition, of course), pit defects are
harder to fix. Local polish touch-up and ‘smoothing’ during the multilayer
deposition process can reduce the depth of pit defects, limiting their poten-
tial to print, but generally pit defects should be addressed through preven-
tion. Also, a small pit may result in a large defect after the multilayer is
deposited.

The multilayer deposition process results in several types of defects (see
Fig. 2.12), which can be broadly classified as amplitude or phase defects.
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2.12 EUV mask blank defects.

An amplitude defect directly absorbs EUV light, creating an intensity dif-
ference, and generally results from disruptions (embedded particles, cracks,
etc.) near the top of the multilayer. A phase defect results when reflections
from successive multilayers fail to constructively interfere due to phase
difference, and occurs when the multilayer pattern has swelled or dipped
slightly at the surface. Both amplitude and phase defects create imaging
artifacts when the mask is exposed in an EUV lithography tool.

Amplitude and phase defects are detected using different techniques.
Amplitude defects — surface or near-surface defects — can generally be
detected with optical wavelength inspection tools. Phase defects — buried
defects — may not be detected with optical inspection tools and generally
must be detected using actinic, or at-wavelength, metrology. In the case of
EUV mask blank phase defects, this requires the use of an EUV photon-
based inspection tool. The inspection tools that find defects on the EUV
mask blanks generally perform one mask inspection in one hour, and have
detection capabilities down to about 30 nm (on the mask). The best defect
levels for EUV mask blanks commercially achieved are on the order of
10-20 defects at a size of 50 nm or larger, with zero defects above 100 nm.

Defect repair

The repair of defects in the absorber layer is done using the same tech-
niques employed to repair chrome-on-glass masks used in optical lithog-
raphy. One added concern in the case of EUV stems from the non-normal
incidence of the EUYV light. Specifically, the height of the repaired feature
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(a)

2.13 A repaired absorber layer defect of the proper height and one with
excess height exhibiting a shadowing effect. (Image courtesy Tony Yen,
TSMC.)

2.14 Opaque and clear defects and their repair on an EUV mask. (Image
courtesy Tony Yen, TSMC.)

must be approximately correct in order to avoid creating a significant shad-
owing effect (see Fig. 2.13). Opaque (excess absorber material) and clear
(missing absorber material) absorber defects can be repaired equally well
(see Fig. 2.14). The repair process is quite lengthy, however, typically requir-
ing about 1 h per defect. At today’s defect levels, this equates to roughly one
to two masks repaired per day per repair tool.

Defects in the multilayer cannot be reliably repaired as of writing this.
Multilayer defects that are covered by absorber material, however, are
effectively eliminated. One countermeasure for multilayer defects, then, is
to determine if there exists a placement of the pattern relative to the blank
that covers all multilayer defects with absorber. This strategy is generally
effective only for a very small number of multilayer defects. The implication
is that if a mask blank has very many multilayer defects, it will most proba-
bly be unusable.
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2.15 An EUV Pod from the SEMI E152 specification. (Used with by
permission from SEMI®.)

2.4.3 EUV mask handling

After EUV masks have been fabricated they must be transported to semi-
conductor manufacturing facilities, loaded and unloaded into exposure
equipment hundreds or thousands of times, and exposed millions of times.
At each step in the process the mask is susceptible to the addition of defects.
The need to prevent particle adders led to the creation of a mask carrier
specification, SEMI E152. The specification calls for an EUV Pod (see
Fig. 2.15), which consists of two pods — an outer pod that is handled in ‘dirty’
environments (i.e. the reticle storage area, the cleanroom, etc.), and an inner
pod that is handled in ‘clean’ environments (the ultra-clean environment
inside the scanner or the mask cleaning tool). The inner pod behaves like
a virtual pellicle, protecting the surface of the mask from particles during
transport of the mask.

Chemical contamination in the form of carbonization or oxidation is
also a potential hazard. For this reason, the SEMI E152 spec calls for the
dual-pod to be purged during storage and transport to maintain an inert
environment.

Inside the EUV imaging equipment the mask must be removed from
the inner pod and placed on a reticle stage prior to exposure. Although the
mask surface is now completely exposed, one mitigation that is employed
is to face the mask down, exploiting gravity and the absence of air flow (the
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scanner environment is high vacuum) to eliminate those (larger) defects
that would otherwise ‘fall’ onto the surface. Electrostatic forces, however,
are much larger than gravity for particles a few nanometers in size.

25 EUV resists

The object of lithography is to transfer circuit patterns from a mask to semi-
conductor devices in various states of fabrication. Figure 2.16 depicts the
lithographic process. The material to be patterned is a thin film deposited
onto a circular wafer with a silicon substrate. The wafer is coated with a
photo-sensitive chemical emulsion called photoresist. The resist-coated
wafer is exposed with light in the shape of a circuit pattern, chemically alter-
ing the illuminated resist. The figure depicts a positive-tone resist process
where exposed photoresist is removed by a developer. Negative tone resist
processes, which remove the unexposed material, can also be used. The pat-
terned resist-coated wafer is then etched, removing the underlying material
wherever the resist is absent. The lithographic transfer process is complete
after a final chemical stripping process to remove the resist. Strictly speak-
ing, the photolithography process comprises the middle three steps in the
diagram: coat, expose, develop.

After commercial EUV efforts began, resist makers found that 248 nm
resist systems exhibited reasonable lithographic performance under expo-
sure to 13.5 nm light. These resist systems were chemically amplified: a
polymer solution contains a photo-acid generator that catalyzes multiple
deprotection reactions in a base polymer, making exposed regions of the
film developer-soluble. 50 nm lines were resolved using chemically ampli-
fied resist on the SEMATECH LBNL MET in 2004 (effectively matching
results achieved in 1990 on non-chemically amplified resist), but the initial
insertion target for EUV at around 45 nm features was missed, due to the
general lack of readiness of EUV technology, and it became necessary to
develop higher resolution materials.

A detailed discussion of the chemistry of photoresist in general can
be found elsewhere in this text. This section focuses on the requirements
imposed on EUV resists, and the challenges specific to creating commercial,
high resolution photoresists for EUV.

M E LT g b s

Substrate (Silicon Deposit Coat Expose Develop Etch Strip
or processed stack) layer resist resist resist layer resist

2.16 The photolithography pattern transfer process.
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2.17 The resolution:LWR:sensitivity, or RLS, trade-off at the 22 nm node
specification.

2.5.1 EUV resist requirements

Today, at a minimum, EUV resist performance must meet 22 nm resolution,
2 nm line-width roughness (LWR), and a sensitivity of 15 mJ/cm?. (Long-
term resolution must be improved to 8 nm or better and LWR to 1 nm.)
These three requirements make competing demands upon the resist system.
This is known as the RLS trade-off (Gallatin, 2005) and depicted in Fig. 2.17.
Two of the three attributes can typically be improved at the expense of the
third. In optical lithography, the stage-limited nature of the exposure sys-
tems means that a surfeit of photons is available to be used, relaxing the
sensitivity requirements and allowing resolution and LWR to improve. For
EUV resists, however, EUV exposure tools are currently photon-limited.
The result is that EUV resists must be made to expose with a minimum of
EUYV photons, removing that particular design freedom.

2.5.2 EUV resist challenges

After the initial success of 248 nm resist systems in the early 2000s, the
requirements on EUV resist rapidly exceeded their performance. Updated
insertion timings for EUV technology suggested that 22 nm or better reso-
lutions would be required with a roadmap to even better ultimate perfor-
mance. Optimization of the resist systems revealed a number of significant
challenges.

Because of their energy (92 eV), EUV photons interact with the atomic
electrons in resist films rather than with the molecules. As a result, the
absorbance of the material derives from the elemental formulae of the

© Woodhead Publishing Limited, 2014



72 Nanolithography

resist materials and their densities, rather than from the molecular structure
of the constituents. The consequence of high absorbance is a non-uniform
exposure of the film, potentially causing underexposure at the bottom of the
resist (for positive resists) and resulting in angled resist profiles (wider at the
bottom than at the top). Too low an absorbance can lead to a particularly
poor sensitivity and, in the case of positive resists, a re-entrant profile (wider
at the top than at the bottom).

The need to resolve extremely small features also places restrictions on
the thickness of resist that can be employed. The so-called aspect ratio (AR)
is defined as the height divided by the width of the features being patterned.
Historically, ARs of 2.5 or less have been acceptable. Higher ARs begin to
incur larger potential for pattern collapse. Film thicknesses around 40 nm
are routinely used when resolving ~20 nm features today.

Since EUV photons are highly energetic and scarce, it is necessary to
make the most efficient use of them possible. In an optical system, a given
photon may interact with a photo-acid generator (PAG) and generate a sin-
gle acid, or it may not interact at all. This rate of interaction is called the
quantum yield, and for optical systems it is rigorously capped at 1. EUV
photons, with 92 eV, tend to distribute their energy to a number of electrons,
each of which has a chance to interact with the PAG in the film. The quan-
tum yield of EUV systems can therefore exceed 1.

This potential for high quantum yields is welcome news for EUV resist, as
it tends to counterbalance a statistical phenomenon called shot noise. Shot
noise refers to the statistical noise present when imaging a feature. This var-
iation of delivered exposure dose to a given volume scales as N2, where N
is the number of photons being delivered to a given volume (Brainard et al.,
2004). The shot noise is proportional to 1/N'2. If the number of contributing
photons is small, the variation is correspondingly large. Using fewer photons
to expose material will result in significant shot noise and a rough-looking
resist feature.

As mentioned in Section 2.3.4, hydrocarbons can contaminate EUV opti-
cal surfaces, reducing their reflectivity. Unfortunately, EUV photons are
energetic enough to crack molecules present in resists, resulting in the evo-
lution of hydrocarbon-containing products in a process called resist outgas-
sing. Strict limits are placed on the amount of outgassing permitted from
photoresists. Materials that exceed this requirement cannot be used in com-
mercial exposure systems.

Finally, chemically amplified EUV resists depend upon a diffusion-based
acid deprotection process. For each acid generated there is a finite spread of
molecular reactions. This ‘blurring’ effect tends to increase the roughness of
the feature. The standard prescription for improving LWR is to reduce the
acid diffusion length, effectively reducing the number of deprotection reac-
tions catalyzed by each acid molecule. This reduces the ‘amplification’ of the
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chemically amplified resist, making it less sensitive and requiring more light
to expose. Since EUV is photon-limited, this approach is problematic.

2.5.3 EUV resist approaches and progress

The complex set of requirements upon EUV resists have resulted in the
exploration of a number of innovative approaches. Many variations of
chemically amplified photoresists have been explored for use in EUV.
Polyhydroxystyrene (PHS) resists were the most common of these materi-
als used in the early and mid 2000s. As the resolution requirement tightened
below 30 nm, researchers began experimenting with radical alternatives:
non-chemically amplified resists, chain scission resists, molecular glasses,
and many others. In some cases, additional elements were added to the resist
system, such as photo-base-generator and polymer-bound PAGs.

EUYV resist development is highly competitive. Many recent enhance-
ments being added to photoresists are proprietary, and are not publicly
disclosed. Progress over the past decade is shown in Fig. 2.3, with 16 nm
(and even better) resolution achieved using EUV tools with a 0.3 NA. The
key remaining challenge for EUYV resists remains the LWR, which generally
exceeds 3 nm (30) vs a requirement of less than 2 nm (30). Ultimately, the
LWR of consequence is that of the pattern transferred to the substrate. For
this reason, additional LWR improvement may come from resist post-pro-
cessing techniques that smooth the resist features after they are developed.

2.6 EUV integration and implementation
challenges

Producing an EUV exposure system that can be used in a manufacturing
environment is a formidable task. First, it requires that solutions be avail-
able for all of the technological challenges introduced in the preceding sec-
tions. But additionally, these solutions must be integrated with each other
seamlessly in a highly reliable, cost-effective product. A few of these inte-
gration challenges are highlighted in this section.

2.6.1 Out-of-band radiation

Light from the EUV source is directed into an intermediate focus. The
light should be a 2% bandwidth of EUV photons centered on 13.5 nm, but
because of the plasma nature of the high power source technology, the spec-
trum found at intermediate focus is much broader. This OOB radiation can
act as a contrast-reducing background light if it is transmitted through the
optical train to the photoresist, leading to degradation in performance.
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Fortunately, it is not necessary to block all OOB radiation, since not all
light will expose the photoresist, and the optical system acts like a band pass
filter already. The wavelengths that must be blocked are restricted to ultra-
violet (UV) light in the 130 nm to 400 nm range, and visible light > 400 nm.
The ultimate goal is to reduce OOB to a fraction (3-7%) of the in-band
power.

System integrators use a spectral purity filter (SPF) to achieve these goals.
A variety of SPF approaches exist. One common approach is to use a thin
film that is highly reflective in the UV and IR. Any thin film will result in
loss of EUV light and heating of the film (which could destroy it), so mini-
mizing the thickness is of paramount importance. However, if the film is too
thin it will lack structural strength. An alternative approach is to coat one or
more of the optics in the illuminator with films that minimize transmission
of unwanted spectral bands through destructive interference. Still another
involves the use of a blazed grating that reflects UV and IR light at a differ-
ent angle than the EUV light.

2.6.2 System contamination

As mentioned in Sections 2.3.4 and 2.4.3, carbon deposition can degrade
the reflectivity of EUV optics. The countermeasure is to carefully restrict
carbon emitters from being present in areas that EUV light may reach. This
is simple in principle, but extremely challenging to achieve in practice. EUV
system integrators found that even when system components were fabri-
cated from approved materials, the fabrication processes themselves often
used proscribed materials to machine, polish, clean, etc., the components,
thereby contaminating them!

Components and sub-components used in EUV equipment must there-
fore be scrutinized and reviewed to ensure strict compliance from start to
finish. For example, it is not uncommon for component manufacturers to be
required to purchase duplicate equipment for use only in the manufacture
of parts destined for EUV tooling.

Despite the best efforts at prevention, some background pressure of hydro-
carbons is inevitable. Combined with the long lifetime mandated for the
optics, an in situ cleaning method is a necessity. As mentioned in Section 2.3.4,
reactive gas at low pressure can remove deposited carbon contamination.

2.6.3 System weight and power

Fully integrated EUV exposure systems are some of the most massive pieces
equipment ever used in semiconductor manufacturing, approaching 50 tons!
The vacuum system and stages are the primary contributors to the system

© Woodhead Publishing Limited, 2014



Extreme ultraviolet (EUV) lithography 75

weight. The vacuum vessel, which contains the entire optical train and mask
and wafers stages, must be stiff enough to remain rigid to very precise toler-
ances despite having an extremely large surface area. The stages move at
speeds of 0.5 m/s or faster, but must be able to place images to nanometer
accuracy, a feat that requires a significant mass to provide stability.

The floors of most modern semiconductor fabrication facilities (fabs) were
not designed to support weights as high as those of EUV tools. New fabs are
being designed to increase the tolerance of the floors in the lithography sec-
tions, while older fabs must be retrofitted to add support to handle the weight.

Power consumption from EUYV tools is also significant. LPP sources
employ banks of high power lasers. In situ optics cleans involving hydrogen
gas require abatement systems that can draw significant amounts of power
as well. A production EUV exposure system is projected to consume 150
kW or more.

2.7 Conclusion and future trends

EUYV lithography is an extremely complex technology, with a number of
difficult challenges still to be overcome before it can be successfully com-
mercialized. Significant resources will be required to see EUV broadly
implemented in high volume manufacturing .

2.7.1 Benefits of EUV

As mentioned in the introduction, the theoretical limit of single exposure
patterning using 193 nm immersion scanners is about 36 nm. It is, however,
possible to further reduce this with the use of additional processing steps
that alter the feature size (although not the pitch) and interleave subse-
quent optical patterns in a process known as double patterning. As of this
writing, 22 nm features are being fabricated in commercial environments
using just such approaches. It is further possible to continue this approach
beyond ‘double’ patterning into ‘multiple’ patterning at the cost of addi-
tional processing complexities and lithography steps.

Despite the evident promise of double patterning and multiple pattern-
ing, the semiconductor industry is forced to recognize that doubling (or tri-
pling, or quadrupling, etc.) the number of processing steps also doubles (or
triples, or quadruples, etc.) the cost of the solution. The addition of each step
introduces more potential for yield loss as well, exacerbating the cost impact
of the added processing steps. For this reason the industry prefers a single
exposure solution.

In the 1990s, many lithography technologies were considered as alter-
natives to optical lithography. Proximity X-ray, ion projection lithography,
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e-beam lithography, and soft X-ray projection lithography were some of the
approaches studied and even commercialized across the globe. The saga of
the choice of a so-called ‘next-generation lithography’is beyond the scope of
this text. Although EUV lithography’s success as a manufacturing solution
has not been determined, the semiconductor industry has invested more
broadly in that than in any other next-generation lithography. The reasons
for this industry decision bear deeper inspection.

The clear benefit of EUV is a 15x reduction in the wavelength, compared
to today’s state-of-the-art 193 nm optical lithography equipment. Since
Moore’s law is couched in terms of ‘doubling’ transistor densities every two
years (a so-called generation or ‘node’), such advancement in resolution
would provide several generations of technology extendibility.

Ultimately, the choice of EUV lithography to succeed optical lithogra-
phy is being made for economic reasons: the technology promises several
generations of usefulness during which the cost-effective ‘single exposure’
approach can be continued. Semiconductor device makers can use the
attendant increase in functionality resulting from continued transistor scal-
ing to sell better, more powerful products for equal or better revenue. This
business model breaks without the clockwork advancement of technology.
Rather than face such an unattractive possibility, the industry is willing to
make heavy investments.

2.7.2 Limits of EUV

EUYV lithography exposure tools with NA = 0.5 will be able to pattern 8 nm
features in a single exposure. The next process node, at 5.5 nm feature sizes,
would require either a wavelength shift or the implementation of EUV dou-
ble patterning. If a wavelength shift approach is adopted by the industry,
6.8 nm has been proposed.

It is not clear when the semiconductor industry will reach the end of
Moore’s law. At some point, traditional lithographic techniques will have
to make way for radical new technologies. Atomic scale transistors, self-
aligned chemistries, and other radical approaches will undoubtedly emerge,
challenging the semiconductor industry to adapt and evolve in order to
succeed. But for now EUV, if successfully implemented, promises to enable
the continued extension of semiconductor scaling through to the end of the
2010s.
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Abstract: A focused electron beam (e-beam) represents the smallest,
finest practical writing pencil known, with the capability of producing
pattern features down to a few nanometers in size. Electron beam
lithography does not rely on a pre-existing patterned mask, but can

write the pattern directly from stored data. Because of its inherent high
resolution and pattern flexibility, e-beam lithography remains the method
of choice for fabricating nanometer-scale structures in low volume.

The historical Achilles heel of e-beam lithography has been its low
throughput. This can be mitigated by exposing many pixels in parallel. A
survey of present-day e-beam lithography is presented.

Key words: electron beam, lithography, maskless, throughput, multiple
beams.

3.1 Introduction

Electron beam lithography, also known as e-beam lithography, is the
process of tracing out a pattern in a suitable recording medium using a
focused e-beam. The underlying physical mechanism relies on the fact that
the recording medium, typically a thin organic polymer film, is altered by
the passage of fast electrons. The recording medium is generally called
resist. In a subsequent development step, the exposed material is removed
(positive-tone process). Alternatively, the unexposed material is removed
(negative-tone process). In either case, the result is a patterned film, which
acts as a binary mask for further processing. This processing might include
reactive ion etching, selective ion implantation, electroplating, or physical
vapor deposition, to name a few. The patterned binary mask is a versatile
and inexpensive enabler for a variety of subsequent processes. By super-
imposing multiple pattern layers, an enormous variety of useful devices
can be fabricated. A typical positive-tone process is shown schematically
in Fig. 3.1.

A focused e-beam represents the smallest, finest practical writing pencil
known (Pease and Chou, 2008; Pease, 2010). The ultimate electron optical
resolution is the same as an electron microscope, in the range of 0.06-0.15 nm,
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PLELT

3.1 Typical positive-tone resist process. From left to right: electron
beam scans (1) and leaves behind a latent image in the resist layer (2).
Exposed resist (3) dissolves in the development process. Subsequent
reactive ion etch (RIE) selectively removes substrate material (4), using
the developed resist layer as a binary mask.

depending on the energy of the incident electrons. Ultimate lithographic
resolution is not limited by the electron optics, but by the range of interac-
tion of the beam electrons with the resist layer by scattering and second-
ary processes. Ultimate lithographic resolution is typically in the range of a
few nanometers, depending on the energy of the electrons and the specific
nature of the resist. This is about an order of magnitude smaller than the
lithographic resolution obtainable with conventional optical lithography.

The pattern data are typically created using commercially available soft-
ware for computer-aided design. These data must then be converted to a
format usable by the e-beam writer. A digital electronic data path auto-
matically converts and sends the data to the e-beam writer. The e-beam is
then scanned over the writing surface using electric or magnetic fields, and
turned on and off while it scans. Practically any arbitrary binary pattern can
be written in this way.

In conventional optical lithography, one forms a demagnified image of
a pre-existing patterned mask onto a resist-coated wafer. The mask can be
used repeatedly to make many copies of the same pattern. In high-volume
manufacturing of semiconductor chips, the patterns are highly complex.
For example, 30 nm minimum-sized features might be distributed over a
30 mm square area. This represents an upper limit of 10'> pattern features.
Consequently, the mask can be expensive and time-consuming to fabricate.
It is only cost-effective if many wafers are exposed with a single mask, since
the cost of the mask is amortized over all of the wafers exposed.

E-beam lithography does not require a pre-existing mask, since the pat-
tern is created and transmitted electronically. This permits great flexibility
in trying out a large number of different patterns in a short time. This is
ideal for low-volume applications, in which few copies of a given pattern are
needed. An e-beam writer is a pattern generator, whereas a conventional

© Woodhead Publishing Limited, 2014



82 Nanolithography

optical lithography tool is a pattern replicator. Incidentally, the method of
choice for patterning masks for optical lithography is e-beam lithography.

An e-beam lithography system is comprised of several subsystems,
including

e an electron optical column, to produce the focused e-beam;

¢ analog electronics to produce, focus, blank/unblank, and scan the beam;

e digital electronics to store and transmit the pattern data;

¢ a high-precision mechanical XY stage to position the writing substrate
relative to the e-beam;

¢ a high-vacuum system, with provision to move the writing substrate in
and out of the vacuum;

¢ high-speed computers and microprocessors, to automatically perform all
of the necessary tasks;

e an extensive software system.

A considerable engineering effort is needed to make all of these compo-
nents work reliably together.

E-beam lithography originally grew out of scanning electron micros-
copy. It was first proposed by Buck and Shoulders, (1958), and first dem-
onstrated by Mollenstedt and Speidel (1960). An electron microscope
captures a high-resolution image of a pre-existing object. An e-beam
writer creates a structure with moderate spatial resolution (relative to
an electron microscope), but high accuracy and an enormous number of
pixels. A high-resolution electron micrograph typically has 10° pixels. A
high-fidelity e-beam-written pattern can have 10! pixels, with each pixel
precisely positioned to within a reasonably small fraction of the pixel size.
Consequently, an e-beam writer is much more complicated and expensive
than an electron microscope.

The overriding goal in any lithographic patterning is to produce a pat-
tern in resist that approximates the original design pattern with the greatest
possible fidelity. Lithographic patterns as exposed in resist are binary. As
such, they have no gray scales. (The exposure process can utilize gray scales,
but the resist image is typically binary). In this context, pattern fidelity con-
sists of two basic attributes. One is the quality of individual pattern fea-
tures, as embodied in dimensional control of the feature size. This includes
the smoothness of feature edges, and the sharpness of corners. The other is
accurate placement of pattern features.

The written and processed pattern generally does not perfectly match the
ideal, desired pattern. Errors in pattern feature size and placement can arise
from multiple sources. For example, unwanted fluctuation of the exposure dose
leads to non-uniformity in the printed feature size. Electromagnetic noise and
mechanical jitter in the system lead to random errors in pattern placement.
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Charging of contamination layers in the electron column, together with
uncontrolled thermal expansion due to local temperature fluctuations, causes
the beam to wander. Such errors are often not predictable or repeatable, and
must be minimized by an iterative process of measurement, deduction (to
determine the source of the error), and reduction to a tolerable level.

Some errors are predictable and repeatable, such as average deflection
distortion, average position error of the mechanical stage, and average scat-
tered dose variation arising from local variation in pattern density (so-called
proximity effect). This class of errors is amenable to correction by auto-
mated measurement, computation, and feedback. Pattern fidelity is deemed
acceptable if the errors in printed feature size and placement are a reason-
ably small fraction of the minimum printed feature size, also known as the
critical dimension (CD).

In order to measure these errors, sophisticated metrology is needed as
an indispensable adjunct to the writing process. Much of this metrology
capability is built into the e-beam writer, and automated within the writ-
ing process. For example, the position of the e-beam relative to the writ-
ing surface can be measured by using the beam to scan alignment marks
placed on the writing surface in a prior processing step. The position of
the beam can thus be corrected to compensate for distortion and drift. In
addition, a laser interferometer can be used to measure the position of the
XY stage relative to a stable mechanical datum built into the system. The
laser interferometer forms the built-in reference standard for all measure-
ments pertaining to pattern placement. A typical laser interferometer for
e-beam lithography has a resolution of /1000, where A is the wavelength
(632.8 nm) of a He-Ne laser. Higher resolution is also available. In princi-
ple, this resolution represents the smallest possible increment of pattern
edge placement.

The historical Achilles heel of e-beam lithography is its slow speed. This
arises from two limitations. First, the writing process is essentially serial,
with the pattern traced out sequentially using a probe beam. This is in con-
trast to conventional optical lithography, in which an entire complex pat-
tern is exposed in one flash or scan. Second, the useful writing current is
limited. The beam electrons are randomly scattered by one another in the
drift length of the electron column. This degrades the resolution as the cur-
rent is increased. In addition, every electron optical system is limited in the
amount of current it can supply at the writing surface for a given resolution.
Useful writing current at any given resolution is always limited, either by
Coulomb scattering in the beam path, or by limited ability of the electron
optical system (especially the electron source) to supply the desired writing
current.

A useful estimate of writing speed is the pattern area swept out per unittime
by the beam. Typical e-beam writers operate in the range 0.0001-1.0 cm?/s,
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depending on the desired resolution. By comparison, conventional opti-
cal exposure tools operate in the range 20-30 cm?/s. Conventional optical
systems are thus several orders of magnitude faster than currently existing
e-beam systems. For this reason, optical lithography remains the method
of choice for high-volume manufacturing of integrated circuit chips, while
e-beam lithography remains the method of choice for device fabrication at
low volume, with superior lithographic resolution.

In summary, e-beam lithography has the dual advantages of high spatial
resolution and flexibility of pattern generation. It has the drawback of low
speed. The purpose of this chapter is to explore these factors in some detail,
and to offer some analysis of the possible avenues of future improvement.

3.2 Using pixel parallelism to address the
throughput bottleneck

As mentioned, e-beam lithography systems use electric and magnetic elec-
tron lenses to form a sharply focused e-beam, which is scanned over the
writing surface. The simplest possible configuration is one in which an image
of a point-like electron source is formed directly on the writing surface
(Chang et al., 1976; Herriott et al., 1975; Kelly et al., 1981; Alles et al., 1987).

A
v
N

3.2 Typical Gaussian beam system configuration.
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An example of this is shown schematically in Fig. 3.2. The compact electron
source (1) is typically a thermally assisted field-emitter, also known as a
Schottky emitter. The virtual source, seen ‘looking back’ toward the source
from the electron column, typically has a diameter in the range 15-20 nm.
A magnetic lens (2) forms an intermediate image of the source (1) in a
set of electrostatic deflection plates (3). The deflection plates (3) move the
beam onto an edge (4) for blanking. A magnetic lens (6) forms a demag-
nified image of the source onto the writing surface (7). Electromagnetic
or electrostatic deflectors (5) move the writing spot laterally on the writ-
ing surface (7). The writing surface (7) is mounted on a movable stage for
increased range of motion. An aperture (8) limits the illumination cone
semi-angle o of the beam measured at the writing surface. An optimum
aperture size exists for a given resolution that balances the effects of spher-
ical aberration, diffraction, and Coulomb scattering within the beam. These
effects will be described in more detail later.

The writing spot represents one pixel, and has a lateral intensity distri-
bution that is roughly Gaussian. It is scanned over the pattern area using
variable electric or magnetic fields, and turned off and on as it is scanned,
thus generating the pattern. The beam can be scanned in a raster pattern,
similar to a scanning electron microscope. Alternatively, the beam can be
deflected only to those places where pattern features are to be written. This
latter approach goes by the term vector scanning. Writing one pixel at a time
is the ultimate serial writing process. Its inherent simplicity comes with the
penalty of limited speed.

An alternative writing strategy is to project a rectangular writing spot of
variable size and aspect ratio in a single flash (Pfeiffer and Loeffler, 1970;
Pfeiffer, 1978; Goto et al., 1978; Trotel, 1978). It is shown schematically in
Fig. 3.3. The beam from an electron source floods a square aperture. The
source is typically an extended (as opposed to point-like) single-crystal lan-
thanum hexaboride LaB, thermionic emitter. The extended source insures
that the first square aperture is illuminated uniformly. A condenser lens
forms an electron optical image of the square aperture in the plane of a sec-
ond square aperture. A spot-shaping deflector moves the image of the first
square aperture on the second square aperture, thus forming a rectangular
compound spot of variable size and aspect ratio. The spot-shaping deflector
is positioned at an intermediate image of the source (1). This insures that
the illumination remains uniform as the beam is deflected. The resulting
rectangular spot is then demagnified, and imaged onto the writing surface.
In this way, many pixels can be exposed in a single flash, thus increasing
the pixel parallelism. This is called a variable-shaped beam approach. Pixel
parallelism varies with the size of the shape, but typically 64-256 pixels are
written in a single ‘flash.” Obviously, this is a significant increase over the
single-pixel Gaussian beam.
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3.4 Exposure flashes for a Gaussian beam system (a), and a variable-
shaped beam system (b). The intensity distribution is plotted as a
function of lateral position below. Incremental variation in pattern edge
placement is also indicated.

It is possible to place the edge of a pattern feature with a precision that is
a small fraction of the pixel resolution. This is shown schematically in Fig. 3.4.
The pattern of writing for individual flashes is shown for a Gaussian beam on
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Fig. 3.4a, and for a variable-shaped beam on Fig. 3.4b. The number of individ-
ual flashes is indicated in both cases. We assume that the pixel resolution is
the same for both cases. We now desire to move the leftmost pattern edge by
an increment that is a small fraction of the pixel resolution. With a Gaussian
beam, this can be done by exposing the leftmost column of pixels with reduced
intensity. This will cause the edge of the resist image to move incrementally
to the right, depending on the amount of exposure. This is referred to as gray-
scale writing. This can also be used in conjunction with deflecting the beam by a
small increment (Abboud 1997). With a variable-shaped beam, the placement
of pattern edges is determined by the shaping increment, which is decoupled
from the pixel resolution. This ability to place pattern edges with an increment
that is a small fraction of the pixel size adds complexity to the writing, but it
enhances the ability to write an enormous variety of useful patterns.

One can add further pixel parallelism by projecting a character or cell
in a single flash. This is similar to the variable-shaped beam approach, with
character apertures replacing the square apertures. The character is auto-
matically selected from a library of shapes that reside in the electron column
in the form of small stencil masks. Each stencil can be electron-optically
imaged at will onto the writing surface. This approach, called cell or charac-
ter projection (Pfeiffer 1979), is especially useful in applications for which a
small pattern is repeated many times. In practice, this roughly doubles the
pixel parallelism of the variable-shaped beam approach.

One can add still further pixel parallelism by using multiple e-beams in
a single electron column. A single electron source floods an array of aper-
tures, forming an array of individual beamlets. Below each aperture is a pair
of electrostatic deflection plates, which is used to steer the beamlet onto a
downstream aperture, thus blanking only that individual beamlet. It is nec-
essary to address each pair of deflection plates individually.

