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Introduction to the topic |

Within the term lithography we often include all processes needed to define a
lateral pattern onto a substrate (or a multilayered structure)

In an oversimplified picture:

We use an (material or immaterial) “ink” to define a pattern;

We can either define a complex pattern all at once (parallel process), or draw it “pixel by
pixel” (serial, or scanning, process);

The ink is used to modify locally the substrate surface (impression);

If required, the substrate can be previously prepared so to be sensitive to the ink
(photoresist or resist-assisted lithography)

An etching process is used to locally remove the material (either in impressed or non

impressed regions, i.e., for negative or positive lithography), thus to transfer the defined
pattern to the substrate

Note: sometimes, instead of etching, direct deposition can be used (as we will see, e.qg., in
atom lithography), leading to a bottoms-up process

Thus, lithography comprises of several aspects, including, e.g.,:
-Methods for “ink” patterning;

-Techniques for impression;

-Etching processes
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Introduction to the topic Il

Optical lithography is the most common (and most simple) method in microelectronics

Simplified picture of a subtractive process

1. Impression
Llight

Master
(“mechanical” mask)

Photoresist

AN\ \\

Susbtrate (or film) to be patterned

Essential components:
Light (to make impression)
Mask (to produce the pattern)

Photoresist (to be impressed)

2. Development .
Impressed photoresist

«— Protected” reqi

Development and etching (to
transfer the pattern)

DNS

3. Etching

Pattern transfer to
the substrate

AN

Inherent advantages:
- parallel operation (large-scale
impressions in a single run)
- definition of arbitrary patterns
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Introduction to the topic i

abrication of Sub-
45-nm Structures

for the Next

Generation of
Devices: A Lot of
Effort for a Little

Device

The silicon VLSI* juggernaut is ap-
‘oaching an interesting transition period.
i the last four decades, progress in

LSI stands for very-large-scale integration,
ferring to electronic chips with 10°-10° tran-
itors onboard.

MRS Bull., vol. 30 (dec. 2005)

miniaturizing microprocessors has been on
an exponential curve, with feature sizes
being reduced by a factor of two roughly
every 18 months. The result has been not
only a tremendous increase in computa-
tional power, but also a substantial reduc-
tion in the cost of comnutine as meacired
by cost per function, of nearly 30% annu-
ally.! Today, we fabricate transistors at liter-
ally one-billionth the cost of 1950. This kind
of progress is almost without precedent in
human history. The printing press did not
make books a billion times cheaper. Mod-
ern agribusiness did not make food a
billion times cheaper. The loom did not
make clothes a billion times cheaper. But
VLSI did make transistors a billion times
cheaper. As a result, the world as we know
it has been remarkably changed over the
last 50 years. The challenge now facing us
is how to stay on that exponential curve,
known popularly as Moore’s law, for the
next 50 years. It will be quite a trick.

There are three basic challenges to
maintaining Moore’s law: processes and
materials that allow continued reductions
in size, device physics at the nanoscale,
and economics. The basic working as-
sumption of the standard CMOS (comple-
mentary metal oxide semiconductor)
transistor is that matter is continuous and
uniform, and devices can be continuously
shrunk without having to worry about the
fundamental graininess of matter, the
atoms. With device features measured in
micrometers, this has been a reasonable
assumption for four decades. As device
structures shrink to well below 100 nm, this
basic working assumption will completely
break down in 10-20 years. It will be im-
possible to build a 10-nm device that works
anything like the current CMOS transistor.
It will be a nanodevice with new operat-
ing principles and physics. It will also re-
quire a completely new way of making it.

That is not to say that the challenges fac-
ing VLSI fabrication based on the current
CMOS design for the next 10 years will be
trivial. Far from it. The international
roadmap for semiconductors predicts that
devices at the 45-nm node will be in pro-
duction by 2010, with 32-nm devices to
follow by 2013.! Manufacturing of these
devices will require new approaches to
patterning, deposition, and etching as cur-
rent techniques run into fundamental
roadblocks. The winning technical solu-
tion must also be an economical one: the
cost of scaling to smaller dimensions can-
not raise the cost of computing, storage, or
memory. Moreover, any new process tech-
nology for CMOS devices will need to
be seamlessly integrated into the existing
Si wafer fabrication infrastructure to be
broadly adapted.

New technologies to
appear in the mid-term

Present technologies

to be pushed at their

limit in the short-term
(one decade?)
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Outlook

1.

S.