In Fig. 3.5 (Platzgummer et al.,2008) a single source of ions (or electrons)
is collimated by the condenser optics. The beam floods an aperture array.
Individual beamlets are either transmitted or blanked, consistent with the
pattern pixels. The entire aperture array is imaged and demagnified by a
system of lenses onto the writing surface below. The spacing between beam-
lets is demagnified by the same factor as the beamlet spot size. All of the
beamlets pass through two intermediate crossovers in the column. An array
of Gaussian beamlets is formed at the writing surface, each of which can be
turned on and off at will. This approach is referred to as projection maskless
lithography patterning (PMLP).

In Fig. 3.6 (Kruit, 1998; Wieland et al.,2001; van den Berg ef al.,2011) each
beamlet is individually imaged and demagnified onto the writing surface
below. The spacing between beamlets does not change, and the individual
beamlets do not pass through common crossovers. An array of Gaussian
beamlets is formed at the writing surface, each of which can be turned on
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3.6 MAPPER system configuration.

and off at will. This approach is referred to as multiple aperture pixel-by-
pixel enhancement of resolution (MAPPER).

A variant of the multiple Gaussian beam approach is to project multi-
ple shaped beams. In Fig. 3.7 (Slodowski et al., 2011, Doering et al., 2012),
an array of 64 shaped beams in a single column replaces the single shaped
beam depicted in Fig. 3.2b. Introducing multiple shaped beams represents
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3.7 Multiple shaped beam (MSB) concept.
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3.8 Multi-column cell (MCC) system concept, schematic, with character
projection (CP).

a relatively minor change to an electron column with a single shaped beam.
This concept therefore builds on previously proven technology in an incre-
mental way, thereby minimizing expense and risk.

In Fig. 3.8 (Yamada et al., 2008; Yamada et al., 2010; Takizawa et al.,
2011), multiple columns are employed, with each column having multiple
cell projection capability. This concept is referred to as multi-column cell
projection (MCC). Additional columns can be added with modest effort
and expense. Both systems depicted in Figs 3.7 and 3.8 have the advantage
that each beamlet has many pixels. This permits one to use relatively few
beamlets to achieve high pixel parallelism. In both cases, beams can be
easily added to an existing platform. This permits one to add parallelism
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3.9 Reflective electron beam lithography (REBL) system concept.

in an incremental way, thus mitigating the risk associated with increasing
system complexity.

An alternative concept is shown schematically in Fig. 3.9 (McCord et al.,
2010).The beam from a thermionic electron source (cathode) floods a large-
area digital pattern generator (DPG). This is an array of individual pixels,
with each pixel independently addressable with a voltage. The beam is
decelerated to a very low energy at the DPG, so that beam electrons are
either reflected or absorbed, depending on the pixel voltage. The reflected
beam containing the pattern information is then accelerated. The pixel array
is demagnified onto the writing surface. The electron column is compact,
thus mitigating Coulomb scattering of beam electrons.

An alternative approach is to project an electron optical image of a pat-
terned membrane mask onto the writing surface. This approach, called pro-
jection e-beam lithography, forms a demagnified image of a pre-existing
mask. It was first conceived by Heritage (1975) and independently by Koops
and Bernhard (1975), based on the operating principle of a transmission
electron microscope. Two more modern implementations are described
below.

The approach in Fig. 3.10 is known as SCattering with Angular Limitation
Projection Electron Beam Lithography (SCALPEL) (Harriott et al., 1996,
Stenkamp et al.,2001). It was developed jointly at Bell Laboratories, Lucent
Technologies, and Carl Zeiss GmbH. The approach in Fig. 3.11 is known
as Projection Reduction Exposure with Variable Axis Immersion Lenses
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(PREVAIL) (Pfeiffer et al., 1999; Golladay et al., 2000; Gordon et al., 2000;
Pfeiffer et al.,2001; Golladay et al.,2001). It was developed jointly by IBM
and Nikon. This latter approach features a high-emittance thermionic elec-
tron source, where emittance is defined as the product of the transverse area
and the emission solid angle. Such a source has the dual advantages of uni-
form illumination intensity and high total current. PREVAIL also features
a low-aberration deflection system, which scans the beam in a direction per-
pendicular to the motion of the XY stage.

Two generic approaches have been tried for the mask. In one approach,
the membrane is sufficiently thin so that most of the electrons pass through
unscattered. The pattern features on the mask are made of a material with
high atomic number, such as tungsten or tantalum. These areas scatter the
electrons out of the acceptance angle of the electron optical system, thus
producing image contrast. In another approach, the mask is a stencil that
transmits current only through the holes. Two complementary masks are
needed in order to print all possible patterns. Pixel parallelism on the order
of 108 pixels per flash has been demonstrated using these approaches. Indeed,
electron optical imaging has been used in a variety of ways to dramatically
increase pixel parallelism, thus mitigating the serial limitation.

In order for any of these methods to increase writing speed, the total writ-
ing current must increase accordingly. Ultimately, writing speed is always
limited by the availability of useful writing current, regardless of the degree
of pixel parallelism. The term ‘useful’ implies that the desired resolution is
achieved. This resolution is a matter of choice (down to the ultimate limit
imposed by electron scattering and secondary processes in the resist), and
depends on the specific application. By degrading the resolution, the useful
writing current is increased. For this reason, one tunes the resolution to the
value required for the application, but no better. With the resolution chosen,
one then maximizes the writing current.

An important caveat is that, in some applications, the throughput is lim-
ited by system overheads that have nothing to do with the writing current.
In particular, if the pattern is relatively sparse, the system spends a small
fraction of the time actually writing, and a large fraction of the time doing
other tasks. These tasks include pumping the system down to adequately
good vacuum, moving the mechanical stage, and waiting for the deflection
fields to settle down to an appropriate level. The allocation of process time
is sensitive to the particular pattern. A useful metric is the fraction of the
writing area that is actually patterned. This fraction can be vanishingly small,
or it can approach unity, depending on the application.

For dense patterns with a large amount of pattern data, the system
spends a relatively large fraction of the time actually writing, as opposed
to doing other tasks. In this case, a useful estimate of the overall through-
put is the total average writing current / divided by the incident dose D in
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3.12 Writing speed in units of area swept out per unit time, as a
function of pixels per flash for various parallel e-beam exposure
concepts.

units of charge per unit area needed for proper exposure of the resist. This
ratio has units of area swept out per unit time. It represents the overall
system speed at the limit where system overhead delays are insignificant.
Typical e-beam writers operate in the range 0.0001-1.0 cm?/s. By compari-
son, conventional optical exposure tools operate in the range 20-30 cm?/s.
Obviously, one can potentially improve e-beam writing speed by increas-
ing the total average writing current /, decreasing the dose to the resist D
(by judicious chemical engineering of the resist sensitivity), or by a com-
bination of these.

It is interesting to plot the useful writing current as a function of pixel
parallelism (measured in pixels per flash) actually achieved in practice. This
is shown in Fig. 3.12 for various writing strategies described above. Ideally,
one might expect the useful writing current to be proportional to the pixel
parallelism, as represented by the curve labeled ‘ideal scaling’ in the figure.
This is generally not achieved in practice, however. According to the figure,
the useful writing current increases roughly as the cube root of the pixel
parallelism. Again, this is due to the limitation on useful writing current
imposed either by Coulomb scattering, or the ability of the electron optical
system to supply the desired current. This sub-linear dependence indicates
that introducing more parallelism into the exposure does not proportionally
increase the writing speed.

The position of the whole curve in Fig. 3.12 along the vertical axis depends
on the resolution. As one demands finer resolution, the available writing
current decreases. This causes the curve to be displaced downward along
the vertical axis. As one relaxes the resolution, the curve is displaced upward
along the vertical axis. An estimate of the resolution is obtained from the
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full width at half maximum of the lateral pixel intensity distribution. In order
to ensure adequate lithographic pattern fidelity, this must be a reasonably
small fraction of the CD. As a rough rule of thumb, this fraction is typically
chosen to be about one-fourth. A pixel resolution of 10 nm (corresponding
to a CD of 40 nm) is arbitrarily assumed in the Fig. 3.12. An incident dose of
60 uC/cm? at 50 kV beam voltage is arbitrarily assumed as well.

The writing speed in units of area swept out per unit time is obtained
by dividing the total average writing current / in the figure by the incident
dose D needed to properly expose the resist. This dose is typically in the
range 10-1000 uC/cm?, depending on the choice of resist and the beam
voltage. The required dose is proportional to beam energy. At higher beam
voltage, on the order of 100 kV, a typical resist layer on the order of 100 nm
thick is relatively transparent to the beam. In this case, a small fraction of
the beam energy is deposited in the resist. Consequently, a relatively high
incident dose is needed, and the writing speed is correspondingly lower.
At lower beam voltage, on the order of 10 kV or less, a relatively large
fraction of the beam energy is deposited in the resist. Consequently, a rel-
atively low incident dose is needed, and the writing speed is correspond-
ingly higher.

The useful writing current increases with increasing beam energy. This
occurs because Coulomb scattering in the beam path is less pronounced
at higher beam energy. Separately, the ratio of brightness to beam voltage
is conserved throughout every optical system. For a given electron source,
the brightness at the writing surface is therefore proportional to the beam
voltage at the writing surface. These factors lead to higher writing current
at higher energy, offsetting the need for higher incident dose. The writing
speed (ratio I/D of current to dose) is therefore a weak function of beam
energy.

As mentioned, Coulomb scattering in the electron column places a limit
on useful writing current. Coulomb scattering represents a fundamental lim-
itation, and therefore has received considerable attention (Boersch, 1954;
Pfeiffer, 1971; Groves et al., 1979; El-Kareh and Smither, 1979; Sasaki, 1979;
Jansen, 1990; Groves, 1999; Winograd et al., 1999; Han et al., 2000; Kruit and
Jansen, 2009) since its importance was first recognized by Boersch (1954).
This scattering is more pronounced in locations within the column where
the average space charge density is high. This, in turn, depends on the config-
uration of the electron optical column, and on operating parameters such as
current, accelerating voltage, and numerical aperture. Coulomb scattering is
more pronounced near crossover points in the beam, where the writing cur-
rent passes through a constriction.

In the above arguments we have implicitly assumed that data rate does
not limit the throughput. In other words, we have assumed that the elec-
tronic data path is able to supply pattern data quickly enough so that the
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beam never has to ‘wait’ for data. This is not always the case. We can regard
the writing process as a succession of flashes, during which the beam is
turned on. The frequency of flashes f'is given by

fer 3]

where [ is the total writing current, D is the dose required to properly expose
the resist, and A is the total area exposed in one flash. The frequency f has
units of s™' or Hz as required. We recognize the ratio I/D as the writing speed
described above, and the ratio I/A as the average current density at the writ-
ing surface. The ability of an e-beam writer to supply data at flash rate f
depends on the digital data rate, the bandwidth of the analog electronics
which control the beam, and the speed at which the electron optics can turn
the beam on and off.

Considering the simplest case of a single Gaussian beam, we can assume
some reasonable numbers. For a spot radius of 10 nm, a dose of D = 60 uC/
cm?, and a flash rate of f = 50 MHz, the maximum usable writing current is
about 10 nA. For writing current greater than this, the system would be lim-
ited by the data rate, rather than by usable writing current. The writing speed
in this example is about 1.7 x 10~* cm?/s. At this rate it would take about 1.7 h
to write an area of 1 cm?. Several groups have reported data rates of roughly
300 MHz for Gaussian beam writers (Kelly 1981; Alles 1987; Gesley 1993).
It would become difficult to achieve a data rate appreciably higher than this
for an e-beam writer, owing to the necessity of synchronizing the pattern
data stream with the electronics.

As a separate example, we consider a variable-shaped beam writer.
Assuming a current density of 400 A/cm? and a dose of 20 uC/cm?, the flash
rate f must be about 20 MHz. In order to take advantage of this speed, it
is necessary that other system overhead times be less than or equal to the
writing time. This includes the digital-to-analog conversion (DAC), which
converts the digital beam deflection coordinates to an analog signal to drive
the deflector. It also includes the settling time of the analog electronics. The
move and settling time for an electrostatic deflection step of a few volts is
typically about 50 ns in practice. This applies to electrostatic shaping as well.
This is similar to the flash time in the present example. It would become
difficult to operate a single variable-shaped beam writer appreciably faster
than this.

According to Equation [3.1], the flash rate fis inversely proportional to the
area A exposed in a single flash. Exposing multiple pixels simultaneously, the
exposure area A is the area of one pixel times the number of pixels exposed
per flash. It follows that the required flash rate is inversely proportional to
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the pixel parallelism. The flash rate fis highest for a single Gaussian beam
with one pixel per flash, and decreases for greater pixel parallelism.

3.3 The tradeoff between resolution
and throughput

Given that present-day e-beam writers are slow relative to optical exposure
systems, it is natural to ask whether fundamental improvement is possible.
This is closely related to how the useful writing current [ scales with reso-
lution r. Electron optical resolution r depends on the choice of numerical
aperture o, where « is the semi-angle of the beam cone measured in radi-
ans at the writing surface. This angle was indicated previously in Fig. 3.2.
Every electron optical system (as well as every light-optical system) can be
characterized by its numerical aperture. This remains true, regardless of the
number of beams or the size of the projected image. The pixel resolution 7 is
plotted as a function of beam semi-angle o in Fig. 3.13 for a typical e-beam
writer. The contribution due to diffraction is given by Rayleigh’s criterion,
which is given for small angles o by

r=0612 [32]
o

where A is the de Broglie electron wavelength given by

100 r= Coou 1?2 1t

r=0.25C o®

-
o

Resolution r, nm

1 I J
0.0001 0.001 0.01

Beam semi-angle ¢, rad

3.13 Resolution as a function of beam semi-angle. Significant
contributions include Coulomb interaction and spherical aberration.
Diffraction is negligible in this case.
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h

A= [3.3]
p

and # is Planck’s constant given by & = 6.626 x 1073 Joule-s. Also p is the
momentum of a beam electron.
Separately, the contribution due to spherical aberration is given by

r=025Cy &? [3.4]

where Cg is the spherical aberration coefficient of the electron optical sys-
tem. These two contributions are plotted as a function of « in Fig. 3.13 for a
typical e-beam writer. An optimal value of o exists where the two contribu-
tions are equal to one another. This represents the best achievable resolu-
tion. Setting the two expressions for r equal to one another and eliminating
a, we obtain the optimal resolution r as follows:

r= 049 C4 434 [3.5]

This is shown for a 50 kV beam as the lower point in the Fig. 3.13, where
A=536x10"2m.

The determination of resolution by diffraction and spherical aberration
applies only when the writing current is sufficiently small so that Coulomb
scattering is unimportant. This applies in an electron microscope, for
example, where at most a single electron is present in the electron column
at any given instant. As one increases the current, the Coulomb scattering
dominates over diffraction as the determinant of resolution. The contri-
bution due to Coulomb scattering can be written approximately (Jansen,
1990) by

JEE
r= CCoul - [36]
(24

where Cc, is a proportionality constant that depends on the specific col-
umn geometry and the beam voltage, and / is the total average writing cur-
rent. Applying a similar optimization argument to the above, we obtain an
optimal resolution of

1 31
r=0.707 Cst Copy* I2 [3.7]
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This is represented by the upper point in Fig. 3.13. To summarize, at low
beam current the electron optical resolution is determined by spherical
aberration and diffraction. At high beam current the electron optical reso-
lution is determined by spherical aberration and Coulomb scattering in the
beam.

On the basis of these considerations, we are now in a position to deter-
mine how the writing speed scales with resolution. First we consider an
e-beam writer that is limited in useful writing current by Coulomb scatter-
ing within the beam path. From Equation [3.7], the useful writing current /
can be expressed as a function of resolution r by the proportionality

[ o r? [3.8]

In words, the usable current [ is proportional to the square of the resolution
r. Separately, the dose needed to properly expose the resist is given by

ne
D o

: [3.9]
r

where n is the average number of incident electrons per pixel needed to
properly expose the resist, e is the electron charge, and r is the radius of the
pixel. The quotient / divided by D is the area swept out per unit time by the
writing beam. It represents an estimate of throughput in the limit where sys-
tem overhead times are insignificant. This implies that the written pattern is
relatively dense. Consequently, the system spends most of its time actually
writing, as opposed to waiting. From Equations [3.8] and [3.9], this obeys the
proportionality

éxw [3.10]

This fourth-power dependence was first pointed out by Pease (2005). It is
consistent with scaling trends of other forms of lithography as well (Marrian
and Tennant, 2003). We deduce that the writing speed has a very strong and
disadvantageous dependence on the resolution for a single-source e-beam
column.

From Equation [3.10], one can improve the writing speed in principle by
chemically engineering the resist to decrease the dose D needed for proper
exposure. The average number of electrons needed to expose one pixel is n.
The average fluctuation in this number from pixel to pixel is/n. The average
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fractional fluctuation ¢ is therefore given by € = Jn /n =1/+/n. This fluctu-
ation is known as shot noise, and arises from the discreteness of electrons.
From Equation [3.9] this places a lower limit on usable dose D,,, given by

Dy =—— [3.11]
T-re-&

Assuming for example € = 0.02 and r = 20 nm, we find in this simple model
that D,,;, = 32 uC/cm?. Choosing a resist with dose less than this is likely
to compromise the edge smoothness of exposed features. A more detailed
elaboration of this simplistic model is described by Kruit (1998), Kruit et al.
(2004), and Kruit and Steenbrink (2005).

The useful writing current / depends on the beam voltage, column length,
and the numerical aperture ¢ of the electron optical column, and is there-
fore very sensitive to the specific column configuration. The various configu-
rations described above have very different values of the maximum usable
current. Unfortunately, no general theory exists that allows prediction of
the maximum current for all systems. In practice, one must rely on simu-
lation and measurement to determine this. Monte Carlo simulation gives
an accurate prediction of resolution for a given system configuration and
writing current. It is also computationally intensive and time-consuming.
Typically, one uses Monte Carlo simulation to analyze a single operating
point. This consists of finding the resolution for a specific combination of
electron column configuration, beam voltage, beam writing current, and
beam semi-angle a. Given this computed resolution, one can easily explore
perturbations about this base operating point using known trend formulas
(Jansen, 1990; Kruit and Jansen, 2009). For a column designer this predictive
exercise is essential (Orloff, 2009; Munro, 2012), since the actual fabrica-
tion and testing of the column is expensive and time-consuming. One would
like to try as hard as possible to get it right the first time. Despite one’s best
efforts, this is very difficult to achieve in practice.

The above analysis rests on the assumption that the maximum usable
writing current is limited by Coulomb scattering in the beam. This can only
occur only when the electron source is able to supply sufficient current. This
does not always occur in practice. There are two generic reasons for this.
First, it is virtually impossible to use all of the source current to form the
writing beam; i.e., one inevitably throws away a significant fraction of the
emission using the various apertures needed to achieve proper illumination
and resolution. Second, the specific brightness obtainable at the writing sur-
face cannot exceed that of the source. Brightness B is defined at the writing
surface for small angles o as
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1

eI [3.12]

This is the current per unit transverse area per unit solid angle. The specific
brightness is defined here as the ratio of the brightness B divided by the
beam voltage V. This ratio is conserved in every charged particle optics sys-
tem. Mathematically,

E=c0nst [3.13]
|4

It follows that the specific brightness at the writing surface can never exceed
that of the source. This imposes a fundamental limit on available current. In
the event that the source cannot supply enough current for the Coulomb
interaction to be a limit, the writing speed can only be lower than the
Coulomb-limited case.

3.4 Distributed systems

These arguments prompt us to ask whether there is any possible way around
the adverse scaling of writing speed with resolution. A possible answer lies
in the fact that, for all of the systems described above, we have made the
implicit assumption that the e-beam writer has a single electron source, a
single electron column, or both. This has been true to this point regardless
of the degree of pixel parallelism. This general approach has the multiple
advantages of simplicity, reliability, and low cost, but the disadvantage of
low throughput.

It is possible in principle to replicate any of the systems previously
described. This would of course require multiple electron sources and mul-
tiple electron columns. One would only need to scale the number of systems
with the fourth power of the resolution. This does not represent a funda-
mental limitation, but only one of practicality and expense. Following this
reasoning, one could imagine a system in which the beam current is spread
over a large volume, so that Coulomb scattering is unimportant. At the same
time, one can envision multiple electron sources, so that the ability of the
electron optical system to supply current is increased accordingly. We call
such a system a distributed system.

One such proposal uses many miniature electron columns, each with its
own source. This concept is shown schematically in Fig. 3.14 (Chang et al.,
1996,2001). Each column is potentially inexpensive, owing to its small size
and relative simplicity. In principle, one could pack a great many columns
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3.14 Distributed system with multiple, arrayed electron columns.

into a modest area, thereby enabling high throughput. This column concept
has already been proven to provide high lithographic resolution.

Another distributed system was actually proposed in the late 1960s, and is
shown schematically in Fig. 3.15. It is called electron lithography image pro-
jection system or ELIPS (O’Keefe and Handy, 1969; Malmberg et al., 1973).
A large-area, flat photocathode is patterned with the desired pattern to be
printed. This cathode is placed opposite the writing surface, with the cath-
ode at a high negative potential relative to the writing surface. The entire
apparatus is immersed in the uniform magnetic field of a solenoid. The mag-
netic field is oriented perpendicular to the photocathode and writing sur-
face. [lluminating the cathode from the backside with ultraviolet light causes
photoelectron emission from those pattern areas that are not blocked by an
opaque material. A one-to-one image of the photocathode is transferred to
the writing surface. The writing current is distributed over a large volume
with no intermediate crossover. Coulomb scattering is unimportant in this
system. Because of the large area, a large writing current can be obtained,
even for low emission current density. This system has enormous pixel par-
allelism, but does not suffer from the writing speed limitations of the other
systems described previously.

A new patterned photocathode is needed for every distinct pattern. This
practical limitation can be overcome in principle by considering a vari-
ant of the ELIPS concept shown schematically in Fig. 3.16 (Groves and
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Kendall, 1998, Pickard et al., 2003). A transparent plate (1) is patterned
with an array of point-like photo-emitters. The emitters are illuminated
from the top of the figure by an array of focused light beams (2). The
bottom surface of the plate (1) is covered with a non-emissive metal film,
and is elevated to a high negative potential relative to the rest of the sys-
tem, which is nominally at ground potential. The photo-emitted electrons
are accelerated to an anode (3), which is at ground potential, forming an
array of beams (4). The entire apparatus is immersed in the uniform field
of a solenoid (not shown in Fig. 3.16) with the magnetic field B oriented
parallel to the beam axes. Each beam forms a 1:1 image of the source, and
is allowed to pass through a small aperture in the anode (3). Each beam
drifts to the writing surface (5), where a second 1:1 image of the source is
formed. The leftmost beam in the figure shows the individual electron tra-
jectories spiraling in the magnetic field. The beam semi-angle o is given by
the ratio of transverse to axial velocity components. Assuming the trans-
verse velocity is thermal, this semi-angle is naturally a few milliradians,
with no physical aperture needed. This permits resolution on the order of
a few nanometers. A set of parallel plates (6) extend a long distance into
the plane of the figure. The plates are excited to a potential +V or -V,
with neighboring plates having opposite sign of the potential. This creates
a uniform electric field E in the transverse direction. Together with the
uniform axial magnetic field B, the beams are deflected. This deflector has
excellent electron optical properties (Kuo and Groves, 1983). Owing to the
magnetic field, the net deflection in the writing plane is into or out of the
plane of the figure, depending on the direction of the electric field vector.
The beams intersect the writing surface at normal incidence. The deflec-
tion aberration is exceedingly low. By ramping the voltage V, the beams
scan in the direction into or out of the plane of the figure. Many beams can
be added along this axis, creating a two-dimensional array. By mechan-
ically scanning the writing surface (5) in the direction of the arrow, and
blanking each beam individually, an arbitrary pattern can be created on
the writing surface. The beams can be individually blanked and unblanked
by turning the light source off and on. Fine-line lithography has been dem-
onstrated in the laboratory at low throughput with this concept. Successful
large-scale implementation will rely on a nanoscale photoelectron source
being identified and demonstrated.

In summary, distributed system concepts in principle circumvent the limi-
tation on useful writing current due to Coulomb scattering and source current
limitation. This comes with the additional complexity of multiple sources. In
principle, all of the single-source options described above can be replicated
to form distributed systems. The use of e-beam direct write lithography in
high-volume semiconductor chip manufacturing is of renewed interest (Lin,
2012), as the cost of conventional optical lithography escalates.
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3.5 Ultimate lithographic resolution

Ultimate lithographic resolution is limited by interaction of the e-beam with the
recording medium. Every incident beam electron undergoes scattering in the
resist layer. There are two generic scattering processes: inelastic and elastic scat-
tering. In inelastic scattering, the incident electron transfers some of its energy
to the resist. This is responsible for proper exposure of the resist. Inelastic scat-
tering is characterized by negligibly small scattering angle. In elastic scattering
the incident electron is scattered by a target atom nucleus, with negligible trans-
fer of energy. Elastic scattering is characterized by relatively large scattering
angle. This gives rise to spreading of the beam in the target material.

Scattering in the recording medium and substrate is characterized by a mean
free path.This is the average distance the electron travels in the material between
scattering events. The mean free path p, for elastic scattering is given by

U=— [3.14]

where N is the number of target atoms per unit volume, and o, is the fotal
cross-section for elastic scattering. The number N is given by

n=DoP [3.15]
A

where N, is Avogadro’s number given by N, = 6.0221 x 10%, p is the mass den-
sity, and A is the atomic number. The total cross-section o, is the probability
per unit incident intensity that a scattering event will occur from a single tar-
get atom. It has units of area, and is given in SI units approximately by

Z43 2

0,=— [3.16]
277-m-E

where Z is the atomic number of the target material, 4 is Planck’s constant
given by /& = 6.6261 x 1073 J.s, m is the mass of the electron given by m =
9.1094 x 103 kg,and E is the kinetic energy of the incident electron in Joules.
Inserting the values of the constants, this leads to the practical expression

Z4/3
0, =(4788x10 )" — [3.17)

eV
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in units of m?, where E.y is the kinetic energy of the incident electron in
electron volts. As an example, inserting the constants for silicon, p = 2.34 g/
cm?, A = 28, Z = 14, we find that the mean free path of a 50 keV electron
is 62 nm in silicon. Finally, the total cross-section for inelastic scattering is
related to elastic scattering approximately by

10

-~ [3.18]

RIS

The ratio of the mean free path for y; for inelastic scattering divided by the
mean free path p, for elastic scattering is the reciprocal of this. For a 50 kV
electron in silicon, the inelastic mean free path is about 87 nm. As the beam
penetrates the substrate material, it continually loses energy. Consequently,
the mean free path constantly decreases. In summary, the higher the instan-
taneous energy, the more transparent the material becomes.

Most of the beam electrons pass through the resist layer and into the
substrate material. There the electrons are multiply scattered, both elasti-
cally and inelastically. This is shown in Fig. 3.17 for bulk silicon using the
Casino Monte Carlo simulation program (Drouin et al., 2007). Elastic scat-
tering causes the beam to broaden laterally. Some fraction of the beam is
backscattered, and exits through the resist layer, causing unwanted expo-
sure. Inelastic scattering causes the beam to deposit energy in the substrate
as heat (Groves, 1996). This beam-induced heating can alter the resist
sensitivity.

On average the beam electrons travel to a depth R into the substrate,
where the range f3 is given in micrometers approximately by (Gruen, 1957):

1.75
B =0.086 V)" [3.19]
pg/cm}

where Vyy is the beam voltage in kilovolts and p,,; is the density of the
substrate material in g/cm’. The range 3 represents an estimate of the lat-
eral distance in micrometers over which the backscattered current causes
unwanted exposure of the resist. The strong dependence on incident beam
energy is clearly seen in Fig. 3.17.

This stray exposure is small for isolated pattern features, and relatively
large for dense pattern features. This causes the amount of stray exposure
to depend on the specific pattern being written. This is known as proxim-
ity effect. It is possible to correct for proximity effect by applying greater
incident dose to isolated features and less incident dose to dense features
(Parikh and Kyser, 1979; Rishton and Kern, 1987).
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4.0 um

3.17 Monte Carlo simulations of individual electron trajectories in
bulk silicon, (a) 25 kV incident beam voltage, (b) 50 kV incident beam
voltage.

The exposure E(r) as a function of two-dimensional position r in the writ-
ing plane can be expressed in terms of the incident dose D(r) as a convolu-
tion as follows (Pavkovich, 1986):

E(r)= [D() p(r-r) dr [3.20]

where p (r) is known as the point spread function. Physically, this function
represents the blurring caused by electron scattering at any given point in
the pattern. The function p (r) in turn can be approximated by

e L [T e Dexp| 22
p(l)—”(1+ 77)|:a'2 exp( pe )+,5& exp( 7 ]:| [3.21]

where « is the range of the forward scattering in the resist layer, 8 is the
range of the backscattering from the substrate given above, and 1 is the
fraction of the total incident current which is backscattered. Typically the
forward scattering range o is of the order of a few tens of nanometers, while
the backscatter range f is of the order of a few micrometers to a few tens
of micrometers, depending on the incident beam voltage. The fraction 7 is
typically between 0.2 and 0.6, depending on the beam voltage and substrate
material. The reader can verify that the integral of p (r) over all transverse
coordinates is unity as required. In order to correct for proximity effect, we
must calculate the incident dose D(r) required to produce an ideal desired
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3.18 Ultimate lithographic resolution using EBID technique.

exposure E(r). Mathematically, this amounts to solving the above integral
equation for D(r), assuming the other quantities are known. Software is
commercially available to accomplish this.

Ultimate lithographic resolution is limited by scattering and secondary
processes within the resist layer. The resist layer thickness is typically of
the order of 100 nm or less. Elastic scattering causes the beam to broaden
laterally in the resist layer. Generally, this broadening is inversely related to
the incident beam energy. Secondary processes that give rise to exposure of
the resist generally have a finite range, also contributing to line broadening.
Ultimate lithographic resolution therefore depends on the process, rather
than on the electron optical resolution of the beam writer.

An intriguing way to extend lithographic resolution beyond what is pos-
sible using conventional patterning in resist is E-Beam-Induced Deposition
(EBID). In this process, a low partial pressure of a precursor gas is inten-
tionally introduced into the chamber of a conventional scanning electron
microscope (SEM). The focused e-beam induces the material from the gas
to be condensed onto the writing substrate in solid form. The resulting litho-
graphic resolution is very high. An example is shown in Fig. 3.18, which shows
lithographic details approximately three nanometers in width (van Oven,
etal., 2011). A platinum-bearing precursor gas used was used. Ultimate lith-
ographic resolution depends in general on the recording medium. Ongoing
research leads to continuing improvement.

3.6 Electron-beam patterning of photomasks for
optical lithography

Mainstream high-volume manufacturing of integrated circuit chips relies
on light-optical lithography. This in turn relies on a pre-existing mask that
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contains the complete pattern for a single exposure level, also known as
a mask level. The pattern on the mask is optically reduced by 4x onto the
resist-coated wafer, with the exposure repeated once for each chip on the
wafer. The standard mask size is 150 mm x 150 mm in size, and the mask
is typically made of quartz. The exposure light source is an ArF excimer
laser operating at 193 nm wavelength. Integrated circuit chips typically
have between 30 and 45 mask levels, each requiring a different patterned
mask.

E-beam lithography is the method of choice for patterning photomasks
in high-volume manufacturing of VLSI chips. This takes advantage of the
inherent high resolution and pattern-generating capability. Historically, the
limited throughput of e-beam lithography has not been a serious limitation,
because the writing time is amortized over all of the wafers printed with that
mask. Present-day mask writing time can be as long as a few tens of hours
for the most complex mask levels, and under one hour for the simplest mask
levels.

The fidelity with which the printed pattern on the wafer approximates the
original design is crucially important. Broadly, pattern fidelity consists of
accurate placement of pattern features over the lithographic area, and pre-
cise control of printed feature size and quality.

The mask levels must overlay relative to one another to a precision that is a
reasonably small fraction of the minimum feature size or Critical Dimension
(CD). The CD is nominally the half-pitch of dense pattern features on the
wafer. For 4x reduction, the CD on the mask is obviously four times larger
than on the wafer. The mask contains an enormous number of pattern fea-
tures. As an example, a CD of 22 nm on the wafer requires a CD of 88 nm on
the mask. A chip size of 26 mm x 33 mm on the wafer requires a patterned
area of 104 mm x 132 mm on the mask. Dividing the chip area by the square
of the CD yields an upper limit of 1.8 x 10'? pattern features in either case.

The specifications governing pattern fidelity are detailed in the
International Technology Roadmap for Semiconductors (ITRS). This road-
map is available at ITRS (2011) in the references. Substantial background
information about manufacturing of state-of-the-art electronic chips is given.
The continuing economic success of this industry relies on a business model
of continuous performance improvement, while remaining affordable to the
consumer. Consequently, critical specifications must be constantly tightened
over time. Five critical lithographic specifications are plotted in Fig. 3.19 as a
function of year, based on estimates taken directly from the ITRS Roadmap
2011 version (ITRS Roadmap (2011), http://www.itrs.net/.). Innovation
must continue for the e-beam mask writer, the associated process, and the
metrology in order to achieve these specifications. In many cases, no known
solution exists for future years, but solutions must be found, in order for the
trend to continue as it has in the past.
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3.19 Critical dimensional specifications for photomasks as a function
of year of introduction in high-volume manufacturing, according to the
ITRS.

With each chip generation, more pattern features must be printed on the
mask. This in turn requires higher pattern data volume. The uncompressed
pattern data volume in Tb is shown as a function of year in Fig. 3.20 for
EUYV masks and optical masks. This is based on estimates taken directly
from the ITRS roadmap 2011 version. The electronic data path must be
improved with each generation, in order to process the increasing pat-
tern data volume at a sufficiently high rate. This includes translating the
design data into a form which is usable by the e-beam writer, while adding
various corrections for inherent errors in pattern fidelity. It also includes
the step in which the translated pattern data are fed to the e-beam during
writing.

The increasing number of pattern features, together with the tightening
lithographic performance specifications, cause the mask writing time to
increase. Present-day masks are written using variable-shaped beam writ-
ers with a spot current density of 400 A/cm?. This tests the limit of useful
writing current, as well as the achievable data rate for a single beam system.
Innovation is required for the e-beam mask writer in order to achieve a rea-
sonable writing time on the order of 10 h per mask in the future. Multiple
beam systems show promise, but require significant financial investment in
order to demonstrate all performance specifications by the time they are
needed in manufacturing.
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3.20 Mask data volume as a function of year of introduction in high-
volume manufacturing, according to the ITRS.

A potentially significant application of e-beam written masks is nano-
imprint lithography (Kumar and Whitesides, 1993; Haisma et al, 1996;
Chou et al., 1996; Chou et al., 2002). This subject is reviewed in detail in the
Chapter 9 by D. Resnick.

3.7 Conclusion

A focused e-beam represents the smallest, finest practical writing pencil
known, with the capability of producing pattern features down to a few
nanometers in size. This is roughly an order of magnitude smaller than
mainstream optical lithography. E-beam lithography does not rely on a
pre-existing, patterned mask, but can write the pattern directly from data
stored on a computer. For these reasons, e-beam lithography remains
the method of choice for fabricating nanometer-scale structures in low
volume.

The historical Achilles heel of e-beam lithography has been its low
throughput. This results from the serial nature of the exposure. This is in
contrast to optical lithography, in which the entire pattern is exposed in a
single sweep. The low throughput also results from the limitation on useful
writing current imposed by the electron source, or alternatively by Coulomb
scattering of electrons in the beam path.
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Low throughput can be mitigated by exposing many pixels in parallel. For
a single electron source, the area swept out per unit time is proportional to
the fourth power of the resolution. This is true regardless of the pixel par-
allelism, as long as a single electron source is used. Consequently, the only
hope for fundamentally improving throughput is to use a distributed system
with multiple electron sources. Such system concepts exist, and are presently
the subject of intensive research and development.
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Abstract: This chapter discusses focused ion beams (FIB) and how

they can be utilized for nano-machining and imaging. Following a brief
history of FIB, four different types of ion sources are described, and the
optics used to focus them. Following a description of the interactions of
ions with matter that cause the removal of material by sputtering, which
is useful for micro-machining, and the generation of electrons, which
are useful for imaging, examples of ion milling, deposition of material,
imaging, and spectroscopy at the nanoscale are given.

Key words: focused ion beam (FIB), milling, deposition, ion induced
imaging.

4.1 Introduction

Nanotechnology is an expanding research and technological frontier where
FIBs can be significantly utilized. FIBs produce tiny beams of a variety of
positive ions (diameters from sub-nanometer to a few micrometers) ener-
getic enough (from a few keV to ~ 150 ke V) to cause the removal of sample
material by elastic collisions (sputtering) at currents ranging from sub-pA
to pA. This milling capability is localized on the sample at sizes from nano-
meters to microns and is at present the mainstay of work for FIBs. In addi-
tion to milling, ions can be selectively implanted into the sample. With the
introduction of gases near the surface of the sample, material (either metals
or insulators) can be deposited onto the sample at beam size dimensions
to form novel structures. Due to the interaction of the ions with the sample
through inelastic collisions, secondary electrons and ions are emitted from
the sample. The FIB can be used as a microscope yielding information dif-
ferent from that of a scanning electron microscope (SEM), and by collecting
and separating the secondary ions produced by the beam, secondary-ion
mass spectrometry (SIMS) can be performed at high spatial resolution.

At present, Ga-based liquid metal ion sources (LMIS) are predominantly
used, mainly due to the ease of their manufacturability, the stability of their
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4.1 Schematic of the major components of a modern FIB system.The
system consists of a focusing column containing the ion source and
lenses, a detector, gas injection needles, and a sample stage, which are
all inside a vacuum chamber.

operation, and the lack of need to heat the source, since Ga is a liquid at
room temperature. The principal components of a FIB source and focusing
optics are shown in schematic form in Fig. 4.1 for a typical Ga LMIS-based
source with a two-lens focusing optical column equipped with a secondary-
electron detector for sample imaging, and a gas delivery system for deposi-
tion. All that is shown is contained in a vacuum chamber.

By inserting a Wien filter mass separator into the optical column, alloy
sources can be made to operate so that a variety of ions (e.g., B, Be, Li, Si,
Au) are selectively available to form the beam.

With the recent commercial introduction of gas field ionization sources
(GFIS),He and Ne are available as ions,and have shown considerable prom-
ise for use in producing very high resolution images and for high precision
nano-machining. The He-based microscope has demonstrated 0.35 nm imag-
ing resolution, with contrast mechanisms unavailable to the SEM, while Ne
based systems are demonstrating very precise nano-machining capability.

For the removal of a large volume of sample, higher beam currents are
necessary to carry out the work in a reasonable time. Due to limitations
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of the LMIS sources, plasma-based sources have been introduced that are
capable of producing beam currents of up to a few pA. These systems (now
available from several commercial sources) excite plasmas from which ions
are extracted and focused, extending the capability of FIBs to work in rel-
atively high volume sample removal regimes unavailable to the LMIS- and
GFIS-based systems.

To the future of FIB work belongs the cold-atom ion sources (CAIS),
which are magneto-optical trap (MOT)-based ion sources that should be
capable of producing a variety of different ions, with some early demon-
strations and calculations indicating that sub-nanometer imaging resolution
should be achievable. In addition, by switching ion types in the trap, it is
expected that milling capabilities should also be achievable at the nanome-
ter scale.

A major technological success has been to marry the FIB with SEM in a
‘dual beam’ system. Thus, in one chamber, all the advantages of each tech-
nique are combined. The value of this blended system is evident in the num-
ber of sales (~thousand) that manufacturers have achieved.

Following a brief history of past efforts, we describe the ion sources and
the optical columns used to focus and manipulate the beam. After detailing
the interactions of the ions with the sample, we show examples of milling,
deposition, imaging, and spectroscopy.

4.2 An adumbrated history of focused
ion beams (FIBs)

The short history that follows is by necessity inadequate, due to the omis-
sion of many workers deserving mention. Ga-based FIB is a mature tech-
nology, having roots in scanning electron beam, probes ion thrusters, and
ion implanters. Following work on SEMs, ion systems capable of producing
0.1 um ion beam probes of a few picoamperes from low-brightness plasma
sources were developed (Hill, 1968). Crewe (Crewe et al., 1968; Crewe,
1973), showed the importance of high-brightness sources and low-aberra-
tion optical components for high resolution systems. Systems based on the
GFISs were developed at Chicago and Oregon (Levi-Setti, 1974; Orloff and
Swanson, 1975). Due to technological limitations, this approach was tempo-
rarily abandoned in favor of the LMIS.

The first LMIS-based focusing columns built in 1975 ( Krohn and Ringo,
1975) were followed by work at Hughes Research Laboratories (HRL)
(Seliger et al., 1979), where several versions of the early FIB systems were
intended to be used for the maskless implantation of semiconductors.
Many groups then followed those efforts in exploring the use of FIBs in the
areas of microscopy, spectroscopy, lithography, mask repair, TEM sample
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preparation, and microcircuit surgery. What began as an implantation tool
has found its main role in the sputter removal of material and, to a lesser
extent, for the deposition of material and as an imaging tool, with the Ga
LMIS as the workhorse source type.

At present, Ga-based FIB is a mature technology and is used mainly for
the preparation of TEM samples, failure analysis for semiconductors and
MEMS, and circuit edit procedures, as well as a tool for MEMS and nano-
technology proto-typing applications. Some investigations are still in the
process of determining whether ions different from Ga- and LMIS-based
sources will find widespread applications.

Recent efforts (Notte and Ward, 2006) in producing a working He ion
GFIS have pushed the frontiers of ion microscopy to the limit,showing spec-
tacular imaging capabilities. More recent work (Tan et al.,2011) on GFIS has
produced a system, currently under exploration, capable of delivering near-
nm sized beams of Ne onto a sample for precision milling applications.

For applications requiring very high currents or non-Gallium ions, a new
FIB system based on an inductively coupled plasma ion source, producing
Xe and O ions at a beam current of a few A, has been developed (Smith
et al.,20006; Kellogg et al.,2010).

Recent attempts to extract ions from MOTs have shown promise that
these sources, which produce ultra-cold atoms that can then be subsequently
ionized and focused, may be useful for ultra-high resolution imaging and
milling (Reijnders et al., 2009; McClellen et al, 2011). At present, this is a
future technology whose value has yet to be proven.

4.3 Sources of ions: a quartet of types

The heart of the FIB is the source of ions, and there are four types of ion
sources that we will discuss here: (1) the LMIS, (2) the GFIS, (3) the induc-
tively coupled plasma FIB source (PFIB), and (4) the CAIS based on the
MOT. The most used measures of the quality of an ion beam are its ‘spot’
size and current density. The quality of the ion beam obtained depends not
only on the properties of the source, but also on the properties of the optical
system (the ‘optical column,’ or ‘column’), and also the Coulomb interactions
of the ions in the beam (Ward et al., 1987, 1988, 1991). In most FIB systems,
the optical column de-magnifies the source and images it on the sample. For
example, a source that is 50 nm in size will, upon a demagnification of 20, be
2.5 nm in size at the sample, in the absence of other aberrations. From an
optical perspective, the most important parameters to consider for the ion
sources are their brightness, angular intensity, and energy spread.

The ‘reduced’ or ‘specific’ brightness B, (A/m?> x S, x V) of sources
(Tandare, 2005) is defined as
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1

B=—— [4.1]
oQV

where [ is the source ion current, 0 the virtual source size, Q2 the solid angle
into which the ions are emitted, and V is the acceleration voltage. Reduced
brightness is conserved throughout the optical system, so that its value at
any focus of the ion beam stays the same irrespective of the imaging condi-
tions. The optical properties of the column (which transfers and de-mag-
nifies an image of the source of ions to the sample) are determined by the
aberrations of the optical elements, which typically comprise electrostatic
lenses. There are four main aberrations that must be considered: chromatic,
spherical, diffraction, and finite source size. Diffraction is not an issue for
FIB, since the wavelength of typical ions used is so small: for example, a 30
keV Ga* ion has a wavelength of 26.5 fm, about five orders of magnitude
less than the other aberrations. The effect of chromatic aberration in optical
systems is for lenses to bring ions of different energy to focus at different
points along the optical axis, with higher energy ions being brought to focus
further from the lens than those of lower energy. If the energy spread of
the ions is large, the lens has no unique focal length and gives rise to a ‘disk
of confusion’ rather than a point focus, deleteriously affecting the resolu-
tion attainable with the optical system. Hence, a small value for the energy
spread of the source will give a smaller focused beam at the sample. In the
absence of energy spread, spherical aberration limits the ability of the opti-
cal system to form a point focus for a large diameter ‘monochromatic’ ion
beam. Ions farther from the optical axis are brought to focus sooner than
those near the axis. In order to minimize the effect of spherical aberration
in an optical system, only the rays that are near the optical axis are used
(i.e., an aperture is inserted into the beam path). Since the size of the aper-
ture will determine how many ions pass through it, there is a sesquilinear
relationship between the current in the beam and the amount of spherical
aberration. This relationship is manifested in the growth of the beam size
with increasing beam current; more current means a larger diameter beam.
A larger angular intensity from the source allows more current into the final
beam at a given aperture size. These effects can be seen in Fig. 4.2, where the
two regimes, chromatic and spherical, are evident.

4.3.1 Liguid metal ion sources (LMIS)

By far, the Ga LMIS is the most extensively used of the four source types
(Orloff et al.,2003; Giannuzzi and Stevie, 2005; Yao, 2007). The LMIS is in a
class known as electrohydrodynamic sources (Swanson, 1994) and for FIB
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4.2 The dg, spot size is the diameter of the beam that contains 50% of
its current, I. Shown is the d, spot size vs the beam current. Since the
beam current is determined by the diameter of a defining aperture d,,
the growth of the spot size with current from 0.001 nA to about 10 nA
is dominated by chromatic aberration (scales as d,), and above that by
spherical aberration (scales as d,3).

they are realized when an electrochemically etched, blunted field emitter
needle (usually W) with an end radius of ~10 um coated with a liquid metal
heated to its melting point is placed in an electric field produced by a proxi-
mally placed extraction electrode at negative voltage (~5—15 kV) relative to
the needle. The liquid metal is pulled into a conical shape (see Fig. 4.3), the
‘Taylor cone,” by the balance of electrostatic and surface tension forces.

The end radius of the liquid apex is small enough that the electric field
at the apex causes ions to form through the mechanism of field evaporation
(Kingham and Swanson, 1984).

Field evaporation is the dominant mechanism of emission at low currents
(few uA), where LMISs should be operated in FIBs, and occurs when either
an atom or ion is evaporated from the surface of a metal through a potential
barrier that has been lowered by an external electric field. If an atom has
been evaporated, it becomes an ion by post-ionization. Figure 4.4 shows a
schematic of such a source.

The main advantages of the Ga LMIS are: (1) Ga is a liquid at room tem-
perature, so the source does not require heating in order to operate; (2) Ga
readily wets tungsten, which is the preferred needle substrate; (3) the bright-
ness, energy spread, and angular intensity of the Ga source are all reason-
able values with which optical columns can be made to transport the ions to
the sample (Orloff et al.,2003).
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4.3 Transmission electron micrographs (Driesel et al., 1996) of a AuGe
LMIS emitter. The image (a) is of the W emitter substrate. The image (b)
is the emitter substrate with the Taylor cone.
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4.4 Schematic of a typical LMIS source showing the needle, reservoir,
heater, and base. The base contact pins allow current to flow through
the reservoir to melt the metal which then flows down the needle
from which ions are then extracted by the electric field created by the
extraction electrode.

4.3.2 QGas field ionization sources

The GFIS ionizes gas in the high electric field near a sharpened metal tip
(Notte and Ward, 2006). A gas based, in situ process strips individual atoms
from a sharpened needle (usually tungsten) until an atomic sized pyramid
is created with three atoms at the end of the source tip. Once this ‘trimer’ is
formed, the tip is operated in high vacuum at cryogenic temperature with
helium gas flowing over it. High voltage applied to the tip produces a very
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4.5 Schematic of the He GFIS source. The inset shows an image of
the ‘trimer’ of three atoms formed at the apex at were the He atoms
become ionized.

high electric field at the apex, which attracts the helium gas to the energized
tip where it is ionized, as shown schematically in Fig. 4.5.

Field ionization happens in the vicinity of a single atom at the apex, so
that the resulting ions appear to be emanating from a region that is less than
an angstrom in size. This produces a high-brightness beam of ions, which are
extracted and focused with an optical column to sub-nanometer probe size.
Recently, in addition to helium, GFIS has been made to produce neon ions
in a similar manner (Tan ez al,2011).

4.3.3 Inductively coupled plasma ion source (PFIB)

There are several ways to produce a source based on creating a plasma
from which ions are extracted, and we discuss here one such method. The
inductively coupled plasma ion source utilizes an ‘antenna’ operating at RF
frequencies to cause plasma to form in a small chamber by Faraday induc-
tion (Smith ez al, 2006; Kellogg et al.,2010). A noble gas at low pressure in
the chamber is excited into the plasma state by the cylindrical RF antenna,
from which ions are extracted by means of a biased electrode as shown in
Fig. 4.6.

4.3.4 Cold atom ion source (CAIS)

The CAIS is based on an MOT and is expected to have a significantly
smaller energy spread than the LMIS at comparable brightness, enabling
<1 nm focused spot sizes. Additionally, the CAIS has the potential to
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4.6 Schematic of an inductively coupled ion source. A gas filled
ceramic tube surrounded by an RF ‘antenna’ which when energized
causes a plasma to form in the tube. A series of electrodes suitably
biased extract ions from the plasma. Typically, Xe, Ar and O gases are
used. While there are other types of ‘plasma’ source configurations,
this one offers superior brightness, angular intensity and virtual source
size . This type of source has a much larger source size than the other
three sources considered here (seeTable 4.1). Successful sources of Xe
and O have been made.

produce many different kinds of ions, as compared to the other ion sources
discussed, in particular the alkali metals such as Cs for use in time-of-flight
SIMS with both high spatial resolution and high sputter yield, and Li for
imaging purposes as a future alternative to He in the GFIS-based He ion
microscope.

This type of source is a laser-cooled and trapped atomic gas inside an
MOT, which typically consists of a vapor cell where the radiation pressure
exerted by three orthogonal pairs of laser beams of pair-wise opposite cir-
cular polarizations within a quadrupole magnetic field cool the atoms to
temperatures below 1 mK, causing the atoms to collect in a cloud suspended
in the region at the center of the trap where the magnetic field vanishes.
The gas is ionized by near-threshold photo-ionization and, upon applying an
extraction electric field to the trapped atoms, a cold ion beam is created and
extracted, as shown schematically in Fig. 4.7.

The thermal energy of these ions (100 uK ~ 10 eV) is very low, giving
rise to a very high brightness, mainly due to the small solid angle into which
the ions are emitted (Reijnders et al.,2009; McClellen et al.,2011).
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4.7 Schematic of a MOT-based CAIS system.The source has a MOT
with an extractor which feeds an accelerator region and a focusing
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lens. Typically this type of source will produce alkali metals such as Li
for imaging, and Cs and Rb for milling. The thermal energy of these
ions (100 uK ~ 10-8 eV) is very low, giving rise to a very high brightness

mainly due to the small solid angle into which the ions are emitted

(Reijnders et al., 2009; McClellen et al, 2011).

Charged particle optics

© Woodhead Publishing Limited, 2014

Once a beam of ions has been produced in a source, it must be transported
to the sample by an optical column. The purpose of the optical column is
multifold: source demagnification, ion acceleration, focusing, and scanning.
Most FIB optical columns employ two electrostatic lenses in order to be
able to de-magnify the source, focus on the sample, change beam energy,
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Table 4.1 The four kinds of ion sources, and some of their parameters

Presently Presently Future use Future use
used used
Source type LMIS GFIS PFIB CAIS
lons available Ga, In, Au, He, Ne Xe, O Li, Rb, Cs
Si, B, Be,
As
lon energy (keV) 1-50 2-50 2-50 1-50
Reduced brightness 1 x 10¢ 1% 107 9 X 103 5 X 10°
A/(m? srV)
Source size (nm) 50 0.2 6000 20
Source energy 5 for Ga <1 7 for Xe 1
spread (eV)
Source angular 0.02 7.4 ?
intensity (mA/sr)
lon beam current 1 pA-100 nA 1 pA-few ~10 Few pA?
pA pA-few
UA
Primary Uses Mill, depo, Image, mill, mill Image, mill
image depo

Note: LMIS. GFIS. Plasma FIB source (PFIB). CAIS.

and vary the beam current, as shown schematically for a Ga-based LMIS
system in Fig. 4.8.

There are well-known design principles to reduce lens aberrations
(Grivet, 1972) and computer programs to simulate optics (Munro, 1973;
Dahl et al., 1990). However, the problem of determining the effects of
Coulomb interactions between charged particles in the beam is very com-
plicated. The Coulomb interactions depend on several system parameters,
including ion mass, beam energy, beam current, beam convergence angle,
source properties, length of optical column, crossover size, and position
(Jaing and Kruit, 1995). The effects caused by Coulomb interactions are
of three types: space charge, Boersch effect, and trajectory displacement.
Space charge is a spatial broadening of the beam caused by its average
charge density, and acts like a defocusing negative lens. This defocusing can
mostly be corrected in the optical system. The Boersch and the trajectory
displacement effects lead to axial and lateral displacements of the charged
particles, respectively. The Boersch effect results in energy broadening, and
the trajectory displacement effect results in broadening the spatial ion dis-
tribution. Both of these effects are statistical in nature, due to the Coulomb
repulsion of individual pairs of the ions. The deleterious results of the sta-
tistical effects cannot be corrected in the optical system, and can only be
minimized by proper design. Low energy high current density FIBs are
desirable for low damage maskless processing, but Coulomb interactions
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4.8 Cut-away schematic of a generic two-lens optical column used with
LMIS-based sources. About 2 uA of source current is accelerated and
reduced by an aperture early along the beam path to limit Coulomb
interactions and then is received by a condenser lens and variable
current defining aperture which sets the final beam current. The upper
octupole is used to ‘blank’ the beam. The final section of the column
focuses and scans the beam (lower octupole) on the sample.

can dominate in this regime. The energy spread in FIBs can reach widths
of several eV, even if the initial energy spread at the source is only a frac-
tion of an eV. The net result of Coulomb broadening is to alter the beam
profile from a Gaussian-like shape to one that is more Holtsmark-like
(Chandrasekhar, 1943; Ward et al., 1987, 1988). Measured beam profiles
have the shapes shown in Fig. 4.9.

For sources that emit different species of ions, a mass filter must be
inserted into the beam path in order to select a particular ion (Seliger, 1972).
Many LMISs are alloy- or compound-based, and require an optical column
such as shown schematically in Fig. 4.10. For a more comprehensive review
of such systems, see (Orloff et al.,2003).
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4.9 The shape of the ion beam is important for milling, deposition and
imaging. Due to Coulomb interactions the beam is not Gaussian in
shape. The central part of the profile is Gaussian-like, but the Holtsmark
character (Ward et al., 1987, 1988) of the profile leads to ‘tails’ which in
some applications become important.

4.5 lon-matter interactions

After extracting ions from a source and focusing and conveying them to
the sample, it is important to understand the events that impinging ions
are capable of initiating, and we discuss here their interactions with matter.
Fig. 4.11 shows a schematic of the various generic ion-matter interactions.
The basic interactions are that sample atoms may be removed by sputtering
(Sigmund, 1969, 1988; Benninghoven et al., 1987), secondary electrons may
be produced, damage may be incurred by amorphization or mixing, and gas
chemistry may be initiated to cause deposition onto the sample or cause
selective and accelerated milling.

As primary ions in the impinging beam enter the sample, they lose energy
through two channels (nuclear and electronic), and come to rest after all of
their initial energy is lost. The path of such a typical ion is shown in Fig. 4.12,
where the range R is the total path length the ion takes as it loses all of its
initial energy (and is usually longer than the projected range), and R, is the
final resting depth of the ion. The transverse straggle, R,, is the sideways pro-
jection of the range.

Nuclear losses are due to collisions between the screened nuclear charges
of the incident ion and target atoms, whereas electronic losses are due to
incident ions interacting with electrons in the sample resulting in excita-
tion and ionization. The nuclear channel causes physical sputtering, which
modifies the structural landscape of the sample by material removal and
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4.10 Schematic of a two-lens mass separated column. An E x B (Wien)
filter is inserted into the beam path between the lenses. The mass filter
passes one velocity (corresponding to one mass) through an aperture
and deflects other masses so that they are blocked by the aperture.The
mass filter is necessary when alloy or compound sources are used.

results when the incident ions transfer sufficient momentum to surface or
near-surface atoms to free one or more target atoms. The sputtering process
can be chemically modulated with the addition of gases into the system,
whereby chemical sputtering is initiated for increased or selective removal
of sample material. Concomitant with material removal is generation of
sample information through the production of secondary ions and elec-
trons from the sample by electronic losses. Since these secondary quanta
are fairly localized to where the ion beam strikes the sample, they can be
used to form images of the sample with a resolution of nearly the beam
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4.11 The events that an incoming ion can cause are: implantation,
sputtering, generation of secondary electrons and ions, and the
induction of gas-sample interactions.
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4.12 The geometry of the range R, the projected range R,, and the
transverse straggling distance R, for an ion penetrating into the sample.
A rule of thumb for heavy ions (Ar, Ga, Xe) is that R~ 1 nm/keV.
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4.13 The nuclear and electronic stopping powers for He and Ga
impinging into Si as a function of energy. The virtual lack of nuclear loss
for He and a large one for Ga results in almost no sputtering for He, and
significant sputtering for Ga. The electronic losses for both He and Ga
are inelastic, and generate secondary electrons. Because the losses for
He are much less than those for Ga, He has a much larger range.

size. Secondary-ion emission occurs when surface atoms are ionized, and
sufficiently energized to be emitted from the surface. The electronic channel
causes secondary electrons to be emitted when the interaction is near the
surface, and happens mostly from ion bombardment of metallic surfaces,
with the typical yield per incident ion 10-1000 times greater than second-
ary-ion yield. The two types of signal yield different information about the
sample, and are also different from SEM images (see Section 4.7).

The total stopping power for the ions is the sum of the nuclear and elec-
tronic losses. It depends on the mass of the impinging ion and the mass
of the target atoms, as well as the energy of the incoming ion. Generally,
heavier ions (e.g., Ga, Xe) lose most of their energy via the nuclear channel,
while lighter ions (e.g., He, Li) tend to lose energy predominantly through
the electronic channel. Hence, for most materials of interest, Ga and He lose
energy differently, and that is shown for the particular case of Si in Fig. 4.13,
where it should be noted that the absolute loss rate is much higher for Ga
than He, and that is why He penetrates much further into the sample, and
also why Ga has a much larger sputter yield.

It can be shown that a useful relationship for calculating the sputter yield
is given by

4.2x10"

s
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4.14 The electronic, nuclear and total stopping power of 30 keV Ga*
across the periodic table. There is a correlation of the nuclear loss with
both sputtering and secondary-electron yield.

where Y is the sputter yield, E, the energy of the incident ion, S, the nuclear
stopping power, and U, the sublimation energy, and

=015+ 0.13 % [4.3]

1

where M, and M, are the masses of the incident ion and the target atom.
Furthermore,

¢ _83s.(aM, 22,

©MM, 7Pz

where Z, and Z, are the atomic numbers of the incident ion and the target
atom, and s,,(g)
is given by

[4.4]

_051In(1+4)

P
W= o1 an

[4.5]

with ¢ the ‘reduced energy’ given by
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Table 4.2 The density, and for 30 keV Ga* ions the sputter rate
and sputter yield are shown for a variety of sample materials of

interest
Element Density (g/cm?®)  Sputter rate  Sputter yield
(um3/nC) (atoms/ion)

C (diamond) 3.57 0.18 2.7

Al 2.7 0.3 2.9

Si 2.33 0.27 2.1

Ti 4.5 0.37 3.3

Cr 7.19 0.09 1.2

Zn 7.13 0.34 3.6

Ge 5.32 0.22 1.6

Se 4.81 0.43 2.5

Mo 10.2 0.12 1.3

Ag 10.5 0.42 3.9

Sn 5.76 0.25 1.2

W 19.25 0.12 1.2

Pt 21.47 0.23 2.4

B 32 M, E [keV]
Z,Z,(M, +M,)|(27" + 2] )

[4.6]

Once the sputter yields Y are known, the rate of sputtering Y, (volume
removed/incident charge) can be calculated from

3
Y, (/’m J _ MY [4.7]
nC ) 96.4p

where p is the sample density in g/cm? (Benninghoven et al., 1987).

This is a useful relationship for estimating the time for sample volume
removal. For example, suppose one wants to remove 1 um? of Si with a 30
keV Ga* beam. Since the charge g = current u time and the sputter yield is 2.1
atoms/ion, giving a sputter rate of 0.28 um*nC, one needs 3.57 nC delivered
to the sample. For a beam current of 1 pA the time required would be about
3600 s (an hour) while a 10 nA beam would accomplish the same task in 0.36
s. The time necessary to mill is not the whole story (Orloff et al., 2003; Yao,
2007). One must also consider scan strategies to reduce re-deposition and, in
the example just given, the beam profiles would be quite different, with the
larger current beam being significantly larger in size. Table 4.2 gives sputter
yields and rates for some materials when bombarded by 30 keV Ga* ions.

Calculating these ion—solid interactions can be difficult, but there exists
a good computer simulation with which to estimate the range and the
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Table 4.3 Tabulation of TRIM calculations for Ga*incident on Si at normal incidence
for a variety of energies

keV Vacancy/lon R,(nm) AR, (nm) AR,(nm) S(atom/ eV/atom
ion)
50 177 41.1 14.8 11.6 2.3 80
40 967 34.9 12.6 9.6 2.4 64
30 748 28.0 9.9 6.3 2.5 52
20 516 20.3 7.4 4.6 2.4 41
10 274 12.9 4.6 3.8 1.9 35
5 144 8.3 3.0 2.6 1.6 23
2 61 4.9 1.7 1.6 1.1 17
1 32 3.5 1.2 1.2 0.6 10

Table 4.4 Comparison of ranges, straggles, sputter yields and energy transferred
to Si target atoms for several different incident ions at 30 keV normal incidence

30 keV Range Longitudinal Lateral Lateral Sputter  eV/atom
straggle range straggle vyield

He 280 79 82 102 0.03 112

Be 158 58 57 70 0.1 25

Al 53.1 23.1 15.8 20.2 1.3 144

Ga 28.1 10.1 6.4 8.3 2.6 39

In 24.8 7.3 5.1 6.4 3.6 39

Xe 24 6.5 4.2 5.3 34 30

Bi 22.8 4.5 3.5 4.4 3.8 37

distribution of the extent to which ions have straggled both longitudinally
and transversely from the mean range.

TRansport of lons in Matter (TRIM) (Ziegler, 1991) is a computer
program using a binary collision-based Monte Carlo simulation that cal-
culates the three-dimensional penetration of ions into matter. These simu-
lations are fairly accurate for estimates of the sputter yield (target atoms
sputtered per incident ion) and damage incurred by the sample as ions
impinge onto it. The program is useful for engineering solutions for spe-
cific applications, as both the sputter yield and damage are functions of
incident ion species, energy, and angle. Such effects are shown in Figs 4.15a
and 4.15b, in which the incident ion type and energy are changed. Table 4.3
shows a compilation of TRIM results for Ga* at normal incidence into Si
at different energies. Table 4.4 shows a comparison of different 30 keV
ions impinging onto Si.