Optical lithography as the most common technique in microelectronics
A. Basic processes;
B. Photoresists and masks

Projection lithography and optical microscopy: the (unavoidable)
problem of diffraction and space resolution

A few words on confocal microscopy

Strategies to improve space resolution in lithography:
i.  “optical” methods;

ii. “chemical” methods:

lii. decreasing the wavelength...

A few words on X-ray lithography and its technological limitations
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1.A. Basic processes in optical lithography
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Figure 1.1 Positive and negative resist exposure, development, and
edge-scattered radiation. {A) Positive and negative resists, exposure,
and development. Positive resists develop in the exposed region and
usually remain soluble for lift-off. Negative resists remain in the
exposed region but are insolubie and not suitable for lift-off {see text).

Figure 1.22 Basic 1C process steps on an oxidized Si wafer; photoli-

thography (with a negative-tone resist}, including exposure, develop-

ment, oxide etching, and resist stripping, (From Brodie. L. and 1. J. pg M. Madou,

Muray, The Physics of Microfabrication, Plenum Press, New York, 1991. £\,ndamentals of mi icrofab.,

With permission.) CRC (1997)

(B) Edge-scattered radiation profile for negative and positive resists.
Time-independens development of cross-linked negative resist fails to
remove light scatter zone. Development of positive resist rapidly
removes exposed tegion and <an be quenched to inhibit removal of
lateral scattered exposed resist region. (From Brodie, L. and J. J. Muray,
The Physics of Microfabrication, Plenum Press, New York, 1982, With

permission. }
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Example of process flexibility in lithography

Twn tune nf nattarn trancfaricnnhtractive nr additivad
L ¥¥YLur L 1..'\-" LIl JOLLLWL L LIl ‘\l}uULluUll\'U UL AL L \"U}
Posilive Resist Negative Resist
Exp:nsi_ng . Exposging
Resist Exposurs ey Fadation ‘v FLERCE A g Faddion
Ered | | — Resist — Mesist

— Thn Fim
Suzstrete

Mesist Doevel oprmont Resist Developrnent

Filrn Etchirg Filrn Deposition

— Thin Fim

Liftoff
(additive litho.)

Resist Rernoval Resist Rermoval (Liftoff)

Subtraction or addition of features feasible (through
combination with other techniques, e.g., deposition, liftoff,...)
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1.B. Photoresists |

Poor Resist Contrast
« Sloped walls

(@) (b) «  Swelling
m « Poor contrast
3’3 td 4. 33 tl.l - I A B R T A
£ ] £
2 negative / | 2 ___""Resist >
g =) i
g =, f
w i 1] .
E ! E Film
S ! G
= : =
0 i 0 Good Resist Contrast

109400, 108400, log;oD, 105¢Cq «  Sharp walls
Igure 26: Schematic view
of a contrast curve for . No swelling

(a) negative tone resist and

(b) positive tone resist. o Good contrast

/ Resist \

Film

Typical choices for photoresist:
v'Light-sensitive polymers (or organic amorphous materials)

v'UV-broken bonds modify features (protect/unprotect against etching)
v'Thickness kept below the micrometer level to improve homogeneity and
reduce dose (and enhance space resolution)
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Essential
requirements:

- high sticking
coefficient;

- homogeneity;

- uniform thickness;
- high sensitivity to
radiation (typ. UV);
- fidelity in pattern
reproduction

Photoresists Il

Solvent:

gives resist its flow
characteristics

| _— Resin: mix of polymers used

as binder; gives resist
mechanical and chemical
properties

~— Sensitizers:

photosensitive component
of the resist material

Additives:

chemicals that control
specific aspects of resist
material

Photoresists are realized in the form of solutions comprising of different
physical and chemical components, each one having a specific function
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7 Photoresist

Photures.ists are also an integral part of lithography. The performance of the resist is the

actor for the magnitude o logy factor &,. In general, photoresists
lymets which react when exposed to i ere are two different types of resists:
With pﬂsmve tone ressts, the exposed areas of the resist will dissolve in the developer,

with pegative tone re51sts. the exposed areas will remain.

and ¢sTAblshES the mechamcal properties, a photoactwe cumpound (PAC), and a solvent
to keep the resist liquid. The resin is not normally responsive to the exposure. The com-
monly used positive tone resist system for g- and i-line lithography is the novolac/dia-
zonaphthoquinones (DNQ) system. The nowvolac is the resin material and dissalves in
aqueous bases, The DNQ is the PAC, but when unexposed it acts as a dissolution inhibi-
tor, Figure 22 shows the reaction cycle of the DNQ upon exposure. Upon exposure N, is
split off the molecule. After a rearrangement, the molecule undergoes a reaction with the
H,0, which stems from the air. The reaction product now does not behave as a dissolu-

fion mmuuor, but as a dissolution enhancer. Theretore the exposed areas of the resist
e about 100 times quicker than the unexposed areas.