Most calculations and simulations of ion—solid interactions assume that
the sample is amorphous. In crystalline materials, a phenomenon known
as channeling is possible, and occurs when the incident ions have corre-
lated collisions with target atoms as the ions enter in a direction along a
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4.15 (a) TRIM calculations, showing the effect of incident energy. The
left plot is of 40 keV Ga* ions into Si.The right plot is for 5 keV Ga* ions
into Si. (b) TRIM simulation showing the effect of the impinging mass
of the ion.The left plot is 30 keV Ga* into Si.The right plot is for 30 keV
Be*.

crystal axis. Steering of the ions due to open channels can result in ion
ranges several times the maximum range in non-steering directions or in
amorphous materials. When this occurs, electronic losses determine the
range, and there is little straggling (hence the term ‘channeling’), and then
near the end of their paths nuclear collisions with lattice atoms dominate
the energy loss to stop the ions. This effect is illustrated schematically in
Fig. 4.16, and an example of 30 keV Ga* impinging an Al sample in Fig. 4.17
where the channeling effect is obvious in the different orientations of the
microcrystals.

The incoming ions produce damage to the sample, and in some cases the
damage must be minimized. The most expedient route to lower the dam-
age is to reduce the energy of the ions. Figure 4.18 shows the extent of the
damage layer with varying energy in Si. It is apparent that the thickness of
the damage layer can be suitably controlled by lowering the energy of the
incoming ions.

Enhanced milling (Fig. 4.19) is achieved when there is adsorption of the gas
onto the substrate followed by an interaction of the gas molecules with the
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4.16 lllustration of the channeling effect. lons not entering a crystal axis
generate losses near the surface (generating electrons), while ions that
‘channel down’ a crystal axis lose energy deeper within the crystal with

the concomitant loss of sputtering and secondary-electron generation
near the surface.

4.17 Channeling effect in Al by Ga.The differences in contrast are due
to the different depths of penetration into the different indexed axes
of the microcrystals in the field of view. Darker contrast means deeper
penetration.
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(b)

4.18 TEM micrographs of the depth of the damage layer for Ga* into
Si.The rule of thumb that the range is about a nanometer per keV of
energy for Ga* is seen here for (a) 25 keV and (b) 2 keV.
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4.19 Gas enhanced etching. Sample atoms interacting with sample
atoms are carried away as volatile species after sputtering. In order to
be effective, the beam current, dwell time, and refresh rate have to be
carefully adjusted.
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4.20 Deposition from a gas. A gas precursor delivered and adsorbed on
the sample surface is dissociated by the ion beam. Volatile components
of the precursor are removed, leaving a metal behind on the surface.
There is a competition between the deposition process and the
sputtering process.

substrate forming either volatile or non-volatile species. Evaporation removes
the volatile species, while sputtering removes the non-volatile species.

Deposition from a gas is shown schematically in Fig. 4.20. For metal depo-
sition, typically an organo-metallic precursor compound is used, and the
sequence for deposition starts with the adsorption of the precursor onto the
surface, followed by ion beam induced dissociation. In this situation there is
a competition between the milling of the deposited material and the depo-
sition. The rate of deposition is a sensitive function of beam current and
beam overlap frame refresh time (the time it takes to repopulate the surface
after a scanned frame), both of which must be adjusted to maximize the
rate (Orloff et al., 2003, Chapter 6.7, Giannuzzi and Stevie, 2005; Yao, 2007,
Chapter 3).

4.6 Milling

Historically, milling has been the main use of FIB. We show examples of
milling for the Ga LMIS, GFIS and PFIB. As shown schematically, and by
example in Fig. 4.21, FIBs can directly pattern by milling or can be used to
modify existing structures.
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4.21 Two classes of FIB milling shown schematically and with an example
of each class. (a) Milling a pattern. (b) Modifying an existing structure.
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4.22 The penultimate milling step in creating aTEM sample. The next

FIB step is to slice the sides and bottom of the lamella, and then to lift
it out.

Presently, one of the major uses of LMIS FIB is for the preparation of
TEM samples. An example is shown in Fig. 4.22. The thin lamella shown has
been ‘liberated’ from the bulk sample by milling, and is subsequently cut at
its sides and bottom by milling, and then lifted out and placed on a TEM
sample grid to be viewed later in the TEM. Almost all of the process is now
automated (Orloff et al.,2003; Yao, 2007).
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4.23 Top-down view of identically shaped micro-fluidics channels directly
milled in Si at two length scales. The larger structure has a 850 um long
channel of 2 um width milled using a 6.5 nA Ga* beam.The smaller
structure has an 80 um long channel of 100 nm width patterned by a 150
pA beam. Image provided by Fibics Inc., Ottawa, Ontario, Canada.

- Xe~21nA
Ga~34 nA
350 nm spot size

\ Ga LMIS

100000 -
10000 -
€
£
[0]
N
1000
o
Q.
[2)
&
100 -
10
0.001

01 10 1000
Mill rate (um?3/s)

4.24 A graph comparing the d;, beam size diameter of Ga and Xe as
a function of milling rate in Si.The milling rate scales with the beam
current and nuclear stopping power. Below the crossover point near
10 um3/s Ga LMIS will yield a better cut. Above that point PFIB will
produce smaller cuts.

Recall that the graph in Fig. 4.2 showed the size of the beam for an LMIS-
based FIB system. The most useful regime for nano-machining is in the 5
pA to 10 nA interval. Above 10 nA the beam size is > 100 nm, and for large
volume removal the times become onerous. Between 5 pA and 10 nA, the
removal rates vary between 0.08 um?/min to 160 ym?*min for common mate-
rials, so that for mill volumes ~ 10 000 um? corresponding to ~22 um x 22 ym
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4.25 Example of the crossover point between LMIS and PFIB.The
solder ball (a) was milled with a 20 nA 30 keV Ga* beam.The solder ball
(b) was milled with a 30 keV, 127 nA Xe* beam.

x 22 um will take an hour using 10 nA beam current. At about 10 nA, spher-
ical aberration starts to be the dominant aberration for LMIS-based systems,
and the beam size grows quickly with increasing current. When the spot sizes
for Ga- and Xe-based systems are compared as a function of milling rates, as
shown in Fig. 4.24, it is seen that there is a crossover point near 350 nm beam
size where the PFIB begins to dominate the LMIS-based system.

The effect of this crossover point is shown in Fig. 4.25, where on the left
the ~120 um diameter ‘solder ball’ from a ball grid array was milled with a
30keV Ga* 20 nA beam for 30 min. The same type of solder ball on the right
of the figure was completely cross-sectioned (~9 00 000 um?* at 500 um?/s)
with a 30 keV 127 nA Xe* beam in 30 min, followed by a 23 nA 10 min. pol-
ish (to expose detail in the structure), and the image was then taken with a
80 pA Xe* beam.

One future use of the milling capability of FIB will be in microtomogra-
phy. In order to make a 3-D reconstruction of a sample, a ‘slice-and view’
approach is taken. Shown in Fig. 4.26 is a schematic of the process that uti-
lizes a ‘dual beam’ FIB-SEM.

After the FIB has milled a new face on the sample, the SEM records
and stores an image, which is later combined with previous and subsequent
images to build a 3-D reconstruction of the sample, as shown in Fig. 4.27.
Such reconstructions to date include both biological and inorganic samples.

In cases where there is more than one material, gas can be used to mill
selectively, as shown in Fig. 4.28 where the great etch selectivity of XeF, has
removed Si but left intact metal structures. Such selectivity has been devel-
oped for a variety of materials (Orloff et al., 2003; Chapter 6.7; Giannuzzi
and Stevie, 2005; Yao, 2007, Chapter 3).
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4.26 Schematic diagram of dual beam (FIB-SEM) geometry used to
‘slice-and-view’ a sample.The FIB mills away the exposed face of the
sample which is then imaged with the SEM. The sequentially stored
images are then used to reconstruct (3-D tomographically) a portion of
the sample. This technique has been used in biological to petrological
studies.

4.27 A three-dimensional reconstruction from the technique illustrated
in Fig. 4.26. Since there are different contrast modes available in

the SEM and FIB, one can imagine that the entire process could be
performed in a single beam FIB (although requiring more time due to
the need to tilt the sample between operations of milling and imaging).
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4.28 An example of selective etching. XeF, will selectively etch
insulators while leaving most metals virtually intact. This is an example
of a ‘skeletal etch’ process, in which a XeF,-assisted Ga FIB was used
to remove selectively the oxide of an IC device with minimal erosion of
the copper metal lines.

4.29 Example of water-enhanced etching to remove PMMA resist to
expose the profile of the contact holes to the underlying silicon.The
water can be produced as a gas in a variety of ways.

Water has been shown to be suitably efficacious in the enhanced etching
of hydrocarbons while retarding the etching of metals. Figure 4.29 shows
an example of water-enhanced etching to remove PMMA resist in order
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4.30 An array of 4 nm diameter nanopores drilled through a 30 nm
thick silicon nitride membrane. (The holes are spaced 40 nm apart.) This
is a STEM image showing holes that were milled in about 1 second
each. Image courtesy of Zeiss Corp.

4.31 An array of ‘C’-shaped apertures milled in an aluminum film.The
machining acuity was 5 nm for the corners of the apertures. A detailed
examination (imaged by the same He beam that performed the milling)
on the impact of aluminum grain structure from the machining is
possible. This ability can aid a designer in selecting the proper material
for the apertures. (Image courtesy of Zeiss Corp.)
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to expose the profiles of the contact holes to the underlying silicon (Orloff
et al.,2003; Giannuzzi and Stevie, 2005; Yao, 2007).

The GFIS He system is capable of very fine milling due to the less destruc-
tive nature of the interaction of He as compared to Ga or Xe and the very
small size of the beam. While the sputtering yields and rates are small com-
pared to Ga and Xe, the ability to make fine structures is extended down-
wards on the length scale. Two examples of this fine machining are shown in
Figure 4.30, where tiny holes were milled in a thin membrane with a GFIS
He beam and, in Fig. 4.31, where structured shapes were machined in Al and
the resultant work then imaged with the He beam.

4.7 Deposition

FIB-induced deposition of metals and insulators is a complement to mill-
ing, and also a stand-alone process for the direct production of small high
resolution structures without the need of first forming a film that is etched
by lithographic techniques. One of the early uses of FIB deposition was for
the repair of optical and X-ray mask clear defects, where precisely defined
structures were made of either carbon for optical masks and W or Au for
X-ray masks. Deposition has also found use in the repair and modification
of ICs, typically where fine, low-resistance metal wires and pads are depos-
ited for connections for probing or insulators (Yao, 2007) are deposited for
isolation purposes. At present, the capability exists for depositing a variety
of metals and insulators. Table 4.6 shows some of the materials available for
deposition.

Table 4.5 Water enhancement and
retardation factor for different

materials

Material Enhancement
Polyimide 18
PMMA 18
Diamond 10
Teflon 6
Au 1
SiN 0.3
Sio, 0.3
Si 0.2
Al

Note: Generally, the rule seems to
be enhancement for hydrocarbon
bearing materials, and retardation
for inorganic materials.
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Table 4.6 Precursor gases used for depositing metals and insulators

Deposition  Precursor gas Reference

material

Al Trimethyl aluminum, Al,(CH,;), Gamo, et al., 1984
Al Trimethylamine alane Gross, et al., 1990
Al Triethylamine alane Gross, et al., 1990
Al Tri-isobutyl aluminum Kubena, et al, 1988
w Tungsten hexafluoride, WFg Gamo, et al. 1986
W Tungsten hexacarbonyl, W(CO), Stewart, et al., 1989
Au C,H,0,FsAu Blauner, et al., 1989
Pt CyH, Pt Tao, et al., 1990

Cu Cu(hfac)TMVS Della Ratta, et al., 1993
Ta PMTA, Ta(OC,Hs)s Gamo, et al., 1986
Fe Iron pentacarbonyl, Fe(CO), Kubena, et al, 1988
Pa Palladium acetate, [Pd(O,CCH,),l, Harriott, et al., 1986
Sio, Si(OCH,), Komano, et al, 1989
Sio, Siloxane + O, Stewart, et al, 1995
C Napthalene, C,,Hg Prewitt, Mair 1991

4.32 An SEM image of an example of Ga LMIS induced deposition. A
molecular organic superconductor (TMTSF) 2CIO, is contacted with five
Pt nano-wires deposited by FIB. (Image courtesy: Dr M.J. Naughton,

Dr J.I. Oh, and Pashupati Dhakal, Boston College.)

Deposition can be limited by the rate at which gas can be delivered to
the surface. As such, the technique is practical only with moderate beam
currents, and is limited primarily to LMIS and GFIS (Orloff er al., 2003,
Giannuzzi and Stevie, 2005; Yao, 2007). A generic example of LMIS-FIB
deposition is shown in Fig. 4.32.
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4.8 Imaging

The impinging ion beam produces both secondary electrons and ions (Levi-
Setti, 1983; Orloff et al, 2003). Usually, the electrons are used to form images
so that the FIB acts as a microscope much like a SEM. Since the interaction
of ions into samples is very different from electrons into samples (the inter-
action for ions that generate secondary quanta is much nearer the surface of
the sample), different information is available through the FIB-generated
images. Secondary-electron production is several orders of magnitude larger
than the secondary-ion yield. Typically for Ga* ions, the secondary-ion ion-
ization efficiency is ~ 0.001%, which is three or four orders of magnitude
lower than that for secondary-electron production. Although secondary
electrons are more useful for imaging, they are mostly responsible for any
sample charging. Since the sample charges positively due to both the imping-
ing positive ions and the expelled negative secondary electrons, some of the
secondary electrons are attracted back to the sample, reducing the magni-
tude of charging but also reducing the number of secondary electrons avail-
able for imaging.

As the primary beam of ions interacts with target atom outer shell elec-
trons, some of the electrons receive sufficient energy to be ejected from an
atom. If they have sufficient energy and are within the secondary-electron
escape depth A from the surface, they can overcome the surface barrier
energy and be ejected from the sample. The secondary-electron yield 9,
which is the ratio of the number of electrons produced per incident ion, is
given by

EBe /% BE -R
o= dx=——774|1l-e—
'[ €R ER ( ¢ A ) [4.8]

where E and R are the primary ion energy and range, € is the energy nec-
essary for producing a secondary electron, and B is a characteristic of the
target material. A can be estimated from

E -0.35
A=111¢, [—] (1 — e 23(F/E,) ) [4.9]
E

m

where 0,, and E,, are tabulated parameters found by experiment. Although
these calculated secondary yields show promise for estimating imaging
quality, they are higher than the experimental values obtained in most FIB
systems; the discrepancy most likely is due to surface sample charging. Some
values for insulators are given in Table 4.7.
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Table 4.7 Parameters and Associated Values for
Estimating Secondary-Electron Yields of some
insulators

Material Ble  A(nm) R(nm) §,

Si 1.5 3.2 33 5
Sio, 16 5.8 20 12
ILD 9.3 6.2 30 8

In order to form a good image, there must be resolution, contrast, and an
adequate signal-to-noise (S/N) ratio. The resolution and contrast are mostly
determined by the system optics and the interaction of the ions with the
sample, while the S/N is determined in a well-designed system by the length
of time the beam is on the sample. With ions, a careful strategy must be
employed to make a good image because of the destructive nature of the
beam, so there is a fundamental limit to FIB imaging resolution, which is
dictated by sputtering (Orloff et al., 1996).

If an image is made with secondary electrons, in order to obtain a given
S/N ratio, the ion beam must dwell at points on the sample for a time ¢, so
that enough secondary electrons can be collected. The number of detected
electrons per pixel N, is

Ne — ]/el,,t‘/l](, [410]
e

where 7, is the yield for secondary electrons, 7, is collection efficiency, and
e is the charge of the electron. The average human eye requires that the
minimum S/N ratio in an image be >5. In practice, there is an overlap of the
beam as it is scanned along a line where negative overlap means that there is
a space between adjacent positions of the beam, and positive overlap means
that the beam removes material from adjacent pixels. For a beam of diame-
ter d,, and a step size of s, the overlap OL is related to s and d, as

s=d, (1—OL) [4.11]
The volume of material V that is removed can be written as
YANg,

VoG [4.12]
N, (1-0OL)

where N, is the number of incident ions per pixel and N, the atomic mass.
It can be shown (Orloff ef al.,2003) that the S/N and Ng, are related by
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Table 4.8 Sputtering can limit the resolution available in an image. Shown are
minimum resolution limits d for a variety of materials for images with S/N = 20
and S/N = 5. Even though the resolution is higher for S/N = 5, it may be more
difficult to distinguish an object due to the noise level. Y'is the sputter yield

C Al Si  Ti Cr Fe Ni Cu Mo Ta W Au

Y 27 29 22 33 12 39 20 34 13 28 12 14
dgn-2 47 55 53 59 38 55 43 52 41 57 41 95
dgvs 19 22 21 24 15 22 17 21 16 23 16 38

Nm=(%J%1;@ [4.13]

then

L YA(S/NY (1+0)

 pN,(1-OLY' s 44

Assuming that the characteristic size d of a particle of volume V' is V7, then
the minimum resolution can be calculated, assuming it is d. It is clear from
(Equation [4.14]) that the limiting parameter for image formation not under
the control of the user is the sputter yield Y for a given incident ion and
sample. From experience on a variety of samples, in order to achieve an S/N
ratio of 20 (a very nice image), it has been found that the number of incident
ions must be ~ 700 + 200. For most eyes, the minimum acceptable S/N is five.
There is a competition between the rate at which material is removed via
sputtering and the collection of secondary electrons that can be collected.
For high sputter rate materials, not as much information can be gathered.
Table 4.8 gives some values of detectible resolution for a variety of materials
at different S/N.

It is clear that if less S/N is demanded, then the resolution gets better.
However, it becomes harder to discern what is seen. Also, it must be noted
that, for extended structures that have sufficient contrast, the above analysis
does not hold, and that the resolution that can be achieved can be higher.
In the He GFIS system, the virtual lack of sputtering and the small virtual
source size allows for very high imaging resolution. Examples of FIB images
are shown below. In Fig. 4.35 it is clear that FIB gives different information
than SEM.

That very high resolution can be achieved is shown in Fig. 4.36, where
an image from a He GFIS system of an uncoated biological sample is
shown.

© Woodhead Publishing Limited, 2014



150

Nanolithography

4.33 An array of nano-pillars created by GFIS He beam induced
chemistry. These pillars were fabricated using a platinum-bearing
precursor gas. The size (35 nm diameter) and tight array pitch (50 nm)
shows the deposition capabilities of He beam induced processing.
(Image courtesy of Zeiss Corp.)

4.34 A test pattern of conducting lines and pads produced by GFIS He
ion beam induced deposition from platinum precursor gas. Tight spatial
control is evident as seen in the sharp corners and delineation of the
deposited features. (Image courtesy of Zeiss Corp.)
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(a) (b)

SEM image Scanning ion image Scanning ion image
(secondary electrons) (secondary electrons) (secondary ions)

4.35 The differences in contrast mechanisms available. (a) SEM image
with secondary electrons, (b) scanning ion image made by collecting
secondary electrons, and (c) scanning ion image made by collecting
secondary ions. (Courtesy of P. Carleson, FEI Co.)

4.36 Cell body exposed to a virus. The membrane has been stripped
away in the sample preparation process, showing the degree to which
the virus particles have infiltrated the cell. Uncoated sample. (Image
courtesy of Zeiss Corp.)

Different materials yield different contrast levels, as can be seen in
Fig. 4.37.

Resolution is not the only characteristic of an image that yields informa-
tion. Contrast also allows the discernment of objects, and can arise by topog-
raphy changes or material differences.
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4.37 A layered sample designed to show the relative elemental contrast
of several common materials. The image was made by collecting
secondary electrons. It is interesting to note that the brightness of the
layers in the image correlates also with their sputter yields. (Image
courtesy of Dr Lucille Giannuzzi, Giannuzzi & Associates.)

(a) (b)

4.38 Two images of the same area showing the contrast differences
between electrons and Li ions. The ion image was made in a MOT-
based CAIS system. (Courtesy Chad Rue, Fei Co.)

Figure 4.38 shows a comparison of images of the same region of a sample
between a Li MOTIS ion source and an SEM, where it can be seen that the
contrast modes are different.
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4.9 Spectroscopy

Since some fraction (~0.1%) of the sputtered atoms from the sample is ion-
ized, they can be collected and mass analyzed, so that the destructive prop-
erties of the FIB can be advantageously used for the chemical analysis of
surfaces. It is possible to control the rate of milling caused by the primary
beam, so that spectra or either two- or three-dimensional chemical maps of
the sample can be made. Due to the high spatial resolution inherent in FIBs,
the chemical maps obtained are also of high lateral spatial resolution and,
under suitable conditions, the depth resolution can also be very high. Usually
in FIB systems, collecting secondary ions to determine target composition
at nanometer scales is accomplished with SIMS. There are three main types
of FIB/SIMS systems: (1) RF quadrupole, (2) time-of-flight (TOF), and (3)
magnetic sector. The RF quadrupole and magnetic sector use a standard FIB
column to form a probe, which is scanned across the sample collecting second-
ary ions and transporting them to either a RF quadrupole or magnetic sector,
where the ions are filtered and detected in a serial mode as the mass channel
is swept through its range while the primary beam continuously strikes the
sample. The TOF technique requires that a mono-isotopic source material
to be used, and that the primary beam be pulsed (turned off—on—off-...) for
about 5 ns to allow the ions time to travel the length of the detector.

Much of the pioneering work coupling a Ga LMIS-based source with
SIMS was performed at The University of Chicago by Levi-Setti (Chabala
et al., 1992, 1994, Levi-Setti et al., 1994). In relation to other surface analyti-
cal techniques, several trade-offs must be considered. While the lateral and
depth resolution are high (20 nm laterally,and 1 nm depth) with a minimum
detectable concentration as good as a few hundred parts per million at a
signal-to-noise >10° with isotope sensitivity, usually quantification is difficult
due to large variations in sputtering and ionization yields that are sensitive
to surface oxides, which greatly enhance the ion yield; and since the sample
is consumed as it is being analyzed, no reexamination is possible, so that
parallel collection techniques must be used in certain cases. In addition, pri-
mary ions are implanted into the sample during the analysis and may react
with it or confuse the interpretation of data.

Spectra can be obtained, as shown in Fig. 4.39, and also high resolution
elemental maps of the spatial distribution of sample components can be
made as shown in Fig. 4.40

4.10 Conclusion and future trends

‘Prediction is very hard, especially about the future’ (Berra, 1997). There is
little doubt that FIB will continue to be used for failure analysis, circuit edit,
and for device and IC restructuring and modification in the semiconductor
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4.39 Mass spectrum taken with a Ga* beam. This spectrum was
obtained by collecting the secondary ions and passing them through a
quadrupole mass analyzer.

industry, fueled by the Information Age need for transistors (the most
numerous thing humans make). LMIS-based FIB now plays an essential
role there, and as node dimensions continue to decrease, both the GFIS and
CALIS will be utilized. The role for PFIB for large volume milling should also
increase in the future, especially in cases where time is critical.

Many new technologies take the better part of 30 years to home-in on a
useful niche. Certainly GFIS sources, and probably the CAIS sources, will
find future utilization as design sizes shrink, and both machining and imag-
ing requirements will increase the need for higher resolution solutions. It
may be that FIB will finally be utilized in biology.

There seems to be a trend for marrying technologies, such as FIB, SEM,
and lasers, where in one venue different tasks can be accomplished with-
out the need to transport a sample between machines. Such systems that
also employ gas-chemistry solutions should continue on into the future as
more techniques evolve to perform tasks of selective and accelerated mill-
ing and deposition. The unique and complementary imaging capabilities of
FIB should make FIB valuable for future work.

As femtosecond laser ablation becomes more known and used (with a
million times faster rate of material removal as compared to FIB), it should
offer some competition to PFIB, but might still require some sort of FIB
polishing capability.
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4.40 SIMS elemental maps of the end region of the X chromosome

of the fruit fly D. melanogaster. The maps are produced by scanning
the beam over the sample and collecting secondary ions and passing
them through a spectrometer. There are simple techniques to make
maps of regions using different masses to provide image contrast. Left
image CN- map. Right image Br- map. (Courtesy of R. Levi-Setti,, The
University of Chicago.)

FIB systems will continue to become more automated and reliable. They
will find their way into most large industries (across length scales ranging
from mining, oil and gas to MEMS, the nano-world, and biology) typically as
multifunctional dual beam systems. One can imagine eventually that MEMS
and nanotechnology will be researched and developed in ‘laboratories-in-a-
can,’ of which FIB will be a participant and that FIB will be used as a ‘nano-
scalpel’ in biology.
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Abstract: This chapter provides a general introduction to the masks used
in microlithography. The mask contains the master copy of the pattern
that is printed on wafer to create a semiconductor chip. Because this
master copy is integral to the fabrication of every semiconductor chip

of a given design, the mask must be tightly controlled for the ultimate
semiconductor device to function properly. Mask types, mask materials,
and their applications in semiconductor manufacturing are reviewed. The
specific case of optical photomasks is used as an example to enable a clear
overview of mask materials, processing, metrology, and defect control
strategies.

Key words: mask, photomask.

5.1 Introduction

Modern semiconductor chips contain billions of circuit elements con-
nected by miles of conductive connections. These structures are laid down
in many dozens of discrete layers, each layer defining the design of a wiring
pattern, interconnection layout, or transistor array. The huge number of
pattern elements in each layer requires some sort of printing technology
to mass-produce the patterns across the wafers that are later diced into
chips. This technology is known as microlithography. An integral part of
microlithography is the master template, known as the mask. Figure 5.1
illustrates where mask fabrication fits into the flow that transforms the
designer’s intent into a resist image on the wafer, and how the patterns are
altered during that process. Once the image is formed on the wafer, the
pattern is etched into the surface of hundreds of chips arrayed across the
wafer’s surface and becomes part of the semiconductor device. The mask
contains the master copy of the pattern being printed, and is a simple, pas-
sive, device in concept. This chapter describes the not-so-simple reality of
building a lithographic mask, including an overview of the processes and
exacting requirements.

158
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Design Mask pattern Aerial image Resist shapes

Mask build
happens here

5.1 Mask data preparation and processing are intermediate steps in
the transformation of the designer’s intent into a wafer resist image.
The first image is the design data. The second image is the mask
data that have been modified to accommodate for distortions from
exposure, resist, and mask effects. The mask is patterned and built
using the modified data. The third image is an aerial exposure of the
completed mask. The final threshold model of the aerial image shows
an approximation of the wafer shapes that will result.

5.1.1 Mask types

The pattern contained on the mask must be transferred to the wafer. The
most common method of transfer is to shine light through the mask and
create an image in a photosensitive layer on the wafer. Some regions of the
mask transmit, while the others absorb the light. The generic term “mask” is
narrowed to the more specific “photomask” when it is imaged using expo-
sure in the wavelength range of 13.5-436 nm. “Reticle” is sometimes used
interchangeably with “photomask,” but it is better avoided because of its
complex history and ambiguous meaning (Sze, 1983). Table 5.1 summarizes
the most common types of exposure masks with defining features that are
described below.

Photomasks require a stable substrate material to act as a carrier for the
pattern-containing absorber film. Glass is the most common substrate mate-
rial. It has many desirable qualities; it is abundant, has high transmission at
exposure wavelengths, and can be polished to very tight tolerances.

Chromium has been the absorbing material of choice for the opaque film
for several decades because of its good adhesion to glass, chemical stabil-
ity, and mechanical durability. The phrase “chrome on glass” (COG) has
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Table 5.1 Summary table of mask types

Mask type Exposure Substrate Absorber Transmissive
source or reflective
Optical binary  Visible or UV Glass or fused = Chromium, Transmissive
light silica molybde-
num silicide
Optical phase  Visible or Glass or fused  Molybdenum  Transmissive
shifting UV light silica silicide
X-ray 1 keV X-ray  Polymer or Gold, Transmissive
proximity silicon tungsten
membrane
Electron 10-100 keV Polymer or Gold, Transmissive
projection electrons silicon tungsten
membrane,
stencil
lon projection  50-250 keV  Silicon stencil Gold, Transmissive
ions tungsten
EUV 13.5 nm soft Low expansion Tantalum Reflective
X-rays glass or nitride
ceramic

been coined for this type of mask. Typically, COG masks block the light
where absorber is present and transmit light where the absorber has been
removed. Because of this two-state nature, COG masks are also called
binary masks. Another type of photomask uses the same transparent sub-
strate, but a deliberately leaky absorbing film. If the absorber is allowed
to transmit a small fraction (typically 6%) of the incident light, and the
optical phase of this transmitted light is shifted by 180°, then the image
contrast will be enhanced. This type of mask is called an attenuating phase
shift mask.

Significant effort has been invested in developing both X-ray and ion
beam lithography, but neither technology has been used in manufacturing.
Both X-rays and ion beams are heavily absorbed by almost all materials,
but can be transmitted through thin polymeric membranes. A layer of high-
atomic number material, such as gold or tungsten, is used as the patterning
layer on the thin membrane to create a mask. Even the thin membranes are
not transmissive enough for very low energy electrons or heavy ions; for
these applications stencil masks must be used. Stencil masks are similar to
membrane masks except that the transparent regions are etched all the way
through the membrane, leaving a clear path for the charged particles to pass
through. To maintain the mechanical integrity of the membrane, each open-
ing in the mask must be very small. Large design features must be created by
stitching together patterns from multiple masks containing complementary
portions of the design.
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5.1.2 Mask use

The masks can be used in different modes. For contact or proximity use, the
mask is held either in contact with the wafer surface or in close proximity to
it. Both of these modes of operation have severe drawbacks. Contact print-
ing inevitably contaminates the mask with photoresist or debris from the
wafer surface, and proximity printing suffers from poor resolution unless
the proximity gap is impractically small or the exposure wavelength is very
short. A far more common type of exposure is projection mode, in which
the mask image is projected onto the wafer surface through a lens. This
lens can be a conventional lens for visible or ultraviolet light, albeit with
extraordinary requirements for low distortion, low field curvature, and low
aberrations. It is also possible to use electromagnetic lenses for focusing
charged particle beams onto the chip. Projection lithography protects the
mask from damage and has another major advantage: the image on the chip
may be smaller than the corresponding mask image. This image size reduc-
tion allows the mask features to be made larger than the final dimension of
the wafer features, and greatly eases the tolerances required for the mask
features. The most common reduction factors in optical projection lithogra-
phy are 5x and 4x, but reduction factors as large as 10x and as small as 1x
have been used.

Very recently masks have been developed for extreme ultraviolet (EUV)
wavelengths around 13.5 nm. This wavelength is much shorter than the
wavelengths used for optical photomasks, but much longer than X-ray
wavelengths. Masks and exposure lenses designed for EUV use a unique
reflective design. A multilayer stack of molybdenum and silicon films has
been developed with a high reflectivity at 13.5 nm wavelength. This multi-
layer mirror is coated with a thin absorbing film, which is patterned just as a
conventional mask absorber would be. Because the substrate does not have
to transmit the EUV wavelength, it is selected solely for its mechanical and
thermal stability.

Optical and ultraviolet (UV) masks are used with a variety of expo-
sure wavelengths. Because the refractive lenses used in semiconductor
microlithography are weakly corrected for chromatic aberration, the light
sources are usually monochromatic, such as atomic spectral lines from arc
lamps or lasers. Table 5.2 gives a list of wavelengths used for semiconduc-
tor lithography, and their sources. For fundamental physical reasons, the
ultimate resolution of a lens is proportional to the wavelength of the light
source. Consequently, there has been a steady reduction of wavelengths
from the earliest days of semiconductor lithography in the 1970s to the
present. During this time period, the minimum dimension of circuit pat-
terns created on the wafer has shrunk from a few microns to less than
25 nm.
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Table 5.2 Lithographic wavelengths and light sources

Wavelength  Spectrographic Light source Comments

(nm) line

436 g-line Hg-Xe arc lamp Introduced late 1970s

405 h-line Hg-Xe arc lamp Used infrequently since
early 1980s

365 i-line Hg-Xe arc lamp Introduced mid 1980s

248 — Kr-F excimer laser  Introduced late 1980s

193 — Ar-F excimer laser  Introduced early 1990s

157 — F, laser Oxygen-free
atmosphere required

13.5 - Sn or Xe plasma Vacuum environment
required

The following sections will describe many aspects of masks in more detail.
There are sections on materials, the fabrication process, pattern metrol-
ogy, and defect inspection and mitigation. Since photomasks dominate all
aspects of the industry today, these topics will be discussed largely in the
context of photomasks.

5.2 Mask materials

There are two principal components to a mask: a strong, rigid substrate
which provides a stable platform, and a thin absorber film which provides a
high degree of contrast for the etched mask pattern. There are several mate-
rials that can be used for these two components, and these are discussed in
the following sections.

5.2.1 Mask substrate materials

The substrate used for optical masks has several stringent requirements.
It must be rigid, transparent to the exposure wavelength, and thermally
stable. It also must be resistant to damage such as darkening from the light
used for the exposure. Table 5.3 summarizes different substrate materials
and their most relevant properties (Davila,2010). Masks used for exposure
wavelengths longer than 400 nm often use borosilicate crown glass (BSC),
which is transparent down to 380 nm wavelength and has a moderately
low coefficient of thermal expansion. Masks used for shorter wavelengths
have universally been made of fused silica, which is transparent to 180 nm.
Because fused silica has good optical properties for all wavelengths of
lithographic interest, and because its stiffness and coefficient of thermal
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Table 5.3 Mask substrate materials

Material Coefficient  Young’s  Elastic limit  Optical
of thermal modulus (MPa) transmission
expansion (GPa) range (nm)
(ppm/K)
Soda-lime glass 8.9 72 40 330-2700
Borosilicate crown 3.3 65 50 380-2500
glass (BSC)
Fused silica (Corning,  0.52 73 50 180-2500
1991)
Fluorinated fused - - - 155-2500
silica (Hosono,
1991)
Calcium fluoride 18.9 76 36 140-7000

(Batchelder, 1964,
Dickinson, 1975;
Anon, 1982)
LTEM (Corning, 2006) 0.00 +0.03 68 50 N/A

expansion are superior to BSC, it has largely replaced BSC for high-
quality masks used for semiconductor lithography. Some non-demanding
lithographic applications can use masks made of soda-lime glass, which is
much cheaper than BSC or fused silica, but has a high coefficient of ther-
mal expansion.

For a period in the late 1990s and early 2000s there was a burst of inter-
est in the 157 nm exposure wavelength, due to the availability of a fluorine
laser light source at that wavelength. Fused silica was far too opaque to be
used as a mask substrate for 157 nm, and other materials such as calcium
fluoride were considered for a while. It was quickly found that an extremely
high coefficient of thermal expansion made this material unsuitable. During
the same period, it was found that the lower wavelength limit of fused sil-
ica transmission could be reduced below 157 nm by heavily doping the
material with fluorine, enabling its use for 157 nm masks. This technology
was dropped from device makers’ lithography roadmaps by the mid 2000s
because the marginal resolution benefit over existing 193 nm options was
not sufficient to offset the large investment required. The shortest wave-
length in common use for optical or UV lithography is now 193 nm, which
does not require the use of fluorinated fused silica.

EUYV mask substrates do not have to be transparent, since EUV masks
are used only in reflection. This allows the use of a low thermal expansion
material (LTEM), which has a coefficient of thermal expansion more than
an order of magnitude lower than fused silica. This type of material is typi-
cally made of fused silica doped with a percentage of titanium dioxide, and
contains a mixture of crystalline and amorphous phases. Various suppliers
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have marketed the material using their own names: Zerodur from Schott
AG and ULE from Corning.

There are no fundamental requirements that dictate the size of a photo-
mask, but practical considerations of lens field sizes and strength and rigidity
requirements for the mask have led to adoption of a few standardized sizes.
During the mid 1990s the industry standardized mask sizes and magnifica-
tion. The most common size for masks used in semiconductor lithography
became 6” x 6” x 0.25” (152.4 mm X 152.4 mm X 6.35 mm). Another standard
size in use for less critical applications is 5” x 5” x 0.090”, but the thinner
masks do not have enough rigidity for the most demanding lithographic
applications. Masks for specialized applications (such as flat-panel displays)
can be built with greater dimensions than one meter square.

5.2.2 Requirements for fused silica mask substrates

Fused silica (amorphous silicon dioxide) is a material frequently used for
optical applications from the ultraviolet to the infrared. Fused silica is nom-
inally made of pure silicon dioxide, but unavoidable impurities can have an
effect on the optical performance of a photomask. Low-grade fused silica,
sometimes known as fused quartz, is made from natural sand deposits and
has high levels of metallic impurities. These impurity concentrations may be
as high as 10-20 ppm and cause a strong blue to green fluorescence when
exposed to UV light below 290 nm wavelength. This fluorescence is undesir-
able because it introduces stray light outside the desired band of exposure
wavelengths and reduces the optical transmission of the mask. Synthetic
fused silica is made from chemically purified feedstock with less than 1 ppm
of metallic impurities and negligible levels of fluorescence. Besides metals,
the principal impurity in fused silica is the hydroxyl group (OH). Depending
on manufacturing methods, OH content can vary from a few ppm to over
1000 ppm. This impurity strongly affects the transmission at infrared wave-
lengths, but has very little effect on UV transmission. In fact, it seems that
OH content protects fused silica from short-wavelength radiation damage.
Fused silica is susceptible to the formation of light-absorbing color centers
after long exposure to UV light, and OH groups suppress the formation of
E’ color centers (Yamagata, 1992).

For fused silica of sufficient purity, the bulk absorption at 193 or 248 nm
is nearly negligible. There are transmission losses due to reflection at the
two surfaces of the fused silica, but they are small, in the range of 3.5-5%
per surface. These reflective losses could be reduced by using anti-reflective
coatings on one or both mask surfaces, but this is not usually done.

The pattern-bearing surface has extremely stringent requirements. No
particulate contaminants, pits, or other surface imperfections larger than a
few nanometers are permitted. The surface must also be extremely flat, so
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that all parts of the pattern are near the center of the focal range of the
projection optics. It is relatively easy for mask blanks to be made with the
critical surface flatter than a few hundred nanometers, but the initial flatness
of the fused silica substrate can be degraded if the deposited absorber films
have high levels of stress.

Internal stress within the fused silica substrate does not significantly
affect optical transmission or mechanical stability, but it does induce
an optical phenomenon called stress birefringence. This has the effect
of changing the refractive index of the fused silica as a function of the
direction of the incoming light’s polarization. If the mask is used with
unpolarized illumination, then birefringence in the mask substrate has
no effect. Polarized light, however, is beginning to be used with increas-
ing frequency in advanced microlithography. The degree of polarization
is degraded when the light passes through a mask substrate with a sub-
stantial level of birefringence. Fortunately, stress birefringence can be
minimized by careful thermal control of the substrate manufacturing pro-
cesses. Because this adds to the manufacturing costs, a low birefringence
requirement is specified only for masks that will be used with polarized
illumination.

5.2.3 Requirements for absorber films

The light-absorbing film used to make the mask pattern must be free of
embedded particle defects or pinholes larger than a few nanometers.
Finished mask blanks are usually tested by an optical inspection system that
scans the film surface at high resolution, using transmitted light to look for
pinholes and reflected light to look for embedded particles.

Although the absorber film is very thin, the sputter deposition methods
used to make the film may leave it with high levels of either tensile or com-
pressive stress. This can induce a bowed mask surface that may exceed the
stringent flatness requirements for a finished mask. When the mask pattern
is etched into the absorber film, some of the film stress will be relaxed, but in
a complex way depending on the local pattern density in different areas of
the mask. Because of these undesirable effects, the mask blank manufactur-
ers try to tune the deposition process to minimize stress in the absorber.

The front surface of the absorber film must not be too reflective at the
exposure wavelength, or scattered light from the projection lens, the lens
mounts, or the wafer surface will be reflected into the image, reducing the
contrast of the image or even producing ghost images. A smooth chromium
surface has a reflectivity of 45-65% at commonly used lithographic wave-
lengths. This can be reduced to a reflectivity of 10-20% by use of a thin,
anti-reflective layer of chromium oxide or chromium oxynitride deposited
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on the top surface of the chromium. Other mask absorbers materials (such
as molybdenum silicide) are also deposited with one or more surface layers
to control reflectivity.

There is a different set of requirements for optical properties at the wave-
lengths used to inspect the masks for defects. The contrast between the
absorber and the fused silica substrate must be sufficient to distinguish the
mask features. There can also be problems with detector saturation in the
inspection equipment if the absorber reflectivity is too high. The conflict
between different optical properties required for the exposure wavelength
and the inspection wavelength can make the optical design of the absorber
film quite challenging for the blank supplier.

The absorber film should be as thin as possible. Most lithographic sim-
ulation programs use a thin-mask approximation (TMA), which assumes
that the mask patterns are purely two dimensional structures with no phys-
ical thickness. Because of light interaction with the vertical sidewalls of an
actual mask pattern, the simulations become increasingly inaccurate with
increasing pattern thickness. Lithographic simulation programs are exten-
sively used in mask design to correct for non-linear imaging behavior in the
projection optics, and it is extremely important that the simulations match
physical reality as closely as possible. Simulation programs exist that can
model the full electromagnetic field (EMF) interaction between light and a
three-dimensional absorber structure, but these programs run several orders
of magnitude slower than the TMA simulations, and are not practical for
full-scale mask designs. So far it has been more practical to invent thinner
absorber films than to use simulation programs that include all the optical
complexities of thick absorber films. Typical absorber films range between
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5.2 Mask process flow from pattern formation through pellicle mount.
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40 and 100 nm thick, with the films at the upper end of the range exhibiting
the worst agreement with thin-mask simulations.

There is a final requirement for a mask film, unrelated to its optical properties.
The film must have good electrical conductivity to prevent build-up of electri-
cal charge during the electron beam mask writing process or scanning electron
microscope (SEM) measurements. Materials in current use have acceptable
conductivity, but a film with very low conductivity would require a conductive
top layer to enable accurate mask patterning with an electron beam.

5.3 Mask process

In the 1970s, masks were made by carving a colored film by hand and using
multiple reductions to create the final mask for wafer exposure. Today, masks
are fabricated in a clean room facility known as a mask house, mask shop, or
mask fabricator. A specific mask process description is offered as an exam-
ple, because providing exhaustive descriptions of all mask permutations is not
practical. One of the simplest process flows is based on a COG binary mask,
and this is what is shown in Fig. 5.2. Descriptions of the steps are contained
within this chapter: processing steps are in Section 5.3, metrology in Section
5.4, and work related to finding and controlling defects in Section 5.5.

The starting mask blank includes the glass substrate and the unpatterned
absorber layer. Many mask fabricators receive the blanks with photoresist
precoated, but this practice risks expiration of the resist film. Before being
coated, the blanks are inspected for incoming quality and cleaned to remove
any organic contamination on the chromium surface. To enhance photore-
sist adhesion to the chromium, the mask is baked at a low temperature, say
120°C, and a molecular monolayer of hexamethyldisilazane (HMDS) is
added to promote adhesion. Photoresist dissolved in an organic solvent is
delivered to the mask surface as the mask is spun at a few thousand revolu-
tions per minute to distribute the film evenly in a process called spin coating.
The mask is then baked again to remove solvents from the resist.

The resist is typically patterned with either laser or electron exposure.
Electron beams, known as e-beams, are appropriate for high-end applica-
tions because the electrons can be focused and deflected with electromag-
netic or electrostatic elements to form a nanometer-scale spot. The e-beam
systems can be designed to raster across the entire mask, turning off and on
as needed, or to be vector scanned only in the desired regions. Accelerating
voltages are in the range of tens of keV, and current densities are 70-200 A/
cm? Laser exposure is generally faster, but cannot achieve the same per-
formance as e-beams because the spot size is limited by optical diffraction.
The laser used is in the UV region ~250-450 nm and multiple beams are
raster scanned. The purpose of both laser and e-beam exposure is to change
the chemistry of the photoresist. The resist bonds are either broken down
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to dissolve in the developer (positive resist), or are cross-linked to become
insoluble (negative resist). The resist is developed, either by tank immersion
in the developer or, for better defect performance, by a spin/puddle pro-
cess. A common developer is an aqueous solution of tetramethylammonium
hydroxide (TMAH).

A light oxygen descum process can remove artifacts of an incomplete
develop at the bottom of developed mask features. A chromium etch then
removes the absorber material selectively. This is called pattern transfer,
because the resist pattern is transferred into the absorber layer. For chro-
mium absorbers, a wet etch process using perchloric acid (or other acids)
and ceric ammonium nitrate has been used. The isotropic nature of the wet
process limits performance because of the unintended lateral etching when
removing material. Anisotropic dry or plasma etching of the absorber is more
common for applications requiring good lateral control of features. Plasmas
with Cl, and O, are typically used for chromium etching. Selectivity of the
absorber etch to the patterned photoresist material is important because a
thinner resist layer can be used to protect the unetched areas, and thinner
photoresist improves resolution when other factors are held constant.

After pattern transfer, the remaining photoresist film is stripped. The
strip can be accomplished with wet chemistry, such as a sulfuric acid and
hydrogen peroxide mixture (SPM), to remove photoresist and organics.
It can also be removed with an oxygen-containing plasma. A final clean is
required to remove any particles and adsorbed surface contamination. A
common chemical mixture for removing organic material and particles in
the semiconductor industry is known as “Semiconductor Clean 1” or SC-1.
This clean is commonly applied to masks as well as wafers. The chemistry is
primarily water with small amounts of hydrogen peroxide and ammonium
hydroxide; a typical example of dilution ratios is 80:2:1. Megasonic energy is
added to enhance particle removal efficiency.

After the final clean, the binary mask is complete from an image for-
mation perspective. The photomask qualification demands at least half of
the process time and has not yet been described. It includes critical dimen-
sion (CD) metrology, image placement (IP) metrology, inspection for fea-
ture integrity, and repair of any defects. It is the stringent requirements in
these areas that make photomask manufacturing difficult. Another obstacle
is that each photomask design is essentially unique, a custom-made compo-
nent in the microlithography process.

5.4 Mask metrology

Metrology is a general term for the science of measurement. Mask metrol-
ogy is used to verify the quality of the mask pattern by measuring a selected
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5.3 CDSEM images showing (a) the normal field of view, (b) the
extracted waveform, and (c) an algorithm is applied to the waveform
to enhance edges, circled for emphasis.

group of features across the mask. This metrology sample is selected to be
representative of the overall mask. The number of features included in the
metrology sample must be large enough to ensure that the mask features
meet specifications across the mask, but not so large that the metrology time
is unreasonably long. The primary metrics that are measured on a photomask
are: the feature dimension, the placement of the feature relative to an abso-
lute grid, and the light modification properties. The corresponding metrol-
ogy metrics are known as the CD, the IP, and phase and transmission.

5.4.1 Critical dimension (CD) metrology

The feature size, or CD, is measured with an optical microscope, an SEM,
or an atomic force microscope (AFM). Historically, only a simple one-
dimensional width of the feature was measured. As lithographic fidelity
has improved, secondary features of the mask may transfer to the wafer
so that line edge roughness, corner rounding, and general 2D shape fidel-
ity have become important. Optical microscopes have insufficient resolu-
tion for many applications. AFMs have high resolution, but are very slow.
SEM:s offer high resolution and reasonable speed, and dominate mask CD
metrology applications. SEMs optimized for top-down CD measurements
of semiconductor patterns or masks are often called CDSEMs. There are
several steps to the image acquisition and processing in a CDSEM. The elec-
tron beam is scanned across the mask, so that the mask surface emits sec-
ondary electrons. Three stages of CDSEM data extraction are shown in Fig.
5.3. First, the emitted electrons are recorded by detectors to create a two-
dimensional image. Then, the contrast waveform is extracted from the bit-
map and the edges of the features become visible as intensity peaks. Finally,
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the edges, are sharpened by applying algorithms so that the CD is given
by the distance between the two edges. A known pitch standard is often
used to calibrate the SEM output to a physical dimension. It is important to
acknowledge that the underlying image is an approximation of reality; cali-
brating the results to standards is essential for accurate CD results.

5.4.2 Image placement metrology

As pattern sizes shrink through the continuing evolution of semiconduc-
tor technology, the requirements for accurate placement of mask features
are also becoming tighter. For the most advanced semiconductor designs,
pattern placement accuracy requirements are now in the 5-10 nm range.
Because the mask is magnified 4x to 5x the size of the chip pattern, one
might imagine that the mask IP tolerance would be correspondingly mag-
nified; however, the mask contribution is only one small part of the total IP
budget on the wafer. Consequently, the mask IP tolerances are also in the
5-10 nm range.

After a mask pattern has been created, IP is measured by an extremely
accurate optical measuring device. The finished mask is placed on an inter-
ferometer-controlled stage, and an array of registration marks is viewed by a
scanning laser beam. In order to support the required mask tolerances, sub-
nanometer repeatability is required for the IP measurement. The two edges
of the feature are identified and the location, or placement, of the image

Glass

Image position = (Edge 1 + Edge 2)/2
Dimension = Edge 2 — Edge 1

5.4 A schematic diagram showing the optical signal from a clear
feature on a mask and the calculations for CD and IP.
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is calculated as shown in Fig. 5.4. The image size can also be extracted, but
since the measurement is optical, this ancillary measurement may be insuf-
ficiently accurate for CD metrology requirements.

A large number of registration marks, typically several dozen to a few
hundred, will be measured on a photomask. This allows increased accuracy
by averaging many measurements and provides a detailed view of localized
mask distortions. The raw map of IP measurements is analyzed to remove
errors with low spatial orders, such as whole-body displacement, rotation,
magnification, and orthogonality. All of these low-order terms can be cor-
rected by the wafer exposure equipment. The higher-order errors cannot
be easily corrected, and limit the ultimate layer-to-layer overlay perfor-
mance that can be achieved with the mask. Because of the extreme accuracy
requirements of the IP measurement, the temperature and humidity envi-
ronment inside the metrology equipment are tightly controlled. Even the
small gravitational sag distortion of the mask induced when the mask is held
horizontally during the measurement process is mathematically corrected
to achieve the final sub-nanometer repeatability of the measurements.

5.4.3 Phase and transmission metrology

Photomasks that use a phase-shifting attenuator film require additional
measurements to ensure that the optical phase shift and transmission of the
film are within tolerances of their design values. Because the phase shift and
transmission are both wavelength dependent, it is necessary to do the mea-
surement with a light source having the same wavelength used to expose
the pattern on the wafer. The same type of excimer laser used to expose the
wafer could be used for phase and transmission metrology, but it is easier to
use a broadband deuterium plasma lamp or mercury—xenon arc lamp with a
monochromator to isolate the desired wavelength.

Once a beam of monochromatic light is produced, conventional dosi-
metric methods can be used to measure the film transmission. Two dif-
ferent conventions are used to normalize the transmission measurement.
Either the light transmission through the mask substrate and absorber
film is measured relative to an equivalent air path, or the transmis-
sion through the film-covered region is normalized to the transmission
through a clear region of the fused silica mask substrate. Although fused
silica absorbs very little light at commonly used lithographic wavelengths,
there are substantial reflective losses from the surface of the mask. For
purposes of lithographic simulation programs, the transmission relative
to a clear area of the mask is more useful than transmission relative to
an air gap.

Optical phase metrology is more difficult than transmission metrol-
ogy, and requires some sort of interferometric measurement. The most
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practical arrangement has been to use a shearing interferometer, which
produces interference fringes by splitting the image of a small mask pat-
tern and sending the two images down different light paths before recom-
bining the two images with a small transverse offset between them. By
analyzing the spatial offset between the interference fringes in different
parts of the recombined image, the optical phase shift of the mask film
can be derived. Commercial instruments are available that can automat-
ically measure phase shift and transmission in patterned phase-shifting
attenuator films.

5.5 Defects and masks

Defects are called soft if they can be removed by cleaning, and hard if
they cannot. Soft defects include particles, stains, and contamination. Hard
defects include extra or missing absorber, scratches, and film quality prob-
lems such as bubbles. Either type of defect is a risk to the quality of the
printed image, because the mask is the master template for the subsequent
wafer patterning. A single mask can be replicated 100 times on each of 1000
wafers when fabricating a batch of semiconductor chips. A single error on
the mask has the potential to impact over 100 000 devices. This risk is clearly
unacceptable; so mask inspection, repair, and verification have become the
cornerstone of mask quality assurance.

5.5.1 Patterned mask inspection

Mask inspection is not generally considered a metrology method, since the
process does not involve measurements of the mask features. The primary
purpose of the inspection is to scan the mask for defects. The process scans
every pattern on the mask instead of relying on a limited number of features
to represent the entire mask. Consequently, it is an integral part of final qual-
ity, process learning, and defect density understanding. It is possible to re-
analyze the complete mask scan to create CD and IP maps, but this remains
a secondary function of the inspection tools. The majority of patterned mask
inspections are performed with bright-field optical microscopes. Ideally, the
wavelength of the inspection system matches the exposure wavelength,
so that any wavelength-dependent impact is captured. More typically, the
wavelength lags the technology node. For example, the bulk of 193 nm lith-
ographic masks are inspected using 257 nm light. Both transmitted-light and
reflected-light inspection modes are in use.

There are two options for patterned inspection modes. Die-to-die inspec-
tion is possible only when there are multiple repeating fields, or dies on
the mask. One area of the mask is compared to an identical region on the
same mask, and the differences are identified as defects. The most widely
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applicable inspection mode is die-to-database, which compares the mask
to a database version of the mask-design data that have been modified to
capture process distortions. A third type of inspection is possible only on
optically transparent masks (not EUV masks, for example). It combines
both transmitted-and reflected-light signals to create a signal. The signal is
calibrated on representative features and then the full mask is scanned. Any
signal that does not cleanly match the combined transmission and reflection
signature of the calibrated mask structures (i.e. clear areas and absorber
areas) is identified as a defect. This type of inspection is effective for detect-
ing transmission defects like stains or glass damage and reflectivity defects
such as particles, but is not appropriate for small feature defects. It requires
neither a matching die for pattern comparison, nor a database definition of
the pattern; so it is a general-purpose method for detecting these types of
defects.

5.5.2 Mask repair

If a defect in the mask pattern is discovered there are only two options: either
the mask must be discarded and rebuilt, or the defect must be repaired.
Because of the high cost of manufacturing a photomask, the better option is
to repair the defect if possible. In the very earliest days of lithographic mask
making, this repair sometimes consisted of daubing spots of ink on the mask
to replace missing bits of absorber, while holding one’s breath and peering
through a microscope. As mask feature sizes descended over time into the
micron and sub-micron range, this method rapidly became impractical.

The next advance in mask-repair technology was the invention of a laser
repair method. Short-pulse lasers, typically solid-state yttrium aluminum
garnet (YAG) lasers, were developed to burn away unwanted parts of the
chromium pattern. The laser beam could be focused down to a sub-micron
spot size, and laser pulses in the 10 ns range could raise the temperature of
chromium within the focus spot high enough to vaporize it. There were sev-
eral problems with this repair method, but for many years it was the only
method available for removing opaque pattern defects. If a large amount
of chromium was being removed, the vaporized material would often con-
dense and be redeposited around the area of the repair. This could be con-
trolled to some extent by flushing the area around the repair with a fast air
flow, to sweep away the debris before it could condense. The laser pulse was
aimed manually, by an operator viewing the repair site through a micro-
scope, and the placement of the repair was extremely difficult to control.
The thermal conductivity of chromium is very high compared to fused silica;
so the heat of the laser pulse was largely confined to the chromium layer, but
the heat would spread horizontally through the chromium film, producing a
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region of melted chromium around the edges of the laser spot. This melted
chromium would flow a short distance and form a thick bead from surface
tension. If the edge of the cleared zone was not in the correct location, it
was usually impossible to vaporize the thickened edge bead without causing
more damage to the adjacent thin chromium.

Laser repair could only remove material; it could not be used to repair
clear defects. Two methods were developed for clear defect repair, using
optical equipment similar to the laser repair equipment. In the first method,
the mask was coated with photoresist and a beam of white or ultraviolet light
was focused onto the photoresist above the clear defect. After the exposed
area had been removed by a chemical developer, a new layer of chromium
was sputtered onto the surface of the mask. Then the remaining photoresist
was dissolved in a solvent, allowing the new layer of chromium to wash off
everywhere except in the small region over the defect, where it had bonded
to the mask. This method, called the chrome lift-off method, was complex
and slow, and had the additional problem of creating clouds of chromium
debris that had to be washed from the mask surface. The second method of
repairing clear defects used a focused laser beam to thermally decompose
a vapor such as chromium hexacarbonyl, which would create a thick, chro-
mium-rich plug over the defect that was being repaired. This method, like
chrome lift-off, had severe drawbacks. The material being deposited had a
ragged edge profile, rather like an arc-welder’s bead. The deposition process
could be started only by focusing the laser on a chromium region; if the laser
was first focused on a clear area of fused silica, then not enough heat would
be generated to start the decomposition of the hexacarbonyl vapor. Still, the
method worked well for repair of isolated pinholes in the chromium surface,
and could be used for repairs on the edges of features if the edge quality
was not critical. All of these methods required highly skilled operators, who
placed the repairs visually.

The next generation of mask-repair technology began with the invention
of focused ion beams. Although ion implantation has been used in semi-
conductor manufacturing since the 1970s, high-brightness liquid metal ion
sources were developed only in the mid 1980s (Swanson, 1983). Ions, typi-
cally gallium ions, emitted from these sources can be focused to a sub-micron
spot, and have enough energy to remove material from a mask surface by
sputtering. By scanning the ion beam across the mask surface like an SEM,
an image of the mask surface can be captured. By allowing the ion beam
to dwell on areas of the absorber pattern that need to be removed, these
areas can then be sputtered away. A method of repairing clear defects was
also developed, using the focused ion beam to decompose organic vapors
such as styrene at the mask’s surface (Harriott, 1988). The graphitic material
resulting from the decomposition adheres strongly to the mask surface and
makes a durable patch. Because the scanning ion beam is able to detect an
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image of the mask pattern, signal processing technology allows the repairs
to be automatically aligned to the edges of existing mask features, enabling
repairs that are no longer dependent on operator skills.

Focused ion beam technology brought a marked improvement to the qual-
ity of mask repairs, but it still has a few negative qualities. The energetic gal-
lium ions used to sputter away the absorber defect become implanted in the
transparent mask surface, reducing the transmission by a substantial amount.
Although the loss of transmission can be partially compensated by distorting
the mask shapes, enlarging the size of clear features and reducing the opaque
features, this solution was not always satisfactory. A large reduction in gallium
staining was achieved by adding a reactive gas to the region around the repair
site. The gas is activated by the ion beam and removes the defective parts of
the mask pattern by chemical etching, greatly reducing the ion dose required.
It should be noted that these chemical etching processes are very material
dependent, and a process designed to remove a chromium defect may have no
ability to remove a stray hydrocarbon-based stain from residual photoresist.

There have also been advances in laser repair technology. By reducing laser
pulse lengths from 10 ns to the 100 fs range, the problem of chromium film
melting has been eliminated. The extremely short pulses vaporize the surface
of the absorber film before the heat can be conducted away from the beam
spot, giving a very clean edge to the repair. Automated alignment is also used in
newer laser repair tools, greatly improving alignment accuracy of the repairs.

Micromachining technology has been adapted for use in mask repair. The
microscopic probes used for AFM can be made strong enough to physically
scrape away unwanted bits of the mask pattern. The same probe tip used for the
repair is also used to capture profiles of the mask before and after the repair.
The great advantage of this repair method is its insensitivity to the nature of
the mask defect. Surface particles and embedded defects in the mask film are
removed with the same process used to repair pattern defects.

Electron beams can also be used for mask repair. Although electrons do
not have enough mass to be useful for material sputtering, the gas-assisted
etch and deposition processes developed for ion beam repair can be deployed
with electron beams. The electron beam does not produce the staining seen
with implanted metal ions, making the process much cleaner. Advanced
electron beam repair equipment can reconstruct missing areas of the mask
pattern using the original electronic design data as input, and automatically
aligning the reconstructed patterns to the surrounding areas of the mask.

5.5.3 Pellicles

After a mask is fully repaired and cleaned, the images it produces on a semi-
conductor wafer are essentially free of defects. Unfortunately, this state of
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affairs is only temporary. No matter how clean the environment around the
mask is, a few stray dust particles will eventually be deposited on the mask.
A structure called a pellicle is used to prevent these particles from landing
on the critical patterned surface of the mask.

A pellicle is a thin membrane made of an organic or fluorocarbon poly-
mer. It is stretched tightly over a stiff, flat frame, and the frame is glued to
the mask surface surrounding the critical patterned area. The pellicle is
extremely thin, on the order of one micron or less. The spacing between
the pellicle and the mask pattern depends on the height of the frame, and
is typically a few millimeters. Any dust particles that land on the surface
of the pellicle are suspended far from the patterned surface, and are so far
away from the focal plane of the projection optics that they do not appear
in the projected image. Of course, a large enough dust particle on the pelli-
cle will produce a shadow in the image plane, but the sensitivity to particle
size on the pellicle is many orders of magnitude less than it is on the mask
surface.

The pellicle and frame protect the mask from particles, but they also cre-
ate a volume of trapped air between the mask and pellicle. Changes in baro-
metric pressure or changes in altitude experienced during air shipment of a
mask with pellicle can inflate the pellicle surface enough that it may contact
parts of the shipping container, mask library, or optical exposure equipment.
To prevent this, ventilation holes are provided in the pellicle frame. Small
particle filters are placed over the vent holes to prevent particles from being
pulled in with the air flow.

The pellicle membrane is so thin that it exhibits strong thin-film opti-
cal interference effects. For any given film thickness, the optical transmis-
sion will vary with angle of incidence and wavelength. Because the mask
is exposed with monochromatic light, the thickness of the pellicle can be
tuned to give a maximum transmission greater than 99% at the exact expo-
sure wavelength. The thickness variations across the pellicle surface must
be small enough to keep the transmission above 99% everywhere. Because
of the angular dependence of the pellicle transmission, there will be some
light loss for mask illumination that is not at normal incidence. Modern lith-
ographic projection optics can illuminate masks at angles of incidence up
to 20°. A one-micron thick pellicle will have a 9% or greater transmission
loss at this angle. To keep the transmission loss to a minimum when angles
of incidence are this high, a much thinner pellicle must be used. A pellicle
less than 0.3 microns thick can have greater than 99% transmission over a
range of incident angles from 0° to 20°. Pellicles for use at 365 nm or longer
wavelengths can be made with thin, anti-reflective layers, which greatly
reduce the sensitivity to wavelength and angle of incidence. Unfortunately,
no acceptable materials are known that can be used for antireflection coat-
ings on pellicles used for 248 nm or shorter wavelengths.
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The pellicle sits in the optical path between the mask pattern and the wafer,
and effectively becomes a part of the projection optics. This raises questions
about the effects of pellicle motion on the final projected image. Although the
pellicle membrane is anchored firmly to the pellicle frame, the unsupported
center areas of the pellicle can flutter by several tens of microns in ambient
air currents. Optical analysis shows that small vertical displacements or tilts of
the pellicle membrane have vanishingly small effects on the image quality,and
that these types of pellicle motions should not cause concern. However, rela-
tively small gradients in the pellicle thickness can induce optical aberrations
in the images. A linear change in pellicle thickness over a short horizontal
range will induce a tilt aberration that affects IP, and more complex thick-
ness changes will induce higher-order aberrations in the images. Although
thickness gradients in a pellicle are rarely seen, they can be caused by pellicle
manufacturing errors or degradation of the pellicle membrane from optical
exposure. The effects of thickness gradients in pellicles have not been widely
discussed in the lithographic industry, but they remain a potential problem.