esists also consist of the three compounds; resin, photoactive com-

a-sotvent to keep the resist liquid. The resin consists of a cyclic synthetic rub-
ber, whlch is not radiation-sensitive, but strongly soluble in the developer (non-polar
organic solvents). The PAC is normaily a bis-arylazide. Figure 23 shows the chemical
structure of a rubber resin and a PAC. Upon exposure, the PAC dissociates into nitrene
and N, These nitrene molecules are aiie o Teact with e Tubber moiecules, soa

= t 3 TUDDEr molecules can DE €8 150ed. 5 & thirec-dime sienal

cross-linked molecular network is formed, which 15 insoluble in the developer .

As device dimensions are scaled down further, the g-line steppers as well as the
novolac/DNQ resists have been improved, so the features for 350 nim generation could
be printed. But reaching the 250 nm generation, the illumination wavelength was shifted
to 250 nm, too. However, at this wavelength novolac and DNQ do strongly absorb the
hght therefore annther class of resists had to be developed Furthermore, the intensity of

Oy SHy

“‘“""R‘é“’"ré b M. b OetSOE

‘,”0 ?'0 E=0 r.:-q

: o

| #=220240mm (UV)  —tOHpCmCHpe €4—
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A few examples of photoresists

Positive resist

Figure 22: Exposurc
process of pesitive tone

DINQ-resists [38], [39].

0
Nz Ki 1
. + Mg
R R

RASE INSOLUBLE

WOLFF
SENSITIZER REARHANGEMENT
0
N
¢
R e
H,0
R
BASE SOLUBLE KETENE

PHOTOPRODUCT

A =365 nm (Hg-lamps)

Negative resist

Figure 23: Reaction cycle of
a negative tone resist during
expogure [38], [39].

Figure 24: Chemical
amplification cyele in a
CAR [40].

R—Ni+R—N: R-N=N—R

hv

R— Ny ——

R—N: + Nz
NITRENE + NITROGEN

i 1
lhy R~N:+H—{— —= R—NH - —

R—N:+H=C— —= R—NH++:C—

>@O< ,( _*H(‘

Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH, 2003)

Well established
photochemistry features
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“Optics” of photoresist layer

Surface Reflection — Standing Wave

!

Method for Eliminating Standing
Wave Effect

« Anti-reflection coating
« Add unbleachable dyes to resist
« Post baking after exposure (before

development)

High degree of control « Multi-wavelength exposure
needed for resist features
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Deposition of photoresists

Most frequently used system: spin-coating (simple, scalable, effective, cheap,...)

Nozzle to deposit
resist

Wafer __

—

\ Substrate ~ |
spinnet Resist puddle Start of spin
typ. 5000 rpm per 60 s

typ. Followed by soft temp.
curing (T <100 °C)
Glass transition should be avoided
(it affects homogeneity)

Wafer with I‘EfSiSt typ. resist thickness: 0.5-1.0 um
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Complete series of steps

hexamethyldisilazane UV Light

>( () T

HMDS : " A

Resist Mask
; A
[
1) Vapor prime 2) Spin coat 3) Soft bake 4) Alignment
and Exposure
5) Post-exposure 6) Develop 7) Hard bake 8) Develop inspect

bake
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Mask configurations

DTN .
Proximity - Projection
Highly sensitive to High flexibility
T light beam divergence Depends on optical quality
oiniier Often used with step-and-repeat
Good space definition to cover large size wafers
but “interaction” problems TN
Zan) (typ. 2-5x reduction)

Optical lenses
_— f___,:a ..'. '_E'-\.._.__
ﬂ e
: Resist Resist

Contact mode Proximity mode Projection mode

Presently: projection modes are most common in industrial implementations,
typically implemented with “step and repeat” techniques (a small region of the
substrate is impressed and then the substrate is moved to repeat the patterning over

a larger area)
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2. Complementarity lithography/microscopy

A system for optical projection lithography is clearly analogous to an optical microscope:
location of light source and object are just reversed (indeed, this applies also to other
lithography methods!)