Pellicles membranes, frames, and the adhesives used to secure the pellicle
to the frame, and the frame to the mask, are all potential sources of contam-
ination to the mask. The aluminum frame is often built with a rough, black
anodized surface to reduce reflections, and has a potential for shedding par-
ticles inside the protected area of the mask. The other components are made
of polymeric compounds and may contain non-negligible amounts of resid-
ual solvents. Organic compounds that outgas from the pellicle membrane or
adhesives can interact with UV light and the mask surface to produce small
condensed particles that grow with continued exposure until the mask is no
longer usable. The development of low-outgassing pellicle adhesives is an
active area of development.

The mask industry has become comfortable with qualifying the mask, pro-
tecting it with a pellicle and using it with confidence that no particles will be
added during exposure. Mask inspection in the wafer fabricator does exist, but
is typically used for quality insurance and not as a daily method for ensuring
that no new particles have settled on the pattern areas. For all the mask types
introduced in Table 5.1, except the optical ones, there is no pellicle option. The
absence of a pellicle forges an even stronger connection between microlithogra-
phy and mask processing, since the masks will need to be cleaned and inspected
frequently, and subtle changes must be monitored and understood. The mask
maker’s job is to ensure that wafer yields are not impacted by mask changes.
This mission underscores all of the mask work outlined in this chapter.

5.6 Conclusion

This chapter has reviewed the general concept of a mask as it is used in
microlithography. The concept of replicating a two-dimensional design is
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simple. Fabricating functional photomasks to be used in microlithography
can be challenging for many reasons: material selection, resolution require-
ments, sensitivity to defects, and the fact that the tolerances for IP and CD
are so small. Some details of the mask-making process and quality measure-
ments were introduced. Length limitations necessitated only a brief treat-
ment of complex topics in this general chapter on photomasks. For deeper
treatments, please consult the references, in particular the two photomask
books, one edited by Eynon and Wu (2005) and the other by Rizvi (Rizvi,
2005). The International Technology Roadmap for Semiconductors (ITRS,
2011) contains a very useful summary of today’s mask specifications and an
industry consensus of future mask requirements.
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Abstract: The virtues of using photons for maskless lithography rather
than charged particles are discussed briefly. Two generic forms of maskless
photolithography, image projection and focal-spot writing, are compared.
A particular form of focal-spot writing, zone-plate-array lithography
(ZPAL), is highlighted. In this approach, an array of diffractive-optical
microlenses is employed to produce stationary, discrete focal spots.
Patterns are created by modulating the focal-spot intensities under
computer control as the substrate is scanned. The reasons behind the
design choices in ZPAL, experimental results, commercialization efforts,
and prospects for circumventing the diffraction barrier are described.

Key words: maskless lithography, maskless photolithography, zone-
plate-array lithography, focal-spot writing, diffractive-optical lenses,
absorbance-modulation optical lithography.

6.1 Introduction

6.1.1 Mask-based and maskless lithography

With few exceptions, structural complexity, and hence functionality, is pro-
duced in electronic, photonic, mechanical and mixed systems via the planar
process, consisting of lithography followed by some form of pattern trans-
fer. Lithography is the component that puts ‘information’ into the pattern.
Among lithographic systems we distinguish between those that replicate
a preexisting structure (a mask or template) and those that create a pat-
tern, so-called maskless-lithography systems, sometimes called pattern
generators.

6.1.2 The printing press and the desktop printer

Lithographic systems that use a mask or templates are analogous to a
printing press for document production, in that a master is made and then
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reproduced on the press. The limitations of master-based printing are obvi-
ous, when compared to using word-processing software and printing via
a direct electronic connection. The latter are more suitable when docu-
ments are prepared in limited numbers, when modifications to a document
are desirable, or when multiple small variations on a given document are
needed. From the viewpoints of convenience, flexibility, innovation, and
productivity, maskless lithography is analogous to document production via
a computer-driven printer. For this reason, maskless lithography is clearly
appropriate for research and development, and also for customized and low-
volume manufacturing, provided the throughput and quality are sufficient. It
is highly probable that efficient, moderate-throughput maskless-lithography
systems, once fully developed, will make customized manufacturing more
attractive, profitable, and widespread.

A variety of maskless-lithography systems have been developed, some
using electrons, some using ions, and others using photons. Each approach
has its advantages and disadvantages. It is instructive to discuss these before
narrowing the focus of this chapter to maskless photolithography, or a par-
ticular mode thereof.

6.2 The use of photons as opposed to charged
particles

6.2.1 Instability of charged-particle systems

Scanning-electron-beam lithography (SEBL) has been available for over
five decades and is widely used in research and, to a limited extent, in low-
volume manufacturing. Since electrons and ions can be focused down to spot
sizes of the order of a nanometer, it is relatively easy to create patterns with
deep-sub-100 nm resolution. This is the major advantage of charged-particle
lithography systems. However, SEBL and other forms of charged-particle
lithography, such as shaped-beam projection, have a number of significant
problems. Low throughput, resulting from the mutual repulsion of charged
particles, is one that is well known.!? Ideas for circumventing this problem,
such as a massively-parallel array of independently controlled beams, have
been proposed.>* However, a significant problem that is usually overlooked
is the basic instability of charged-particle systems, as manifested in pattern-
placement errors. The position of an electron beam can drift relative to a
substrate as a result of charging, stray electric or magnetic fields, and ther-
mal gradients. A feedback approach to solving this problem for a single-
beam system has been proposed and demonstrated>® but implementing it
for thousands of beams is probably not feasible. In a multibeam system,
reducing the interaction among beams to negligible levels, as they switch on
and off, may prove highly problematic.
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6.2.2 Benefits of photons

In contrast to charged particles, photons are not deflected by electric or
magnetic fields. They do not interact with one another and hence no lim-
its are imposed on the number of photons that can be concentrated in a
given space. The photons used in near-UV lithography have low energies
(~3eV) and produce minimal damage to substrates, including organic sub-
strates. Shot-noise effects are negligible compared to those exhibited by
high-energy particles.” The phase and polarization of light can be controlled
and used to advantage in imaging. Photons retain their frequency and phase
until absorbed, whereas charged particles lose energy and phase information
as they traverse material. Lasers provide beams of very high brightness.

Photons in the visible and near-UV bands interact with outer electrons.
As a result, one can invoke wavelength-selective chemistry to achieve a
wide range of lithographic advantages. Antireflection (AR) coatings are
an example. When placed on top of a photoresist film, an AR coating acts
as an impedance match between air and photoresist, increasing the cou-
pling of light into the film and reducing standing-wave effects. If the top
AR coating is a bleachable absorber, it can enhance image contrast by
suppressing low-level radiation relative to high intensities. When placed
underneath a photoresist film, an AR coating serves to eliminate stand-
ing waves by strongly absorbing light, preventing it from reflecting back
into the photoresist. In optical microscopy, wavelength-selective chemistry
has been used to achieve resolution down to 1/40th of the optical wave-
length.® In Section 6.7 we discuss prospects for achieving similar resolu-
tion in photolithography.

6.3 Forms of maskless photolithography

6.3.1 Two generic forms: image projection
and focal-spot writing

We distinguish two generic forms of maskless photolithography: image
projection and focal-spot writing. In image projection, a two-dimensional
spatial-light modulator, containing a large number of picture elements (pix-
els), is used in place of a mask. This is the approach taken, for example,
by Micronic Laser Systems AB (http://www.micronic.se/). Image projection
generally requires that the stage holding the substrate be stationary, as the
image is exposed in resist. Because the ‘spatial bandwidth’ of any projection
lens is limited, the number of pixels in the projected image is likewise lim-
ited. Expressed another way, there is a direct coupling between the image
resolution and the image size, a coupling that is familiar to anyone who
has used an optical microscope. Moreover, every projection lens has some
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aberration and distortion, and although this can be small, and is repeatable,
for some applications such imperfections can be problematic.

Partially-coherent illumination is generally used in image projection,
which complicates certain aspects of lithography. For example, as one
approaches image-resolution limits, the pattern on the mask deviates sig-
nificantly from the image in resist. If the desired pattern on the substrate
is a rectangle, serifs must be added to the ends of the rectangle on the
mask; otherwise the rectangle image would be narrower and shorter than
desired. In general, correction for the effect of nearby patterns (prox-
imity-effect correction) is extremely challenging with partially coherent
imaging.’

6.3.2 Maskless photolithography via focal-spot writing

In focal-spot writing, one or more beams are focused on a substrate and
moved across it as intensities are modulated so as to create a desired pat-
tern. In effect, patterns are created by overlapping focal spots. Several dis-
tinct approaches are possible. One can: (1) use a single lens, focus a single
beam through it, and scan the substrate; (2) use a single lens, focus a single
beam through it, and scan both the beam and the substrate (http://www.
himt.de/en/hom); (3) use a single lens, focus several beams through it, and
scan both the beams and the substrate;!® or (4) use several lenses, focus sin-
gle beams through each, and scan only the substrate.!'? In these focal-spot-
based approaches there is no coherent relationship between successively
overlapped focal spots, and hence there are no artifacts due to interference,
as occur with coherent or partially-coherent imaging systems. Focal-spot
intensities are additive, that is, linear superposition applies, and the imaging
is ‘incoherent.” This greatly simplifies the lithography, especially proximity-
effect correction and linewidth control.

The resolution limit, defined as the minimum resolvable grating period,
Pmin, fOT incoherent imaging is given by

p A _ A
"™ osingd 2NA

[6.1]

where A is the wavelength, 0 is the half angle of the light converging to the
focus, and NA is the ‘numerical aperture’ (NA). This implies that there is
a small resolution advantage for incoherent imaging relative to partially-
coherent imaging. But the more important advantage of incoherence is the
absence of interference effects and the validity of linear superposition.
Because focal-spot writing can extend over an entire substrate, or any
fraction thereof, there is no coupling between the resolution of the written
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pattern and its spatial extent. This decoupling of resolution and area greatly
expands the efficacy and applications of maskless photolithography, and for
this reason the rest of this chapter will discuss only focal-spot writing, con-
centrating on the multi-lens approach (#4 above) since this has potential for
the highest throughput, the highest precision and accuracy, deep-sub-100 nm
resolution, and is the most recently introduced. Also, a commercial system is
under development that will make the technology available to the scientific
and engineering communities.

6.3.3 Focal-spot writing with an array of lenses

The throughput of focal-spot writing is directly proportional to the num-
ber of independently modulated focal spots. This is expressed by Equation
[6.2]:

A=NRd [6.2]

where A is the exposure rate in area per unit time, N is the number of inde-
pendently modulated focal spots, R is the update rate of the modulator, and
d is the exposure-grid spacing. To achieve smooth line edges, the exposure-
grid spacing, d, should be half the focal-spot diameter, or finer.

6.4 Zone-plate-array lithography (ZPAL)

While it is feasible to carry out multi-lens focal-spot writing using an array
of refractive lenses, it is preferable to use an array of diffractive-optical
lenses for a variety of reasons discussed below. This form of focal-spot writ-
ing is called ZPAL. Initial studies used an array of binary-phase Fresnel
zone plates.'*'® Figure 6.1 illustrates schematically the basic elements of a
ZPAL system: a source of collimated, continuous radiation; a spatial-light
modulator; optics that interface the output of the spatial-light modulator to
an array of zone plates; and a moveable stage. Each pixel of the spatial-light
modulator directs a beam of light to a specific zone plate, and each zone
plate focuses that light to a spot on the substrate.

The spatial-light modulator must control the intensity of the light to a
given zone plate in a quasi-continuous manner, from fully off to fully on.
This ‘gray-level scaling’ enables one to control feature size (e.g. linewidths)
to a much finer degree than the focal-spot diameter. The spatial-light mod-
ulator used in the initial research, and in the commercial ZPAL system,
provides 256 intensity levels to 1089 beamlets.”” As a result, feature-size
control to the nanometer level appears feasible.'® Gray-level scaling also
enables compensation for the additive effects of overlapping tails of nearby
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6.1 Schematic depiction of ZPAL, being commercialized by LumArray,
Inc. A CW laser source illuminates a spatial-light modulator, each pixel
of which controls the light intensity to one zone plate of the array.

By adjusting the focal-spot intensity from zero to the maximum in a
quasi-continuous manner, linewidth can be controlled and proximity
effects corrected. By moving the stage under computer control, while
intelligently modulating focal spot intensities, patterns of arbitrary
geometry can be written.

focal spots, so-called proximity-effect correction, of which more is said in
Section 6.5.

6.4.1 The use of diffractive-optical elements (DOEs)

The principle of operation of Fresnel zone plates is described in many texts
on optics. In brief, an amplitude zone plate blocks light in alternate zones,
leading to a first-order focal spot on-axis, as well as higher-order and vir-
tual foci. Only 10% of the incident light arrives in the first-order focus. A
binary-phase Fresnel zone plate (i.e., alternate zones introduce a pi-phase
shift in the transmitted light) puts about 40% of the incident light into the
first-order focus. By continuously varying the transmitted phase across
each zone from 2x to 0 (i.e., a blazed-Fresnel phase plate) a focusing effi-
ciency approaching 100% can be achieved. Zone plates exhibit chromatic
and off-axis aberrations, but since ZPAL employs only narrow-band laser
light and on-axis focusing, the focal spots should be free of these aberra-
tions. Zone plates can operate at any wavelength; even neutral atoms have
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been focused with zone plates.”® Zone plates can be made reproducibly
using SEBL.” The NA, and hence the resolution (see Equation [6.1]) of
a zone plate, is easily programmed, as is the focal length. The number of
zones should be no larger than the reciprocal of the fractional bandwidth
of the light source.

Zone plates are a subset of the much larger group of ‘diffractive-optical
elements’ By varying the zone progression, their shape, or the transmit-
ted phase, one can do innovative wavefront engineering with diffractive-
optical elements. For example, the light distribution in the focal spot can
be altered so at to produce a central null at one wavelength and a central
peak at another wavelength.?” Such flexibility is not feasible with refractive
lenses.

6.4.2 Scanning the stage as opposed to the beams

The strategy of scanning the stage has many advantages over scanning a
beam. Stage position can be measured to within a fraction of a nanometer,
using either a laser interferometer or an encoder. Beam scanning, whether
with a beam of photons or charged particles, is more problematic. Encoder
technology is highly robust and immune to disturbances, and can be made
both precise and accurate. By scanning the stage to cover an entire sub-
strate, the number of travel-direction reversals is minimized — an important
consideration in maximizing throughput. The data that describe a desired
pattern must be fractured and converted to appropriate form on a high-
speed computer, and fed to the spatial-light modulator in coordination with
the stage position.

The light distribution in the focal spots, the ‘point-spread function’ (PSF),
of both Fresnel zone plates and refractive lenses, is approximated by an Airy
function. Experimentally, it has been shown that for smooth line edges in
resist, the overlap of focal spots should be at least 50%,i.e., an exposure-grid
spacing of half the full-width at half-max of the PSE.'*-!¢ It is noteworthy that
one can trade off the exposure-grid spacing, and hence the focal-spot over-
lap, with the number of gray levels from the spatial-light modulator. That is,
the larger the overlap, the fewer are the number of gray levels required for
a given linewidth control or proximity-effect correction.

6.4.3 ZPAL results in initial research at Massachusetts
Institute of Technology (MIT)

Figure 6.2 illustrates the quality of the patterning achieved in early-stage
research at MIT, using a 405 nm GaN laser source and binary-phase zone
plates of 0.85 NA. Equation [6.1] indicates that the theoretical resolution
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6.2 Scanning-electron micrographs of patterns written in photoresist
using ZPAL, illustrating the facility with which patterns of arbitrary
geometry can be written. The upper micrographs illustrate that a dense
pattern of 135 nm half-pitch can be written using ZPAL and 405 nm
radiation.

limit is p = 240 nm. Experimentally, a minimum period of 270 nm was
achieved (half-pitch 135 nm). With water immersion, linewidths of 115 nm
in dense arrays were achieved, using the 405 nm wavelength and binary-
phase zone plates etched in Si;N,.2!

6.5 Proximity-effect correction

Figure 6.3 illustrates the application of a proximity-effect-correction
algorithm. Because intensities are added, not fields (i.e., linear superposi-
tion), the calculation and the simulation of patterns are greatly simplified,
unlike the situation with partially-coherent optical-projection imaging.’
Furthermore, the algorithm, which is based on an iterative nonlinear-opti-
mization technique, converges to a solution in fewer than ten iterations.
Being highly amenable to parallel processing, the resulting software yields
results rapidly.?

As shown in Fig. 6.3, the corners of rectangles are sharpened and have
a radius of curvature much smaller than the half-width-at-half-maximum
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Before optimization After optimization

6.3 Optical micrographs of (left) a pattern as written without proximity-
effect correction; (right) the same pattern written with correction. Note
the sharpened corners of rectangles and the fidelity of exposure of
small features.

(HWHM) of the focal spot’s PSF. This is achieved by adjusting the intensi-
ties of the focal spots as the rectangle corners are approached. In the com-
mercial ZPAL system, a general-purpose software code enables correction
of optical-proximity effects over an entire pattern, irrespective of its com-
plexity (http://www.lumarray.com).

6.6 Extending the resolution of ZPAL

Obviously, ZPAL could achieve even higher resolution than shown in
Fig. 6.2 by employing a shorter wavelength. In fact, the first published
description of ZPAL called for use of a wavelength of 4.5 nm, i.e., at the
X-ray absorption edge of carbon, the primary constituent of most resists.'?
However, the limited availability and high cost of continuous sources of
soft-X-ray radiation (e.g., undulators attached to a synchrotron) led to
abandonment of this approach in favor of a novel invention based on pho-
tochromic chemistry — an approach called absorbance-modulation optical
lithography (AMOL).23-26

Figure 6.4 depicts how an absorbance-modulation layer (AML), com-
posed of appropriate photochromic molecules, can be used to squeeze the
PSF of the light as it passes through the AML. The photochromic molecules
would ideally have the property that they are converted from an opaque
configuration to a transparent configuration by illumination of a short wave-
length, 4,, depicted as blue, and converted from the transparent configura-
tion to the opaque one by illumination at a longer wavelength, A,, depicted
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6.4 Schematic of AMOL.The AML is composed of photochromic
molecules. The short-wavelength light (1,) switches the molecules from
their opaque configuration, A, to their transparent configuration, B,
while the longer-wavelength light (1,) switches the molecules from B,
back to A. By simultaneously illuminating the AML with a focal spot

at A, and a ring-shaped illumination at 1,, the competition between

the two photochemical reactions produces a sub-wavelength aperture
through which the underlying photoresist is exposed by 1,.The 4, light
is then turned off enabling 4, to restore the AML to opacity. The stage is
then moved to expose an adjacent feature, etc.

as red. Ideally, the AML should be thermally stable, fully reversible, and
immune to quenching phenomena such as oxidation.

Simultaneous illumination of the AML with a focal spot at the short
wavelength and a ring-shaped spot at the long wavelength, having a central
null, results in the creation of a virtual aperture, through which the short-
wavelength light, 1,, can expose an underlying photoresist. Increasing the
power at the long wavelength results in a further squeezing of the aperture.
Simulations based on a rigorous model indicate that the virtual aperture can
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be squeezed below 20 nm. Preliminary experiments support the theoretical
model.?*?% Experiments by Ito et al., in which 20 nm features in periodic pat-
terns were achieved using intimate-contact photolithography at the 365 nm
wavelength,?” lead one to expect that AMOL will be able to achieve reso-
lution in the sub-20 nm region. We anticipate that tri-level resists and AR
coatings will be necessary.

To accomplish the simultaneous illumination with A, and A,, with the
former as a normal focal spot and the latter as a ring-shaped spot with a
central null, a unique diffractive-optical element, called a dichromat, was
designed, fabricated, and tested.?

Further support for the feasibility of such extreme resolution with visi-
ble light comes from the research of S. Hell and colleagues, who achieved
a resolution of 1/40 of the wavelength of light in fluorescence microscopy.
A ring-shaped spot with a central null was used to deplete the excited state
of fluorescent molecules, a process called stimulated emission depletion
(STED).2

6.7 Commercialization of ZPAL by LumArray, Inc.

Following the initial research at MIT indicating the feasibility and utility of
ZPAL, an effort to commercialize the technology was undertaken, resulting
in the ZP-150A tool from LumArray, Inc. (see Fig. 6.5). It was designed to
achieve a particular combination of throughput and resolution, emphasizing
simplicity, flexibility, and affordability. The system specifications, shown in
Table 6.1, make it suitable for researchers, and companies that manufacture
custom products in small volumes.

Table 6.1 Specifications of LumArray’s ZP-150

Minimum feature size 150 nm dense, 120 nm isolated
Numerical aperture NA =0.85

Parallel beams 1000

Writing speed 1.7 mm?/s

~1 h per 100 mm wafer
~2 h per 150 mm wafer
Maximum pattern area 150 mm x 150 mm

Positioning resolution 1.2 nm

Design grid 1T nm

Overlay 20 nm

Field size Unlimited

Exposure wavelength 405 nm
Mini-environment ISO Class 5, 0.1°C
Pattern layout GDSllI

Tool size 89 cm x 135 cm x 1565 cm
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6.5 Photograph of LumArray’s ZP-150 system. In order to show
the system’s internal parts and its compact size, the system’s
environmental enclosure has been removed.

6.7.1 Throughput

Throughput is expressed in Equation [6.2] above. In the ZP150A, N = 1000,
R =290 kHz, and d = 75 nm. Thus,

Areal writing speed, A = 1.7 mm?/s.

If an entire 150 mm X 150 mm area is covered with a dense pattern
requiring an 8-bit gray-level exposed pixel every 75 nm, the exposure
data correspond to 4 terabytes. To achieve maximum efficiency in the
data path, a customized field-programmable gate array (FPGA) is used
to coordinate the data-delivery and synchronize with the scanning of the
stage.

The zone plates in the ZP-150 are about 130 um in diameter, arranged
in six rows of 180 each. The rows are separated by about 3 mm so that the
array covers an area of almost 24 mm x 20 mm, an area over which a typical
wafer substrate can be held within the depth of focus by a pin chuck. For a
wavelength of 405 nm and a NA of 0.85, the depth of focus is about half a
micron.

6.7.2 Multilevel alignment

In order to align the writing relative to patterns already on the substrate,
LumArray’s ZP-150 uses an auxiliary set of zone plates operating in a con-
focal-imaging mode.?® These zone plates are designed to have the same focal
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length as those used for writing, but they operate with red light so that pho-
toresist is not exposed by the alignment operation.

6.7.3 Software

Software on the ZP-150 system consists of three major components: pre-
exposure data preparation (PEDP), subsystem control and communication,
and graphical-user interface (GUI). PEDP takes in the design layout, usu-
ally in GDSII format, performs a series of analyses on it, and generates an
optimized data file that can be used by the ZP-150 for the exposure. The
PEDP takes into account various system characteristics, such as the PSF of
the focal spots, the associated proximity effects, and any misplacement of the
individual zone-plate foci, and automatically applies corrections in the data.
Because of the very large amount of data involved, the software is set up to
take advantage of the computation power of a large computer cluster.

Architecturally, the ZP-150 system can be broken down to several sub-
systems: stage motion control, zone-plate-array-to-wafer gap control, and
delivery of data between data storage and the spatial-light modulator. Each
subsystem has its own set of software, and these must be coordinated and
synchronized during system set-up and exposure. A set of communication
protocols was developed, based on the standard Hypertext Transfer Protocol
(HTTP). Since HTTP is very robust and operating-system independent, it
meets overall system needs and minimizes development cost.

The GUI on ZP-150 is based on standard web interface and Java. Java
provides a rich set of toolkits that facilitate rapid product development and
provide a pleasant user experience. By adopting a web-based interface, the
operator and the technician can remotely access the ZP-150 system. This is
advantageous for system maintenance and repair.

6.8 Conclusion

In summary, the virtues of maskless ZPAL were first explored via academic
research at MIT. Based on that, a commercial effort was undertaken, with
the objective of providing the science and engineering communities with a
low-cost, highly flexible, maskless photolithography system. Subsequently,
the invention and demonstration of AMOL indicated that the resolution of
ZPAL could be extended into the deep-sub-100 nm range without resorting
to wavelengths shorter than the near-U V. Initial applications of the commer-
cial ZPAL system will most likely be in research, development, and custom-
ized manufacturing. Improvements in ZPAL throughput can be achieved
by increasing the number of pixels in the spatial-light modulator and its
framing rate.
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Abstract: This chapter serves as a review of the synthesis and radiation
induced chemistry of resist materials and applicable steps used in

pattern delineation processes. Fundamental requirements and limitations
influencing the choice of a resist for a particular lithography exposure
technology are described. An extensive discussion of the use of chemically
amplified resist platforms in the current and proposed states of art
lithography processes is also highlighted. Suitable resist materials for non-
radiation-based lithography processes are also presented as part of the
discussion on forward looking lithography technologies.

Key words: chemically amplified resists, inorganic resists, photo acid
generators, radiation chemical yields, resists for double patterning and
double exposure processes, EUV resists, e-beam resists, immersion
lithography compatible resists.

71 Introduction

The intense drive towards designing and fabricating integrated circuits
having a minimum element dimension of < 50 nm and an increasing den-
sity of the elements in a semiconductor material represents a truly global
effort.! This trend for the dynamic random access memory device (DRAM)
and microprocessor (MPU) is represented in Fig. 7.1. The ability to shrink
the critical feature size of the device is dependent upon the lithographic
technologies involved in the delineation of the circuit pattern.? The fun-
damental lithographic process using a photon-based exposure source is
shown in Fig. 7.2. This process consists of the delineation of the desired
circuit pattern in a material referred to as resist, followed by transfer of the
pattern using an appropriate additive (deposition) or subtractive (etching)
technique.’

Historically, resist materials are amorphous organic and organome-
tallic polymers readily soluble in both aqueous and organic solvents and
containing small molecule additives that serve to enhance the lithographic

194

© Woodhead Publishing Limited, 2014



Chemistry and processing of resists for nanolithography 195

First year of IC production |[2011{2012{2013[2014/20152016{2017|2018|2019[2020|2021|2022
DRAM 1/2 pitch (nm) (contacted)| 36 | 32 | 28 | 25 | 23 [20.0(17.9]/15.9|14.2|12.6/11.3[10.0
MPU/ASIC Metal 1 1/2 pitch (nm)| 38 | 32 | 27 | 24 | 21 [18.9/16.9/15.0(13.4|11.9/10.6| 9.5
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7.7 Minimum DRAM and MPU device feature size vs the first
year of integrated circuit (IC) production. (Source: Semiconductor
Industry Association. The International Technology Roadmap for
Semiconductors, 2011 Update. SEMATECH: Austin, TX).

performance of the material.* A subset of resists is derived from molecular
and inorganic based materials.>” The primary requirements of the resist as
part of the multi-step lithographic process are: (i) the material must have
a high susceptibility to undergo a radiation (exposure) induced chemical
transformation; and (ii) must maintain its structural integrity in the environ-
ment used during the subsequent lithographic pattern transfer step.®

The following list summarizes the primary (radiation) and secondary
(non-radiation) lithographic patterning processes:

Primary type: radiation based:
e Exposure source: photons — 436 nm (Hg g-line), 365 nm (Hg i-line),

248 nm (KrF Laser), 193 nm (ArF Laser), 157 nm (F, Laser), 13.5 nm
(EUV),0.5-1.5 nm (X-Ray)
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e Exposure source: charged particles — electrons, ions (Ga, He, H)
1-100 keV

Secondary type: non-radiation based:

e Nanoimprint
e Dip-pen/polymer pen
e Directed self-assembly.

In conjunction with each of the above lithographic technologies, resists
act as a key enabler in increasing the density of the discrete electronic
elements in a given area of an integrated circuit (IC). However, the
effective size (length scale) of some of the critical components of the
resist formulations does pose limits on their enabling capability. With
these boundary conditions defined, this chapter serves as a review of
the synthesis, radiation induced chemistry, and applicable process steps
enabling the use of a resist material as part of the IC pattern formation
process.

7.1.1 Resist design considerations

As depicted in Fig. 7.2, the pattern or relief image in the thin film of a resist
is principally fabricated through the action of the incident radiation of a
lithography tool. The exposing radiation initiates chemical events which
produce a change in the solubility in a developing agent for the exposed vs
non-exposed regions of the resist film. This differential solubility is used to
produce two types of relief images, whereby resists are classified as being
either positive or negative acting. A positive acting resist is one in which the
exposed areas are removed during development while, for a negative acting
resist, the exposed areas remain after development.

The exposure source and strategy in commercial lithography tools and
the type of resist used as a function of the minimum resist feature size are
provided in Table 7.1.

Concurrent with the use of photons as the exposure source are charge
particles such as electrons and ions, which have been exploited to achieve
one of the highest levels of resolution observed by a resist system.” Charge
particle-electron based lithography exposure systems are principally
involved in the fabrication of masks (reticles) used in photon-based lithog-
raphy tools, and are more extensively described in Chapter 3.

In practical terms, minimizing the time required to expose the resist pays
back in terms of improving throughput and production costs. Therefore,
an essential requirement in the design of a resist is that the radiation
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7.2 Process flow diagram for the resist pattern delineation process.

Table 7.1 List of the exposure technology and type of resist used to delineate a
minimum resist feature size ranging from <0.10 to >1.0 um

Min. feature  Exposure source & strategy Resist type

Size (Um) Tool/A(nm)

1.25-0.60 g-line/436 Novolac/DNQ

0.60 - 0.40 i-line/365 Novolac/DNQ

0.40-0.25 i-line\PSM Novolac/DNQ, Chemically

DUV/248 Amplified (CA),
Organometallic (Si)

0.25-0.10 DUV/248\PSM, CA, Block Copolymers
DUV/193\immersion(i) Organometallic (Si), inorganic
e-beam, X-ray/0.5-1.5

<0.10 DUV/193i\multiple patterning ~ CA, Block Copolymers,
X-Ray/0.5-1.5,e-beam Inorganic, Molecular — small
EUV/13.5, Non radiation molecule
based

induced chemical transformation must be highly efficient, ensuring that
the incident exposure dose threshold is a minimum. This in turns defines
the sensitivity of the resist to the form of radiation being used in the
lithography exposure system.
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Table 7.2 Required resist sensitivity/process dose vs lithography
exposure technology

Lithography exposure technology Resist sensitivity/Process dose
248 nm 10-50 mJ/cm?

193 nm 10-50 mJ/cm?

Extreme ultraviolet (13.5 nm) 5-20 mJ/cm?

X-ray (0.5-1.5 nm) 5-20 mJ/cm?

High keV (50-100) e-beam 5-30 uC/cm?

Low keV (1-5) e-beam 0.2-1.0 uC/cm?

7.1.2 Influence of the lithography exposure system on
required resist sensitivity and performance

As discussed in the previous section, various lithographic technologies have
been developed to meet the ever continuing demand of increasing the pat-
tern density of an IC. Table 7.1 summarizes the options for the type of resists
that have been investigated for a particular exposure tool. Correspondingly,
Table 7.2 represents the resist sensitivity/process dose required for high
throughput patterning as a function of the lithography exposure technology.

A further consideration when designing a resist for a particular lithogra-
phy exposure system is the radiation induced chemistry must be compatible
with the operating conditions and writing strategy of the exposure tool.!
For any lithography exposure system, outgassing of components of the resist
film while present in the exposure tool can be detrimental to its operation,
performance, maintenance, and useful lifetime.!"

7.1.3 Stability of the resist in the pattern transfer
environment

Figure 7.3 details processes used to transfer the resist pattern into the under-
lying substrate layer. In the subtractive process the resist acts as a mask for
areas of the underlying layer, whereas in the additive process it serves as a
stencil to enable the deposition of a material in the areas where the underly-
ing layer is exposed to the deposition environment.'? The key resist require-
ments in either process are to maintain structural and mechanical integrity
when subjected to the chemicals used to produce the pattern in the underlying
layer, and removable after completion of the pattern transfer step. In the sub-
tractive plasma (physico-chemical) dry etching environment, the resist must
withstand particle bombardment and plasma-induced chemical reactions dur-
ing the time the plasma is etching away the underlying layer.”® The standard
measure of etching resistance is the selectivity defined as the etch rate of the
material being etched vs the etch rate of the masking material or substrate.*
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7.3 Process flow for a subtractive and additive resist pattern transfer
step.

Higher selectivity values afford the opportunity to make use of thinner initial
resist film thicknesses, which in turn can promote the resolution capability of
the resist material.

In the additive process a metal, typically Aluminum or Gold, is depos-
ited on top of both the patterned resist layer and in between the resist
relief images. In the subsequent step the resist is then removed or lifted
off from the base substrate, leaving only metal patterns initially depos-
ited in areas where the base substrate was exposed to the deposition
environment.!>

7.1.4 Resist performance characterization
methodologies

The quantitative analysis and means of comparison of the performance
of resist materials is initially obtained through generation of an exposure
response curve. The curve provides for the determination of the type of
resist (positive or negative), the intrinsic exposure sensitivity and contrast
of the material. Exposure response curves are generated by plotting the nor-
malized resist film thickness remaining after development (the remaining
thickness is normalized to the initially coated resist thickness) vs the log of
the incident exposure dose. Figure 7.4 provides generic exposure (contrast)
curves for a positive and a negative acting resist.

The contrast (Y) is calculated from the slope of the line tangent to the
linear segment of the resist exposure response curve.'® Contrast is critically

© Woodhead Publishing Limited, 2014



200 Nanolithography

°
(0]
Sa
3 8
°%
] Positive acting resist
N S
S E
E=
o
P4

p=0

) log1o D¢
logyq Incident exposure dose —
log ng Extrapolated
/ full thickness

3 p=1
2 ;
o . . .
T g Negative acting resist
88
o d
NS
T £
E=
o
z

p=0

i A
Iongg; T Iog10Dg
logyq Incident exposure dose —

7.4 Generic exposure response/contrast (y) curves for positive and
negative acting resists.

dependent on the solubility discrimination mechanism imparted in the
resist film as a consequence of the radiation induced chemistry. In general,
higher contrast results in higher inherent resolution capability of the resist
and numerous points along the contrast curve have been used as a mea-
sure of the resist sensitivity. The various resist contrast mechanisms will be
described in the following sections of this chapter.

7.2 Resists for optical lithography: synthesis and
radiation induced chemistry of resists as a
function of exposure technology

Modern day lithographic resists can trace their origins back to the print-
ing industry. Early version resists were of the negative acting type, resulting
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7.5 Spectral output of a typical high pressure Hg arc lamp used in
commercial optical (i and g-line) lithography exposure tools.

from a photoinduced crosslinking reaction within the material leading to an
insoluble network. An informative perspective of early photoresists is pro-
vided by Reiser.” Specialized and tailored resist formulations evolved with
the commercialization of photolithography tools employing a high pressure
Mercury arc lamp as the exposure source.'® Figure 7.5 provides the emission
spectra for the Hg arc lamp.

7.2.1 Positive acting photo resists for g- and i-line
lithography

The introduction of 436 and 365 nm (g- and i-line) optical step and repeat
reduction steppers led to the custom development and use of positive acting
photoresists consisting of a diazonaphthoquinone photoactive compound
(DNQ-PAC) and a novolac resin.* The chemical structure representation
for the components of the photoresist and the photo-induced chemistry
involved in the formation of positive tone images is provided in Fig. 7.6.
The contrast mechanism for this family of resists is based on the photo
exposure inducing a change in the chemical polarity/hydrophobicity of the
exposed vs the non-exposed regions of the film. The primary function of the
DNQ-PAC is to inhibit the dissolution of the novolac resins in an aqueous
alkaline developer solution. The structure of the DNQ-PAC is tailored to
ensure optimal film absorption to produce a vertical resist pattern profile.
The predominant synthetic pathway used in the preparation of the
DNQ-PAC is through the esterification reaction of a phenol based bal-
last compound with a DNQ sulfonyl chloride.” From a thin film formation
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7.6 Chemical structure representation of the components in a
standard photoresist formulation and the reaction sequence for the
photoinduced chemistry occurring in these materials.

perspective, it is critical the DNQ-PAC is compatible with the novolac resin,
thereby ensuring a single phase within the film. The phase compatibility is
essential for providing dissolution and uniform development of only the
exposed area of the film.

The dissolution inhibition efficiency of the DNQ-PAC when present in a
novolac resin has been shown to be dependent on the number of DNQ moi-
eties per photoactive compound, on the degree of esterification for polyfunc-
tional DNQ-PACs, and the location of each moiety within the DNQ-PAC
molecule.” In addition, when investigating the interaction of the DNQ-PAC
with the novolac, the degree to which it can form hydrogen bonds with the
resin and the degree of its hydrophobicity also play important roles in the
solubility discrimination observed after the film is exposed and developed.?!

In parallel with the optimization of the DNQ-PAC was the search to
identify the ideal structure and properties of the novolac resin. The novolac
resins are typically synthesized via a condensation reaction of formal-
dehyde and cresol isomers to produce a relatively low molecular weight
polymer. The weakly acidic phenolic structure of the resin in the absence
of the DNC-PAC is soluble in an aqueous alkaline solution. The molecular
weight, molecular weight distribution, molecular (isomeric) structure of the
starting cresol monomer and the position of the methylene bond within the
polymeric chain influence the performance of these materials as resists for
365-436 nm wavelength photolithography.?? Figure 7.7 provides for the pre-
dominant photo-induced reaction pathways of the DNQ-PAC in the resist.

Exposure to light initially leads to elimination of nitrogen to produce an
intermediary carbene (II). The carbene undergoes a Wolff rearrangement to
form a ketene (III). In the presence of small quantities of water, the ketene
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7.7 DNQ-PAC photolysis reaction sequence.

is converted to an aqueous base soluble indene carboxylic acid (IV). In the
absence of moisture, the ketene reacts with the resin to form a phenol ester
(V), which serves to induce the crosslinking in the film. This alternative path
(V) is highly undesirable when attempting to form a positive tone pattern
in the photoresist.?>2*

An additional desirable property of the DNQ-PAC is a reduction in its
absorption at the exposure wavelength as the exposure process proceeds in
the film.? The bleaching of the film ensures uniform exposure throughout
the film, resulting in near vertical positive tone image pattern profiles. DNQ-
novolac-based photoresists also exhibit minimal developer induced erosion
of the non-exposed regions of the film, along with no evidence of pattern
deformation resulting from swelling of the image during the development
process. Finally, these resists afford the ability to use a non-flammable water-
based developing solvent, which eases the handling and removal of the spent
developer and promotes a safer manufacturing environment.

7.2.2 Chemically amplified resists for
248 nm lithography

The practical limit of conventional (i-line) photolithography to print resist
patterns below 300 nm led to the pursuit of building an optical lithography
exposure tool operating at a wavelength below that of the Hg arc lamp i-line
emission line. This new generation of optical lithography tools employed a pho-
ton source based on an excimer laser. The first generation Krypton Fluoride
(KrF) laser emitted light at A = 248 nm and, through the requirements of
incorporating line narrowing elements into the illumination system, resulted
in an appreciable reduction in the light available to expose the resist.?

© Woodhead Publishing Limited, 2014



204 Nanolithography

1.0

0.5

Absorption (1/um)

0.0 T
220 240 260 280

Wavelength (nm)
7.8 UV-Visible absorption spectra of novolac and polyhydroxystyrene
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the two polymers at A = 248 nm.

Investigation of the use of the conventional i-line lithography DNQ-
novolac resists with the KrF laser lithography tool revealed the immediate
shortcomings of these materials. The conventional photoresists were found
to be too highly absorbing/opaque in the 250 nm wavelength regime and did
not bleach as the exposure progressed.?” Figure 7.8 shows the 220-280 nm
absorption spectrum for a conventional novolac resist. Novolac-based
resists are also characterized by having relatively low intrinsic sensitivity
and quantum yield values for the photolysis of the DNQ-PAC. These com-
bined effects limited the ability of these resists to be used to pattern vertical
images in a 1.0 um thick film at a low exposure dose. These adverse resist
properties necessitated a paradigm shift in the development of resists and
the corresponding radiation induced chemistry that would be used in con-
junction with 248 nm and below generation lithography technologies.

The introduction of resists based on chemical amplification represented
the most viable approach to meeting the high sensitivity/throughput
demand of DUV lithography exposure tools.?® The predominant chemi-
cal amplification mechanism employed in DUV resists is based on a sin-
gle photo-induced absorption event initiating a multiplicity of subsequent
chemical reactions.?? Numerous research groups utilized this approach by
incorporating an acid generating species in a polymer matrix containing an
acid labile group.’* Figure 7.9 is a schematic representation of the radia-
tion induced chemical amplification mechanism for a two-component pos-
itive acting resist, along with the corresponding processing sequence used
in the patterning of the resist. In this example, which will be more exten-
sively discussed in Section 72.3 of this chapter, the acid generating species
is a triphenylsulfonium hexafluoroarsenate onium salt, and the polymer is
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7.9 Schematic representation of the two-step chemical amplification
process and corresponding process sequence when using an onium
salt as the acid generating species and a 4-t-butoxy-carbonyloxy
protected polyhydroxystyrene polymer.

poly(4-tert-butoxycarbonyloxystyrene) (PTBOC).?® The tert-butoxycarbo-
nyloxy (TBOC) group is used to affect differential solubility between the
exposed and non-exposed regions of the film or, in other terms, to protect
the non-exposed film regions of the polyhydroxystyrene (PHS)-based poly-
mer from dissolving in an aqueous base developer solution. As shown in
Fig. 7.8, PHS based polymers exhibit a higher degree of optical transparency
vs a novolac resin, thereby afford a more uniform exposure through the
desired depth of the resist film and vertical pattern profiles. The remaining
component, the onium salt, is the photoactive compound in which a small
amount, upon exposure to DUV light, is converted to the strong Brgnsted
acid hexafluoroarsenic acid.** In a subsequent post-exposure heating (film
baking) step, the acid catalyzes the thermolysis of the TBOC group present
on the polymer. This leads to the conversion of the hydrophobic PTBOC
polymer to its polar PHS form, the liberation of gaseous products and the
regeneration of the initial acid molecule. Amplification is said to occur
whereby a single acid molecule can be responsible for removal of 100 or
more TBOC groups. This quantitative measure of the removal of protecting
groups per acid molecule is also referred to as the catalytic chain length for
the chemically amplified (CA) resist system.” The high degree of chemical
amplification, in combination with the proper post-exposure bake condi-
tions, enables the use of a very low incident exposure dose (10-50 mJ/cm?) as
part of the imaging process.** The ability to use the desirable industry stan-
dard 0.26 N TetraMethylAmmonium Hydroxide (TMAH) aqueous alka-
line developer common with DNQ-novolac resists is also preserved with
this approach. Conversely, if an organic based developer is used, negative
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tone patterns can be formed leading to a bi-tonal CA resist material.** The
following sections detail the types of acid generating species, the polymer
matrix materials and the pendent acid labile groups used in a resist to maxi-
mize the efficiency of the radiation induced chemical amplification process.

Acid generator chemistry

The initial latent image step in resists based on chemical amplification is the
radiation induced generation of an acid from its precursor. The acid precur-
sor can exist as a small molecule additive, as a moiety or side chain group
on the matrix polymer, or part of the backbone structure of the polymer.3¢-’
The exposure generated acid has been used to formulate positive acting
resists based on a chemical polarity change of the non-exposed vs exposed
film regions, and negative working resists based on insolubilization of the
exposed areas resulting from crosslinking of the backbone polymer network
of the matrix polymer.*

Radiation generated acids are of two primary types: ionic and nonionic.
The key requirements that must be considered when designing and select-
ing the appropriate acid generator species are:

e The absorption properties must be tuned to the exposure wavelength of
the lithography tool.

e There must be structural flexibility to produce a broad range in the
strength of the radiation generated acid.

e The quantum efficiency of acid formation should be high such that the
initial quantity of the acid precursor present in the film is low. This serves
to reduce the acid precursor acting as an aqueous base dissolution inhib-
itor and potentially driving up the required process exposure dose.

e The acid precursor when present as a separate species should be com-
patible with the other components of the CA resist formulation.

e The acid precursor and the radiation generated acidic product must not
become volatile during the exposure process and in the temperature
regime used in the process baking steps.

e The radiation generated acid should be constructed so that diffusion of
the species outside of the exposed areas of the film is a minimum.

e The manufacturability and cost of the acid precursor material need to
be considered.

Ionic acid generating species

The ionic acid generating species, gaining wide attention at the time the
IC industry began to propose the need to move to using DUV lithography
exposure tools, was based on a class of materials referred to as onium salts
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7.10 Generalized DUV photolysis mechanism for triphenylsulfonium
based ionic acid generating species.

developed by Crivello.*®* lodonium and Sulfonium salts were extensively
investigated, and were found to exhibit high measured quantum yields and
flexibility in varying the strength of the radiation generated acid.*® In addi-
tion, proper choice of the counter ion minimized the volatility of the acid
and diffusion into the non-exposed regions of the film. For example, the use
of the methanesulfonate anion represented an exciting choice in meeting
the properties just described.* As will be discussed in the section on 193 nm
lithography resists, spectral response tuning, through choice of the aromatic
or aliphatic substituents present on the ionic acid precursor, extended the
use of these materials in 193 nm and below lithography technologies.**?

The postulated generalized photochemistry of sulfonium salts is provided
in Fig. 7.10. Photolysis initially generates a reactive radical, radical cation,
and cation intermediates. The second step of the process involves hydrogen
abstraction from the surrounding medium to produce the Brgnsted acid.®
The formation of the radical and cationic species have also found utility in
curing reactions suitable for use in negative acting resists.*

Nonionic acid generating species

Radiation induced acid generation can also be achieved starting with non-
ionic acid precursor materials, such as those based on 2-nitrobenzyl esters.*
These precursors undergo intramolecular o-nitrobenzyl rearrangement
upon exposure, leading to the formation of toluenesulfonic acid. The pho-
tolysis mechanism for the 2-nitrobenzyl ester acid precursor is shown in
Fig. 7.11. This acid precursor lacks the ability to generate radical species
during exposure and effectively shuts down the reaction pathway, leading to
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unwanted competing crosslinking reactions.*’” A host of acid precursor mate-
rials including o- and p-nitrobenzyl sulfonic acid esters,* alkylsulfonates,*
alpha sulfonyloxyketones, iminosulfonates,’! and aryl methyl sulfones®
have been shown to generate photo-induced strong to moderate acids.
Nonionic acids also have an added desirable characteristic of being com-
patible with a broad range of matrix polymer resins and, through structural
modifications, are able to be used in 193 nm and beyond lithography resists.

7.2.3 Acid catalyzed reactions

The acid generated during the exposure step has been shown to be highly
versatile in catalyzing reactions, which has enabled the development of both
positive and negative acting resists. The following sections describe a num-
ber of reaction pathways used to delineate a particular tone of resist.

Negative acting chemically amplified resists

The predominant radiation induced reaction pathways utilized to create neg-
ative acting CA resists include cationic and condensation polymerizations,
electrophilic aromatic substitution, and acid catalyzed rearrangement.*?
The negative resist formulations are typically multi-component and make
use of either an ionic or nonionic acid generating species.
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7.12 Chemical structure of epoxy-containing resins used in negative
acting CA resist formulations.

Cationic polymerization reaction pathway

Use of the exposure induced acid catalyzed cationic polymerization reaction
pathway represents one of the earliest examples of a negative resist system
based on chemical amplification. Specifically, this involved the acid catalyzed
ring opening polymerization of epoxy-containing resists.’*> Representative
structures of epoxy-containing resins used in these resist formulations are
provided in Fig. 7.12.

The exposure generated acid initiates the opening of a polymer bound
epoxide ring, which induces a reaction with an epoxide ring of another poly-
mer chain. This reaction results in the formation of an inter-chain crosslink,
which continues between subsequent chains and leads to an insoluble poly-
mer network in the exposed film regions.” These resist systems were highly
sensitive to most forms of radiation used in lithography exposure tools. They
typically required a low exposure dose to approach complete insolubiliza-
tion of the exposed areas of the film.** However, organic based solvents
were used as the developing medium for these resists, and since the molec-
ular composition in the exposed and non-exposed film regions are nearly
equivalent, these resists were characterized as exhibiting relatively low con-
trast and resolution. To overcome the organic solvent induced swelling and
deformation of the negative tone pattern, researchers at IBM designed an
epoxy-containing copolymer of hydroxystyrene and dicyclopentyloxy meth-
acrylate, which, in the presence of a radiation induced acid would become
crosslinked.” In this instance, the non-exposed film regions could be devel-
oped out in an aqueous base developer solution. Additional aqueous base
developable epoxy-containing resist formulations were reported by Conely,
who used certain classes of poly and monomeric epoxide compounds as
crosslinkers for PHS based resins.*®
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7.13 Chemical structures for the components in negative acting
CA resists based on an acid catalyzed condensation polymerization
radiation induced reaction pathway.

Condensation polymerization reaction pathway

Negative tone resist formation resulting from an acid catalyzed conden-
sation polymerization route has proven to be a versatile approach for for-
mulating these types of CA resists. Three-component CA resist materials
have been investigated, and they consist of an acid generating species such
as an onium salt or an s-triazine derivative, a novolac or PHS binder resin,
and a multi-functional melamine or benzyl alcohol derivative crosslinking
agent. Figure 7.13 provides the chemical structures for each of the compo-
nents in these resists, which have found utility in photo, x-ray, and electron
beam lithography-based processes.”? Development occurs in an aque-
ous alkaline solution, and the materials also referred to as ‘acid hardened
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resist’ exhibit high dry etching resistance in oxygen and halogen based
plasmas.

The postulated radiation induced reaction pathway consists of the expo-
sure generating an acid, which, during the subsequent post-exposure bake
step, protonates, for example, a melamine derivative (which contains mul-
tiple sites for crosslinking) and liberates an alcohol to produce a nitrogen
stabilized carbonium ion. Alkylation of the binder resin occurs at either
the phenolic oxygen (O-alkylation) or at a carbon on the aromatic ring
(C-alkylation), which leads to the regeneration of the acid.*

Electrophilic aromatic substitution reaction pathway

A third acid catalyzed reaction pathway used to generate negative tone pat-
terns is based on the susceptibility of, for example, styrene based polymers
to undergo an electrophilic aromatic substitution reaction.’* The general-
ized radiation induced reaction pathway proceeds by the exposure gener-
ating the acid, which in turn during the subsequent post-exposure baking
step reacts with a latent electrophile to form a carbocation intermediate.
This intermediate then participates in an electrophilic reaction with the aro-
matic moieties of the matrix resin to form a crosslinked insoluble polymer
network and regeneration of the acid. Latent electrophiles can exist in the
resist in the form of an additive or as one of the monomers used to produce
the resin material. Examples of latent electrophiles include dibenzyl ace-
tate (additive) and copolymers of acetyloxymethylstyrene and 1,3-dioxane
blocked benzaldehyde.®>

Positive acting chemically amplified resists

The two most widely investigated acid catalyzed reaction pathways yielding
positive tone pattern formation are based on deprotection and depolymer-
ization chemistries.

Deprotection reaction pathway

As previously introduced in this section, single- and multi-component CA
resist formulations have been reported to make use of the acid catalyzed
deprotection reaction pathway to produce broad spectrum, high contrast,
and resolution resist materials. The initial demonstration of this approach
was reported by workers from IBM and is depicted in Fig. 7.9.28 The two-
component CA resist system set the foundation for the development of suit-
able 248 nm lithography positive acting resists. This predominant approach
in the design of positive acting resist systems has been to take an inher-
ently aqueous base soluble polymer and functionalize it with a ‘protecting
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7.14 SEM micrograph of high fidelity coded 0.18 um lines and spaces
in a CA positive acting resist.

group’ rendering it to be hydrophobic and only soluble in organic based
solvents. An acid generating species is combined with the protected poly-
mer, which upon exposure forms the acid, which either directly after the
exposure or during the following post-baking step catalyzes the removal
of the protecting group.® The removal of the polymer protecting groups
renders the exposed regions of the film soluble in aqueous base developer
and regenerates the acid. The exposure and bake-induced polarity change
in the exposed vs non-exposed film regions resulted in these resists having
characteristically high contrast (Gamma values as high as 10) and, as shown
in Fig. 7.14, sub-micron patterning capability.®7

Numerous families of functional groups were employed to protect the
hydroxyl group of the polyhydroxystyrene resin, including t-butoxycarbony-
loxy, tetrahydropyranyl, trimethylsilyl, and phenoxyethyl. 2847487172 ] jkewise,
alternative resins to the hydroxystyrene aqueous base soluble polymer, such
as those based on poly(methacrylic acid) (PMAA), were also used. PMAA
exhibited favorable optical and thermal stability properties’ and found util-
ity in mostly 193 nm lithography technologies. The generalized structure for
both types of resins, and a selected list of protecting groups (R) classified
according to the level of their activation energy (E,) for the deprotection
reaction, are provided in Fig. 7.15.

In addition, alternative approaches to the two component makeup of CA
resist systems included multi-component resist formulations that removed
the protecting functionality on the matrix resin and placed it either onto a
molecular aqueous base dissolution inhibitor or the acid generating spe-
cies.’* An example of one such formulation is provided in Fig. 7.16. The
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Protecting group(R)

t-butyl ester, isopropy!

High ester,

Moderate E, Carbonates: t-BOC, BOCME
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Protected hydroxystyrene Protected methacrylic acid Low Acetals, silyl ethers
(resin in 248 nm resists)  (resin in 193 nm resists)

7.15 Generalized chemical structures for protected polyhydroxystyrene
and polymethacrylic acid used as the matrix resin for positive acting
248 and 193 nm CA resists and the corresponding types of protecting
groups classified according to the level of E, for the acid catalyzed
deprotection reaction.

O
OH
OA(
+ H + ArgS™ X~
HO OH
H
Matrix resin Aqueous base dissolution inhibitor Acid generator

7.16 Chemical structure representation of a three-component tert-
butylcholate based CA resist formulation.

protected dissolution inhibitor (DI) shown in this example was chosen on
the basis of its appreciable miscibility with hydroxyl based polymer matrix
resins, high optical transparency at 248 nm, and having a large molecular
volume, which provides for high solubility discrimination during develop-
ment and image contrast.”

Conversely to this was the development of single component polymeric
and molecular resists, where the acid generation and deprotection sites
are all bound to the backbone of the polymer or on a single molecule.”®6
For example, photo and electron beam sensitive, single component, aque-
ous base soluble positive acting CA resists consisting of copolymers of
4-tert-butoxycarbonyloxystyrene and sulfur dioxide (PTBSS) have been
reported.” The exposure response and sensitivity of this resist was shown
to be a function of copolymer composition, and independent of molecular
weight. A schematic representation of the exposure induced reaction path-
way in PTBSS is provided in the Fig. 7.17.
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7.17 Schematic representation for the radiation induced reaction
mechanism occurring in PTBSS. In step one, polymer bound acidic
moieties are formed via scission of the main chain of the copolymer. In
step two, heat treatment of the resist film after exposure converts the
copolymer to its aqueous base soluble poly (4-hydroxystyrene sulfone)
form.

Depolymerization reaction pathway

A second radiation induced reaction pathway used to form positive tone pat-
terns in CA resists is based on an acid catalyzed depolymerization reaction
mechanism. This pathway was initially reported by Ito and Wilson at IBM,
who made use of a two-component CA resist consisting of polyphthalalde-
hyde and an onium salt acid generating species.”” Synthesis of aldehyde poly-
mers proceeds at low temperature (<0°C) and the reactions are characterized
as having a low ceiling temperature (7.). Thermal stabilization (>100°C) of
the polymer is accomplished by performing an alkylation or acylation end-
capping reaction at the end of the low temperature polymerization reaction.
Figure 7.18 provides the generalized acid catalyzed depolymerization reac-
tion occurring in a polyaldehyde containing resist. The radiation generated
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7.18 Two-step radiation induced chemical amplification reaction

process yielding the dry development of a polyaldehyde resist
sensitized with an acid generating species such as an onium salt.

acid is responsible for the catalytic cleavage of the acetal bond of the main
polymer chain. This exposure process occurs above the 7, of the polymer,
resulting in the spontaneous depolymerization of the polymer backbone
and liberation of the starting monomer material. The radiation induced
depolymerization process requires no subsequent thermal treatment or wet
development step to form the positive tone pattern. Though the reduction of
the necessary processing steps to produce the self-developing relief image
is an attractive characteristic of these materials, liberation of the monomer
during exposure can lead to appreciable contamination of the lithography
tool. Subsequent investigation to eliminate the self-developing nature of
poly(phthalaldehyde) was achieved through use of poly(4-chlorophthalal-
dehyde) and poly(4-trimethylsilylphthalaldehyde), which can be thermally
developed during a subsequent post-exposure baking step.’s”

Follow-on use of acetals in three-component resist formulations was
reported by researchers from Hoechst AG. They designed a resist in which
the depolymerization pathway proceeded via acid catalyzed hydrolysis
of O,0 and N,O acetals.?’ Polymers having pendent silylether groups also
represented another example of an acid catalyzed hydrolysis reaction lead-
ing to depolymerization of the starting material.3! For this resist, radiation
induced conversion to low molecular weight material occurs via cleavage of
the Si-O bonds within the polymer structure. Silylether polymers in com-
bination with a hydroxyl containing resin were added to the resist formula-
tion to act as an aqueous base DI. Photo-exposure of this three-component
resist generates an acid that catalyzes the hydrolysis and depolymerization
of the silyl ether dissolution inhibitor, enabling the exposed film regions to
develop using an aqueous alkaline solution.®?

7.3 Chemically amplified resist process
considerations

The introduction of CA resists into the DUV lithography pattern delineation
process has been a key enabler for the continuation of the IC manufacturer
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7.19 Patterning process flow diagram for CA resists requiring a PEB
step. Highlighted boxes represent process conditions which are of
critical importance to the performance of CA resists.

staying on the curve of Moore’s law. CA resist performance requirements at
the DUV lithography technology node such as high sensitivity, contrast, res-
olution, and dry etching resistance have been demonstrated. However, the
introduction of use of this class of resist into the pattern formation process has
led to the need to overcome potential limitations in achieving wide process
latitude and the reproducibility required for establishing a robust resist pat-
terning process.® The CA resist patterning process steps and associated vari-
ables that needed to be addressed and controlled are highlighted in Fig. 7.19.

In addition, early difficulties associated with introducing CA resists into a
commercial IC production environment included:

e The observation for positive acting resists of a surface skin layer and
non-vertical or T-topped shaped profiles resulting from incomplete
development of the exposed film regions.®

e Understanding how the presence of the surface skin layer was depen-
dent on the time from the post-coating bake to exposure, and from the
exposure to the post-exposure bake step.®

e Identifying an acid precursor, the radiation generated acid, and the
protecting group on the resin to be nonvolatile at the process set post-
coating and post-exposure bake temperatures and during the exposure
process.5

e The effect the radiation generated acid diffusing into the non-exposed
regions of the film had on maintaining proper control of the resist CDs.%’

¢ The effect the post-exposure baking conditions had on controlling the
dimensions of the resist image and achieving the required = CD control
across the substrate.®®

e For those resists that required a post-exposure baking step, hot plate
units having + 0.10°C temperature uniformity over its surface had to be
manufactured.®

e The influence the composition of the surface of the substrate the resist
was coated onto had on the resultant pattern profile.58

There continues to be a concerted effort by commercial IC manufacturers,
academic and industrial R&D groups, and material and equipment suppli-
ers to the IC industry to work collectively towards resolving the process-
ing issues associated with CA resists. The following sections of the chapter
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will provide further insight into how these issues have been either brought
under control or resolved so that these resists can be optimized to remain a
key enabler to advancing 193 nm, EUV, charged particle, and the most for-
ward looking lithographic technologies.

7.4 Chemically amplified resists for
193 nm lithography

Given the extensive effort and development cost to commercialize resists
based on acid catalyzed chemical amplification, the extension of their use
beyond KrF lithography was paramount in the choice of the next gen-
eration or post 248 nm generation lithography technologies. Fabricating
devices having minimum feature sizes below 0.18 um led to the early
development of small field 193 nm based lithography tools used for the
development of the tool optics and resist materials.”? In line with 248 nm
lithography tools, the use of an Argon Fluoride (ArF) excimer laser cen-
tered at 193 nm® represented the continuation of the exposure source
technology established at the longer wavelength technology node. The
reader is also referred to Chapter 1 for a more comprehensive summary
of this subject area.

The central search for an acceptable resist platform for the 193 nm lithog-
raphy generation was to find a material having equivalent properties to the
phenolic polymer and styrene—acrylate copolymer based systems used in the
248 nm generation resists.”** Initial commercial 193 nm lithography systems,
like their longer wavelength counterparts, performed the exposure in a gas-
eous environment above the wafer plane. The term 193 nm ‘dry’ lithography is
used to describe this mode of exposure.””*® Investigation of the use of a liquid
(water) coupling medium between the last lens optics element of the expo-
sure tool and the surface of the resist having a refractive index > air, led to
the development of a 193 nm ‘immersion’ (i) lithography system which greatly
extended the life of 193 nm lithography generation.”!®° More complex expo-
sure strategies involving double- or multiple-pass exposures have extended
the commercial use of this lithography technology even further, beyond all
expectations.!®*1? Each of these exposure strategies imparted new and chal-
lenging issues to the development of a resist system compatible with these
approaches. The following provides details of the history of the evolution of
CA resist materials used throughout the extended life of 193 nm (ArF) lithog-
raphy. As a starting point, the performance requirements that the resist must
exhibit for each of the 193 nm exposure strategies are as follows:

e Be a single layer process to minimize a new learning curve in the

manufacturing environment and to keep material and fabrication costs
as low as possible.
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e Strong adhesion to the variety of substrate surfaces encountered in the
fabrication process.

e Exhibit optical absorption properties affording high sensitivity and ver-
tical pattern profiles. For a 0.40 um thick resist film, an optical density of
~0.20-0.3 is required to enable a uniform exposure through the depth
of the film.

e Thermal stability to enable the annealing of films above the 7, of the
resist for ease of operation in the fabrication environment.

e <0.18 um resolution for line and space pair pattern geometry.

® Process dose/photospeed equal to 10-50 mJ/cm?.

¢ Pre- and post-exposure time delay latitude.

e +10% CD process latitude for <0.18 um feature size.

e Minimal ACD vs post-exposure bake (PEB) conditions (<2 nm/°C).

e High dry etch resistance/low film loss in oxide (CF,/O,) and metal (Cl,,
BCl;) plasma etch processes.

e Must use industry standard 0.26 N TMAH aqueous base developer.

Initial investigation of the optical properties (A = 193 nm) of the pheno-
lic polymer widely used in 248 nm resists revealed, as shown in Fig. 7.20,
these materials to have unacceptably high absorption properties at this
wavelength. Alternatively, as also shown in Fig. 7.20, polyacrylate based
polymers do exhibit nearly transparent optical properties at 193 nm and
represented viable candidates as resist materials for use in ArF laser
lithography. IBM workers identified a ‘version 1’ acrylate-based, single
layer, positive acting CA resist that could be patterned at both 248 and

2.81

2.44

: Poly (p-hydroxystyrene)
204 | ! “—

Absorption coefficient (um-1)

0.81

044777
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7.20 UV absorption spectra of PHS and polyacrylate based polymers.
Dotted line is used to compare the absorption values for the two
materials at A = 193 nm.
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7.21 Chemical structure for the terpolymer present in the IBM
‘version-1" 193 nm resist.

193 nm exposure wavelengths. This resist platform was highly useful in the
evaluation of the earliest version 193 nm lithography tools.!®*1% The ver-
sion 1 resist makes use of a terpolymer containing the monomers methyl
methacrylate (MMA), t-butyl methacrylate (TBMA) and methacrylic acid
(MAA)." The terpolymers are prepared using standard free radical ini-
tiated solution polymerization methods, and the reactivity ratios of the
monomers affords considerable flexibility in preparing a broad range of
terpolymer compositions. Figure 7.21 is a chemical structure representation
of the MMA-TBMA-MAA terpolymer. The choice of each monomer, and
their combinations in the terpolymer provided for optimizing the required
functional properties of the resist. Good substrate adhesion, appreciable
compatibility with the acid generating species in the film and a high T,
could be achieved with this resist.