Lithography Microscopy

««—— Light Source
— -+—— Effective Source

a—— Condenser Lens
E -+—— Mask

.a—— Projection Lens
——— Aperture
(Pupil)

*,,. Wafer

- —— Wafer Stage
(mask aligner)

» Each microscopy method corresponds to a lithography approach
> Issues (as, e.g., spatial resolution) are common to the two topics
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Da Hecht Zajac
Optics
Addison-Wesley (1974)

FExit pupil

Fig. 5.86 A rudimentary compound microscope.

Reminders of optical microscopy

the magnifying power of the antire system is the praduct
of the transverie lingar magnification of the objective,
M,,. and the angular magnification of the eyepioce, M, ,
that is

ME = M M. (5.70)

Recall that M, = —x,/f {5.26), and with thiz in mind most,
but not all, meanufacturess design their microscopns such that
the distance {corresponding to x;) from the second foctus
of the obiactive to the first focus of the eyepiece is stander-
dized at 160 mm. This distance, known as the tube length,
is dencted by L Int the figurea. {(Some euthors define tube
length as the image distance of tha objective.) Hence, with
the final imaga at infinity and the standard near point taken
as 10 inches or 254 mm '

Magnification depends
on lens features
(focal length)

160" /254 <
M.P. ,.(_ --‘-,—)(- : ) {6.71)

u "

and tha image is inverted {M.P. < Q). Acgcordingly, the
barrel of an objective with a focal length £, of say 32 mm will
k¢ engraved with the markings 5x ([or x5} indicating a
powar of 5. Combined with a 10 = ayepieca (/, = 1 inch)
the microscope M.P, would than be B0 x.

ol Wl
D

Arbitrary magnification seems feasible (by
choosing arbitrarily short focal lengths for
the optical components)
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Numerical aperture

P B Great NA - large lens with a small focal length

o=t areas of opticExand especially in microscopy, the numencal aperture of an optical system such as an objective lens is defined by

NA = nsinf
wherey is the index offefraction of the mediom in which the lens is warking (1.0 for air, 1.33 for pure water, and up to 1.56 for oils), and @ is the half-angle of the maximum cone of light that can enter or exit
the lens. In general, this is the angle of the real marginal @y in the system. The angular aperture of the lens is approximately twice this walue (within the paraxial approximation). The NAIs generally
measured with respect to a particular object orimage point and will vary as that point is mowved.

In microscopy, MAis important because it indicates the resolving power of a lens. The size of the finest detail that can be resolved is proportional to 3/MA, where b is the wavelzngth of the light. Alens with a
larger numeric:al aperture will be able to wisualize finer details than a lens with @ smaller numercal aperture. Lenses with larger numerical apertures also collect more light and will generally provide a brighter
image.

Humerical aperture is used to define the “pit size” in optical dise formats [

Humerical aperture versus f-number [edit]

Mumerizal apertura is not typically used in photography . Instead, the angular acceptance of a lens (or an imaging mimor]) is expressed by the f-number, written £/#
or &, which iz defined as the ratio of the focal length ta the diameter of the ertrance pupil: I

N=j/D
Thi= ratio iz related to the numercal aperture with respect to the focal point of the lens. Based on the diagram at rght, the numerical aperture of the lens in airis:
D
2f

) . . D
NA =pnsinf = nsinarctan — =
2f
1
2NA

Thic arnrawimatinn halds whan tha romadcal anatora i small Thae fonombar dasenhas tha linktoaathannn shildsr of tha lans in tha faca mhara tha marinal @Ew

thus W ==
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NA and DOF

In optics and especially laser science, the Rayleigh
length or Rayleigh range is the distance along the

propagation direction of a bearn frorm the waistto

the place where the area ofthe cross section is
doubled [oitation meeded]

Faor a Gaussian beam, the Rayleigh length is given
by
v |
my
-..R =
A
where wy is the radius ofthe beam at the waist. At
distance zp from the beam waist, the beam radius is increased by a factor ,'/E

Avrelated parameter is the confocal parameter b, which is just two times the Rayleigh length:

3 Depth of Field and Depth of Focus

:¢ the regolution available for an object in focus in the image plane is limited by
numerical aperture of the objective lens, it follows that the object need not be at
exact object distance from the lens u, but may be displaced from this plane
wout sacrificing any resolution (Fig. 3.12). The distance over which the object
ains in focus is defined as the depth of field,

32)

ire 312 Since the resolution is finite, the object need not be in the exact object-plane
tion in order to remain in focus, and there is an allowed depth of field d. Similarly, the
te may he obscrved without loss of resolution if the image plane is slightly displaced, so
there is an allowed depth of focus D

Beam width or "'spot size"

For a Gaussian heam propagating in free space,
the spot size wi(z) will be at a minimum value wy at
ane place along the heam axis, known as the beam
walst. For a beam ofwavelength A at 3 distance 2
alang the beam from the heam waist, the variation
ofthe spot size is given by

P

w(z) =wy V'-Il | (é)_J .

where the origin of the z-axis is defined, without
lass of generality, to caincide with the beam waist,
and where

3
my
“R =
A

is called the Rayleigh range.