Positive resist pattern formation occurs through an acid catalyzed depro-
tection reaction pathway involving the removal of the acid labile t-butyl
group to form the resultant carboxylic acid.!"

Two drawbacks to this formulation were: (i) the relatively high oxygen
content in the resist resulted in low plasma dry etching resistance in a num-
ber of halogen dry etch recipes, and (ii) a very dilute aqueous alkaline solu-
tion (0.02 N) used in the development process precluded the possibility of
using the industry standard 0.26N TMAH developer.

In the follow on generation of positive acting 193 nm CA resists, improve-
ment in the plasma dry etch stability was addressed by incorporating alicylic
group(s) into the polymer structure.!”1% Early work by Onishi & Gokan!*!%
and then later on by Kunz!!? provided direction on the impact the molecu-
lar structure and composition of a material had on its dry etching resistance.
The latter study concluded increasing the mass of the resist existing as carbon
atoms present in a ring structure enhanced its durability in a dry etching envi-
ronment. The alicyclic group represented an example of a carbon scaffold ring
structure that could impart a substantial increase in the carbon content within
the polymer. The lack of conjugation within the alicyclic (non-aromatic)
groups yielded the additional attractive property of having high optical trans-
parency at 193 nm. Alicyclic moieties have been introduced into the main
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7.22 Example of chemical structures for alicyclic polymers incorporated
into 193 nm resists.

chain of the polymer and as an inert side chain group where they may serve
solely to improve stability in a plasma environment, or as an acid labile group
in acrylic polymers.'!! Examples of alicyclic groups include those derived from
adamantine, norbornene, and substituted norbornenes.'%!2 Structural repre-
sentations of resist containing alicyclic groups are shown in Fig. 7.22.

Resists containing alicyclic groups were shown to improve stability in a
plasma dry etch environment vs all acrylic based polymers.!?7-!13114 High ali-
cyclic content resists, however, are appreciably hydrophobic and difficulties
arose in developing these materials in the standard aqueous alkaline devel-
oper. Co- and ter-polymerization with more polar groups, such as those con-
taining a lactone functionality, improved the development characteristics
of the resist. Addition of other methacrylate monomers afforded improved
lithographic performance and compatibility with the 0.26 N TMAH devel-
oper solution.!

Another route to improving plasma dry etch stability of 193 nm resists was
reported by researchers at Bell Laboratories,''® who incorporated alicyclic
moieties into the backbone of the polymer present in the resist formulation.
Specifically, they made use of cyclic-olefin (norbornene) maleic anhydride
alternating copolymers with inclusion of butyl acrylate and acrylic acid. Free
radical solution polymerization of these alternating copolymers offered a
controllable and scalable synthetic pathway. Use of acrylate vs methacrylate
monomers in the feed mixture for the polymerization facilitated improving
the yield of the reaction. These polymers exhibited high thermal stability
(T, > 200°C), strong substrate adhesion, and solubility in an aqueous base
solution.!”” The ability to use reduced amounts of carboxylic acid in the
overall resist composition while maintaining aqueous base dissolution was
a consequence of the hydrolysis products of the polymer anhydride group
during the development process. This enhancement in development per-
formance also minimized any swelling when using the industry standard
TMAH aqueous base developer. Using this approach, a number of two or
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7.23 Chemical structure representations for: two-component

resist formulations based on a terpolymer of norbornene-maleic-
anhydride-acrylic acid and-t-butyl acrylate with an acid generating
species; three-component resist formulations which include a cholate
ester Dls, acid generating species and acidic base resin and hybrid
resist formulations based on these two or more component resist
formulations.

more component resists based on the cyclic-olefin backbone polymer resist
formulations were devised and, as provided in Fig. 7.23, optimized for use in

193 nm lithography.!'®
Concurrent with the development of 193 nm resists was the investiga-
tion of a lithography tool generation using a fluorine (F,) excimer laser
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7.24 Chemical structure of acrylate-based monomers containing the
hexafluoroisopropanol group which have been incorporated into
193 nm resist formulations.

having an emission at 157 nm.'" In the case of 157 nm lithography, incor-
poration of functional groups containing fluorine such as the fluoroalcohol
moiety provided a pathway to identifying optically transparent materi-
als at this wavelength.!?® The fluoroalcohol group is also transparent at
193 nm, and this property, in combination with the need to control the
size of the CD during the PEB step, led to these materials also acting as
high performance 193 nm resists.!?! One approach to including fluorine as
part of the resist consisted of incorporating the hexafluoroisopropylalco-
hol (HFIPA) group into the side chain of methacrylate-based resists.!?>123
Figure 7.24 provides examples of methacrylate monomers containing the
pendent HFIPA group.

Incorporation of the fluoroalcohol group into the side chain of methacry-
late resists not only improved the optical transparency at A = 193 nm, but
also has been used to control the resist’s aqueous base dissolution prop-
erties. The group’s acidity is similar to that of a phenol'®* and, through a
balance with other components in the resist, can be used to regulate the
influence of the presence of the carboxylic acid groups on the dissolution
behavior of the material.

In addition, this group, when present in the resist, acts to reduce the sen-
sitivity to the conditions used in the PEB step (ACD/°C).

7.4.1  Chemically amplified resists for 193 nm
immersion (i) lithography

The extension of using 193 nm light as the exposure source to fabricate
device size features well below 100 nm was realized through the introduc-
tion of commercially available 193 nm water immersion lithography tools.'?
Immersion lithography provides an imaging system with an effective
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numerical aperture >1 and an increase in depth of focus (DOF).!?¢ The key
to the success of this lithography system was to make use of the commer-
cially available 193 nm CA resists with the immersion exposure process. This
would provide for the rapid continuation of 193 nm lithography and acceler-
ate closure on the need for continued development of the exposure tool and
resists for 157 nm lithography.

The choice of water as the immersion liquid was driven by it having
a refractive index at 193 nm equal to 1.44 and an extremely low absorp-
tion coefficient on the order of 0.04 cm~1.!27 Ultra-high purity water is
required, and the critical challenges associated with having the surface
of the resist film coming into contact with the water immersion liquid
include:

e Extraction (dissolution) of any of the components of the resist film into
the water medium.

e The degree to which water enters (permeates) into the resist film.

e The observation of any outgassing of the resist film during exposure
resulting in the presence of bubbles in the liquid medium.

e The presence of any particulates formed during the resist-water
interaction.

e The durability of the resist film to remain intact/not degrade during the
high speed exposure scan rate process of the lithography tool.

Collectively, the observation of any of these processes will adversely affect
the overall lithographic performance of the 193 nm CA resist. Strategies to
mitigate the influence of the water immersion exposure process on resist
performance include:

e Use of a top coat protective film coated onto the surface of the resist film.
e Introduction of additives into the resist, which enables the resist to per-
form to specification without the need of a top coat protective film.

Top coat protective films

The function of the top coat film is: (i) to prevent the leaching or enter-
ing of components of the resist film into the water immersion medium, and
(ii) to mitigate any added defects throughout the lithographic patterning
process. The top coat, if functioning properly, can therefore eliminate any
variability in the composition of the resist film during exposure and pro-
tect the illumination lens system of the lithography tool and the underlying
layers of the resist-coated substrate from deposition of any exposure gener-
ated contaminants. Early version top coat films were only soluble in organic
solvents.!?® This necessitated the introduction of an additional processing
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step to remove the top coat film prior to development of the exposed resist
film in the standard aqueous alkaline developer. Later generation top coat
films consisted of materials that were designed to be soluble in the standard
aqueous alkaline resist developer and eliminated the need for introducing
additional post-exposure processing steps.'?” However, for either type of top
coat material, the presence of it on the resist film introduced new variables
that could affect the reproducibility of the exposure process and perfor-
mance of the resist and these include:

e The degree of penetration of water into the top coat layer and into the
resist film below it.

e The wettability by the water onto the surface of top coat film during the
scanning exposure tool process.

e The presence of an interfacial layer resulting from the mixing of the two
films during the coating of the protective film onto the resist surface.

e The promotion of any contaminants and the control of the number of
defects resulting from the intimate contact the water layer has during
the wafer exposure process and during the removal in the resist develop-
ment step.

The cost of the top coat material and the need to not add a processing step
to remove the film greatly influenced its choice. Elimination of the added
processing step could be achieved using a top coat material that was alkali
soluble and would readily wet the surface of the resist film which it is spin
coated onto."*® A number of top coat films containing materials having fluo-
rocarbon, hydrocarbon and organosilicon functional groups were shown to
increase the water contact angle values.!* The resultant reduction in the
surface energy at the water-top coat film interface also has the effect of
eliminating the mechanical failure or removal of either film layer from the
Si substrate and the likelihood of introducing defects into the device being
fabricated.'” Acrylic based polymer materials containing fluoroalcohol
functional groups, which were initially investigated for use as positive acting
CA resists for 157 nm lithography and early version 193 nm resists, found
utility as top coat materials.'** These films are highly transmissive at 193 nm,
appreciably wet many commercial ArF resist films, and are prepared using a
low cost manufacturing process.'* Figure 7.25 provides examples of top coat
materials containing the fluoroalcohol groups.

Fine control in meeting the desired water contact angle and solubility in
aqueous alkaline solution was achieved in these materials by optimizing the
structure of the fluoroaliphatic side chain group.'* Use of hydrocarbon or
ether based spin casting solvents for the top coat material aided in minimiz-
ing the presence of an interfacial layer between the resist and top coat films,
thereby enhancing their use as a top coat film.
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7.25 Chemical structure representation of fluorine-containing
copolymer materials functioning as top coats for use in 193 nm
immersion lithography.

HO CF,

Top coat films can also be designed to be an effective antireflective
coating (ARC) layer."* The appropriate thickness and optical properties
required to act as an ARC layer must be balanced by maintaining the key
film requirement of protecting the resist film from deleterious interac-
tions with the water immersion layer. Top coat materials have been used to
improve the observed quality of the resist image after development. This
is made possible by incorporating an acidic functionality into the top coat
material. This has the effect of reducing the presence of a post-develop-
ment surface skin layer of the 193 nm resist film by compensating for any
unintended reduction in acid concentration at the resist surface after it has
been exposed.

Minimizing defect density resulting from the use of a top coat film repre-
sents one of the most challenging requirements for use in 193i lithography.
The pertinent processes to reduce the observed defects are to eliminate the
pulling of the resist film during the scanned exposure step and the presence
of any remaining water droplets after the resist film has been exposed and
continued onto the post-exposure processing steps.'*’

Immersion compatible/top coat free resists

CA resists that do not require a top protective coating to be exposed in a
193 nm immersion lithography tool represent a more attractive approach to
reduce process complexity, defectivity, and cost. One path to achieving this
is to reduce the hydrophilicity of the resist by incorporating, for example, a
hydrophobic fluorinated alicyclic-based monomer into the resist.!* In addi-
tion, there is the need to design the acid precursor and radiation generated
acid product species to not dissolve or leach into the immersion liquid. This
requirement represented a formable challenge in identifying a top coat free
resist material.'®
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7.26 Chemical structure of silicon and fluorine containing methacrylate
co- and ter- polymers used as additives in a top coat free 193 nm
immersion lithography resist process.

A more prevalent path has been to incorporate an additive into the resist
that functions to produce an in situ topcoat.'* The additive operates by hav-
ing a lower surface energy than the other components in the resist formula-
tion, which enables the additive to rise and become the predominant species
at the surface of the resist film during the spin coating process. The high con-
centration of the additive at the surface effectively provides the equivalent
functions of a top coat film previously described and to critically provide
the proper contact angle for minimizing the generation of defects during the
scanned immersion exposure tool process. Additives that have been inves-
tigated include organosilicon- and fluorine-containing polymers. The low
surface energy groups are incorporated into the additive as either part of
the backbone structure or as part of the side chain of the base polymer mak-
ing up the material. A polymethacrylate backbone has been widely used,
and examples of silicon- and fluorine-containing additives are depicted in
Fig. 7.26.140141

A second consideration in the identification of the additive is, it does not
inhibit the exposed areas of the resist film from dissolving in the aqueous
base developer solution. Insolubility in the developer solution can lead to
an increase in the roughness of the patterned resist image and the number of
defects in the final device structure. Solubility of the additive in the aqueous
base developer solution is achieved by incorporating non-polar acid labile
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groups into its polymeric structure, such as that also shown in Fig. 7.26. The
exposure and PEB steps simultaneously drive the acid catalyzed deprotec-
tion reaction of the additive and resist resin components to ensure complete
dissolution in the developing solution. The use of a top coat free CA resist
has cleared the way for returning to employing a cost effective, low defect
level, single layer resist in the 193 nm immersion lithography process.

7.4.2 Resists for double patterning, double exposure
193 nm lithography strategies

The thrust of the IC manufacturing community to further push the resolu-
tion envelope of 193 nm immersion lithography for use in the 22 nm tech-
nology node generation has led to the need to develop more complex and
challenging exposure and patterning processes.'? In order to press on to
finding a solution for the 22 nm technology node, a number of resolution
enhancement techniques have been proposed that do not radically alter the
lithography process used in today’s commercial IC manufacturing world.!%
With the exception of the ‘Self-Aligned Spacer Double Patterning Process’,
which is discussed in a latter section, the heart of these resolution enhance-
ment techniques is the requirement to perform a minimum of two exposure
steps per wafer level. The double exposure process enables the pattern of a
complex photomask to be broken up into two individual exposures, thereby
relaxing the difficulties associated with the single-exposure printing of the
entire layer. The two exposure processes are in effect combined to print the
pattern of the original mask. This approach relaxes operating the fabrication
process at the lower limit of k;, and enables realistic implementation into a
manufacturing environment. Distinctions or variations in the two exposure
step process have opened up a frontier for the resist chemist to develop
new materials and processes to meet the 22 nm device design rule require-
ment.'*! The following sections highlight the various two exposure step
processes being pursued with 193i lithography and are also further discussed
in the section in Chapter 1 entitled ‘Multiple Patterning Lithography.’

Double patterning lithography (DPL)

Of the most recent resolution enhancement techniques, the double pattern-
ing, single level process represents the quickest approach to turn this on in
production. Many variants of this technique have been proposed and prac-
ticed. These include, but are not limited to:

e Litho-etch, litho-etch (LELE) process. Two complete lithography and
subsequent etch processes are performed to fully pattern a single device
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layer.!*> In this process, two resists and two sequential processes con-
sisting of resist coat-bake—expose—bake—develop—etch are performed.
In this instance, the wafer must be removed from the lithography sys-
tem and brought back to be realigned, and then exposed a second time.
The two complete lithography steps involving the resist can make use
of the same or a different material, and can use either a negative or
positive acting resist. The straightforwardness of this approach, and the
lack of the situation where the first resist layer is coated onto an existing
patterned resist layer, provided for rapid acceptance of this resolution
enhancement technique.

o Litho-litho-etch (LLE) process. With this, the requirement of perform-
ing a second etch step is removed, thereby simplifying the overall com-
plexity of fabricating the final device pattern.'*6 However, this process
requires the second resist coating to be performed directly onto the
initial patterned resist layer. There is the concern related to the initial
resist patterned layer intermixing during the second resist coating pro-
cess. This has the potential to distort the images formed from the coating
of each resist layer during subsequent baking and development steps.
The following processes have been used to overcome the potential for
intermixing of the two resist layers:

o Litho-freeze-litho-etch (LFLE) process. To address the resist intermix-
ing issue, two processes to ‘freeze’ the first formed resist pattern have
been investigated.'” In the ‘chemical freeze’ process, a distinct material
is introduced into the process prior to the coating of the second resist
coating step. The chemical agent is dispensed onto the existing resist pat-
tern and induces the patterned resist material to become highly cross-
linked. The crosslinked resist is now rendered insoluble in the spin cast-
ing solvent used in the second resist coat, thereby greatly reducing or
eliminating any intermixing of the resist layers. Figure 7.27 provides a
schematic representation as to how crosslinking occurs in the ‘chemical
freeze’ process.

Chemical freeze polymer Conformal crosslink

LLLSLLGSL LLLLLLLL,

COOH

7.27 Diagrammatic representation of the ‘Litho-chemical freeze-litho-
etch’ process in which crosslinking of the initially patterned resist
image occurs prior to second resist coating step.
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7.28 Chemical structure and functional requirements of the monomers
comprising the resist involved in a ‘litho-thermal freeze-litho-etch
process’.

Alternatively, instead of using a chemical crosslinking agent, the first pat-
terned resist layer is thermally treated (heated) to induce crosslinking
within the material. The ‘thermal freeze’ process has the advantage of not
introducing any additional chemicals into the overall patterning process
and conforms to using the widely accepted lithography process baking
step. Figure 7.28 provides the framework chemical structure and functional
requirements for the polymers comprising a resist that is involved in a ‘ther-
mal freeze’ process.

Self-aligned spacer double patterning process (SADP). This process has
been the most heavily exercised in the 193 nm immersion lithography
printing of a semi-dense pitch core grating pattern, which typically uses
a 1:3 line-to-space pattern arrangement.'*® As shown in Fig. 7.29, after
the resist is patterned, the remaining structures are coated with an inor-
ganic SiO; or Si\N, layer via a chemical vapor deposition or spin coat-
ing process to form spacers on the resist side wall. The spacers function
to split the pitch of the existing pattern by way of the top coated part
of the resist pattern being subjected to a polishing process. This results
in selectively removing the inorganic layer from the resist surface, but
does not affect the material that has been deposited onto the side wall
of the resist images. The remaining uncoated part of the resist pattern is
then removed during the subsequent dry/plasma etching step, leaving
only the standing inorganic material side wall structure to act as the etch
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7.29 LELE, LLE, LFLE and SADP process flow diagrams.

mask during this pattern transfer step. This process produces in the end
a higher density, smaller 1:1 pitch grating structure. In certain instances,
additional lithography processing is required whereby a separate photo-
mask or ‘cut mask’ is used to trim the ends of the lines that were depos-
ited with the inorganic material. This approach provides for superior
overlay performance over other DEP processes, and is most suitable for
forming regularly arranged dense patterns.

Double exposure lithography (DEL)

DEL, unlike the previously described resolution enhancement techniques,
does not require the coating of two resist layers, deposition of an additional
material, or the removal of the substrate from the lithography tool during
any part of an individual device level patterning process.'* In DEL, a single
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layer of resist is coated onto the substrate and is subjected to two sequen-
tial exposures followed by one develop and one etch step. The exposures
are positioned to be staggered with respect to each other, and are required
to have twice the desired pitch in order to produce the final pattern. This
approach does require increasing the number of masks to two for each
device level pattern, but substantially reduces the overall number of pro-
cessing steps relative to the other resolution enhancement techniques. DEL,
however, requires the resist to have a nonlinear exposure response and this
precludes the use of the existing platform of resists used in 193i lithography.
This is due to what is referred as the ‘memory effect’ occurring between the
two exposures performed in the single layer of resist.”*? Various approaches
have been described by C.G. Willson et al.' to identify a material with a
nonlinear exposure response. These include contrast enhancement layers
(CEL), two-photon materials, intermediate state two-photon (ISTP) mate-
rials, and optical threshold layers (OTL).

7.5 Resists for extreme ultraviolet lithography
(EUVL)

The following section provides a brief summary of EUVL resist materials
based on their polymer platforms.

7.5.1 Methacrylate-based polymer platform

Polymethylmethacrylate (PMMA), a well-known e-beam resist'', has
also been investigated for use in EUVL.5213 PMMA is a non-CA resist
and, equivalent to what occurs when exposed to charge particle radiation,
undergoes scission of the main chain of polymer when subjected to extreme
ultraviolet (EUV) radiation. The scission events lead to a reduction in the
molecular weight of the PMMA present in the exposed film regions and
enables selective development of those film areas in an organic based devel-
oper.** PMMA has demonstrated low line edge roughness (LER) and high
resolution performance when exposed by an EUV interference lithography
system. Half-pitch grating patterns having 20-50 nm dimensions were delin-
eated using this approach.'

7.5.2 Hydroxystyrene-based polymer platform

Environmentally stable chemically amplified photoresist (ESCAP) was
invented at IBM as a DUV CA resist and was first explored for applica-
tion in EUVL in 1999.%¢ The polymer component in ESCAP is poly (t-butyl
acrylate-co-p-hydroxystyrene) and the structure is shown in Fig. 7.30.
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7.30 Chemical structure of the polymer/resin component in ESCAP
resist.
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7.31 Chemical structure and chemical amplification reaction process in
KRS resist.

Chemical amplification in ESCAP is based on the deprotection reaction
mechanism pathway, and showed high photosensitivity, good stability in a
dry etching environment, and compatibility with a PEB aqueous base devel-
opment process. 50 nm dense and 30 nm semi-dense lines in 80 nm thick
resist could be achieved using the ESCAP version XP9947W resist when
exposed in a EUV interference lithography tool.>’

7.5.3 Ketal protected hydroxystyrene-based polymer
platform

KRS resist is a CA positive acting resist based on a ketal protected poly(p-
hydroxystyrene) platform.!"® The low activation energy for deprotection of
the ketal protecting group enables this process to occur at room temper-
ature, and is shown in Fig. 7.31. This room-temperature reaction has the
advantage of reducing resist image blur when exposed to EUV and other
forms of radiation. KRS resist has demonstrated the ability to resolve
25-45 nm dense line patterns when exposed using LBNL’s 0.3 NA EUV
micro-field tool."’

© Woodhead Publishing Limited, 2014



Chemistry and processing of resists for nanolithography 233

H H
\ /
Si—O—Si
/ O/
[0}
He / . / Hl
Ssi—o—si” 0
lnl ]
(0] :SI—OO—,SI\H
|/o l /o
HyC—5i—CHs si—o—s;
[ e \
CHy H H
Poly(trimethylsilylstyrene-co-p-hydroxystyrene) Hydrogen silsesquioxane (HSQ)
) OH O
O

o
e
o

2 x

\

%B\x B//B\\ /
SN RN ‘\ VA, |
YA AN VA7

NS NP N /

B

/

Boron containing resist polymers

7.32 Chemical structure for silicon containing resists [poly
(trimethylsilylstyrene-co-p-hydroxystyrene), HSQ and boron containing
EUVL resist polymers.

7.5.4 Low EUV atomic absorption cross-section resists

Transparency to EUV radiation is a critical requirement in designing a resist
for this lithography technology. Incorporation of elements such as H, C, B, Be,
and Si into the resist, which have low atomic absorption cross-section coef-
ficients at A = 13.5 nm is helpful in meeting the transparency requirement.
Figure 7.32 provides the chemical structure for exemplary silicon and boron
containing EUVL resists.!%16!

7.5.5 EUVL acid generating species

Acid generating species used in earlier generation 248 and 193 nm CA
resists are also commonly used in EUVL resist formulations. Figure 7.33
illustrates the structure for a few exemplary acid generating species used in
EUVL resist formulations.!6-164
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7.33 Chemical structure descriptions of acid generating species
incorporated into CA EUVL resists.

One innovative structural design!®* used in a select number of these acid
generating species is the moiety responsible for the exposure induced acid
generation to be chemically attached onto the side chain of the polymer
present in the resist. This has the desirable effect of minimizing resist image
blur, and reducing the diffusion and level of outgassing from the resist film.
These attributes collectively enhance resist resolution, and reduce LER
without sacrificing sensitivity to EUV radiation.

7.6 Resists for electron beam lithography

Concurrent with the development and advancement of optical lithography
has been the need to establish a commercialization path for the manufac-
ture of the photomask or reticle with the highest level of perfection. The
requirement to produce a ‘perfect’ mask (which is the focus of Chapter 5),
whereby the computer aided design (CAD) pattern of a device layer is
exactly replicated onto the mask, has also led to the development, evolution,
and commercialization of direct write electron beam lithography systems
(DWEBLS). Chapter 3 provides a comprehensive description for these
exposure systems. In addition to the use of these exposure tools to fabricate
photomasks, DWEBLS has also found utility as a method to directly form
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the pattern in a resist layer coated onto a semiconductor substrate, thereby
bypassing the need to first fabricate a photomask. Direct write electron
beam is the lithography of choice to carry out the fundamental research
required to understand how new materials and process approaches can be
used to fabricate advanced devices. However, use of DWEBLS for high vol-
ume manufacturing of ICs is challenged by the serial writing nature of the
exposure tool. High throughput approaches that have been pursed include
the development of multi-electron beam exposure systems and projection-
electron lithography (PEL) tools.!%

In addition to making use of electrons as the exposure source, a beam of
ions such as Gallium, and Helium have been used in DW exposure systems.
A more detailed description of focused ion beam lithography systems can
be found in Chapter 4.

The development of suitable charge particle resist materials in particu-
lar for the photomask industry required the need to identify both positive
and negative acting resists. The typical Chromium-on-glass mask fabrication
process is analogous to what is displayed in Fig. 7.2. Exceptions are that the
exposure source is electron based, which as stated is a direct write process
requiring no mask fixture above the plane of the resist layer during expo-
sure. The choice of the resist tone in the mask fabrication process is driven
by minimizing the required exposure area and corresponding time for a
given pattern layout.'® The selection process is summarized as follows:

Selection of the tone of resist depends on the ratio of the clear/opaque
area of the pattern.

Clear area < Opaque area — use positive resist

Clear area > Opaque area — use negative resist

Reproducibility and relative simplicity in the photomask fabrication pro-
cess stipulated that the photomask blank supplier provide the substrate
with a stable/long shelf life resist film coated onto it and ready for exposure.
The need to transfer the resist pattern into the Chromium photomask layer
required the resist to withstand wet and dry etching environments unique
to that layer.!” Table 7.3 summarizes the resist material properties require-
ments when fabricating a standard binary Cr-on-quartz photo mask. Based
on these required properties, the early development of resist materials for
use in the mask fabrication took a different path from what is used in optical
lithography.

Electron beam resist sensitivity is of critical importance in the manufactur-
ing process from the standpoint of minimizing the exposure time of the mask
and any heating of the quartz substrate during exposure. Exposure induced
substrate heating and subsequent expansion can lead to linewidth variation
and pattern placement errors on the fully fabricated mask.!%81® In contrast,

© Woodhead Publishing Limited, 2014



236 Nanolithography

Table 7.3 Cr-on-glass photomask electron beam resist property vs performance
requirements

Property Performance requirement

Solution shelf life >6 months

Batch to bath reproducibility <5% variation in composition and
molecular weight

Film coating on photomask >3 months

blank shelf life

Thermal properties Glass transition temperature
T,>80°C

Wet etch Cr chemistry No degradation or adhesion failure

Dry etch Cr chemistry Min 1:1 selectivity in Cl,-O, based
plasma

Solubility In environmentally safe spin coating
and developing solvents

Stripability Removal in commercial based

stripping solutions or O,, halogen-
based plasmas

when a DWEBLS is principally used for nanofabrication purposes, reso-
lution capability is the ultimate driver in the choice of the resist.” Finally,
when multi or projection electron beam based systems are considered for
potential use in high volume IC fabrication; the concurrent requirements of
high sensitivity and resolution must both be considered in choosing a suit-
able resist.””1”2 Note that the reported resist sensitivities used throughout
this section of the chapter are functions of the electron beam exposure tool
accelerating potential setting, and are approximately inversely proportional
to the beam energy.

7.6.1 Intrinsic property requirements of polymers as
electron beam sensitive resists

Earliest version electron beam resists were single component polymers,
which, upon exposure, induced fracturing of the main chain of the polymer
or led to the formation of inter-chain crosslinks. Figure 7.34 provides the
guidance and fundamental analysis approach used to determine whether
the polymer will predominantly undergo main chain scission or inter-chain
crosslinking.

G-values and their influence on tone/choice of resist

For resist applications, one can make use of the G-values to determine
which radiation induced polymer degradation path predominates.'”” The
radiation chemical yields are expressed in terms of G-values. G (scission),
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The susceptibility of an organic polymer to undergo a structural change upon exposure to radiation is inherent
in its choice as a potential electron beam resist.

\/

The intrinsic lithographic sensitivity of a polymer is related to the two events; chain scission of the polymer
backbone and the formation of crosslinks between polymer chains.

v

The lithographic sensitivity and contrast are measures of the efficiency with which a relief image is generated
and are related to the intrinsic radiation sensitivity of a material

The radiation chemical yields of a polymer are a measure of the intrinsic radiation sensitivity of the polymer
(i.e., how many bonds break or crosslinks from per unit of absorbed energy) and are used to determine the
tone and predict the perfomance of the resist

7.34 Step wise fundamental analysis approach to determine the
predominant e-beam induced reaction process in a candidate resist
material.

G(s), equals the number of main chain scissions produced per 100 eV of
energy absorbed, and G (crosslinking), G(x), equals the number of cross-
links formed per 100 eV absorbed. The G-value is a structure-dependent
constant similar to quantum efficiency in photochemistry.

Specifically one can use the ratio of G(s)/G(x) to determine the tone of
the resist whereby:

when the ratio of G(s)/G(x) > 4, main chain scission reactions predomi-
nate, resulting in a decrease in the polymer molecular weight of the exposed
vs the unexposed regions of the film. The difference in the wet development
rate between the exposed vs non-exposed regions is then used to form a
positive tone image.

when the ratio of G(s)/G(x) < 4, inter-chain crosslinking reactions pre-
dominate, resulting in an increase in molecular weight leading to an insolu-
ble gel and negative tone formation.

G-values and the ratio of G(s)/G(x) can be correlated to the contrast of
the resist. In general, for positive resists a higher value of G(s) and a lower
value of G(x) yield a higher ratio value, resulting in higher resist, contrast,
and resolution capability. For negative resists the converse is true, whereby a
higher value G(x) and a lower value of G(s) yield a lower ratio value, result-
ing in higher resist, contrast, and resolution capability. Best case scenarios
are: for + tone resists G(x) is zero; and for — tone resists G(s) is zero. The
worst case scenario is when G(s)/G(x) approaches four. Competing scis-
sion and crosslinking reactions lead to a very low contrast resist. In poly-
mer systems it is common to have both scission and crosslinking reactions
occurring, and it is the threshold absorbed dose for one vs the other reaction
pathway that defines the tone of the resist.

In the absence of a defined lithographic process for a polymer being inves-
tigated as a suitable resist, gamma (y) radiolysis using a Cobalt-60 source of
solid samples can be used to determine the G-values for that material."’
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7.35 Change in molecular weight as measured by gel permeation
chromatography vs e-beam exposure dose for polymethylmethacrylate
(PMMA) positive acting resist.

The determination of the G-values requires measuring the change in the
molecular weight of polymer as a function of the absorbed dose. Molecular
weight changes, as a function of dose, can be measured using size exclusion
chromatography. The incident dose of an electron beam lithography tool
required to impart the absorbed dose into the polymer can be calculated
knowing the composition of the polymer and exposure conditions of the
electron beam system.!”

7.6.2 Positive acting electron beam resists

Figure 7.35 provides for the change in molecular weight vs electron
beam exposure dose for polymethylmethacrylate (PMMA). Evidence of
a decrease in molecular weight as a function of increasing electron beam
exposure dose indicates: the ratio G(s)/G(x) > 4, main chain scission reac-
tions are predominating, and positive tone pattern with this polymer can
be achieved.l®

G(s) values for positive tone, main chain scission resists can be calculated
by plotting the reciprocal of the number average molecular weight of the
resist vs absorbed dose. Figure 7.36 provides results for three polymer sys-
tems.'”” A resultant linear relationship is obtained and the slope of the line
provides for determination of the value of G(s).

PMMA is one of the most thoroughly studied positive acting electron
beam resists, and its radiation induced reaction pathway leading to a reduc-
tion in molecular weight is shown in Fig. 7.37.178

Main chain scission events occurring in PMMA are initiated via e-beam
or short wavelength UV (<250 nm) exposure through cleavage of the ma