The propagation of a Gaussian heam is fully specified by its beam
waist and its divergence. Far an ideal TEMan bearmn, the product of

the heamwaist wg tirmes the divergence angle By can be expressed
as

LLIDED = NT

where x is half the angle subtended by the objective aperture at the focal point.
Similarly, the image will remain in focus if it is displaced from its geometrically
defined position at a distance v from the lens. The distance over which the image
remains in focus is termed the depth of focus, as follows:

where A is the magnification. (Both of these expressions (equations (3.2) and (3.3))
are approximate and assume that the objective can be treated as a ‘thin lens”, which
is never the case in a commercial instrument.} Since the resolution is given by
& =0.614/using = 0.61./NA, it follows that the depth of field decreases as the .
numerical aperture increases. For the highest image resolution; The specimmen should —
be positioned T an accwacy o T than 0.5 [T, Wilch de ine ui
mechanical stability of the specimen stage.

The depth of focus i¢ considerably less critical. Bearing in mind that a
magnification of the order of L0 is necessary if all of the resolved detail is to be
recorded, displacements of the order a millimetre are acceptable.

Da Brandon Kaplan
Microstruct. Charact.
of Materials

Depth of field decreases as numerical
aperture increases (related to resolution)

In lithography:
High magniication — short focal lenghts —»
increased NA — decreased d —»

Wiley (1999)

thin resist needed!
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An hystorical view of resolution and DOF

Chris A. Mack, KLA-Tencor, Austin, Texas

John William Strutt, the third Baron Rayleigh of Terling Place, was one of the most
celebrated physicists of his day [1]. This prolific scientist contributed to almost every
subject in classical physics; he discovered argon, winning him the Nobel Prize in 1904,
aAlthough his contributions in acoustics, mathematics, optical scattering, and
hydrodynamics were significant, he is most remembered by lithographers for his
treatment of imaging. Describing the imaging capabilities of telescopes, Lord Rayleigh
developed the now-famous Rayleigh criteria for resolution and depth of focus. In this
column, we'll repeat a version of Lard Rayleigh's derivation {using modern terminology
specifically for lithography) and see how the Rayleigh depth-of-focus criterion can be
extended to high numerical apertures and immersion lithography [2].

Exit pup!
o water " Water

Click here to enlargs imags

Figure 1. Focusing of light can be thought of
35 = converging spherical wava: z) in focus,
and b) out of focus by = distance

A common way of thinking about the effect of defocus on animage is to consider the
defocusing of a wafer as equivalent to causing an aberration — an error in curvature of
the actual wavefront relative to the desired wavefront {i.e., the one that focuses on the
wafer; see Fig. 1), Looking at Fig. 1h, the distance from the desired to the "defocused”
wavefront gones from zero at the center of the exit pupil and increases as we approach
the edge of the pupil. This distance between wavefronts is called the optical path
difference {OPD), The OPD is a function of the defocus distance & and the position within
the pupil, and can be obtained from the geometry shown in Fig, 2. Describing the position
within the exit pupil by an angle 8, the OPD is given (after a bit of geometry and algebra)
by

OPD

Click hare to enlarge image

Figure 2. Geometry relating the optical path
difference (OFD) bo the defocus distance &
and the angle &.

OFD = 8(1 - cos@) (1)

Click hare to =nlsras imags

Depth of focus (DOF) is defined generically as the range of focus that can be tolerated.
While an exact criterion for "tolerated"” is application-dependent, a simple example can he
used to guide a basic description of DOF. Consider the imaging of an array of small lines
and spaces, The diffraction pattern for such a mask is a set of discrete diffraction orders,
points of light entering the lens spaced regularly, depending only on the wavelength of
the light & and the pitch p of the mask pattern. The angles at which these diffraction
orders will emerge from the lens are given by Bragg's condition:

_ ik
P

where /m is an integer, Using this integer to name the diffraction orders, a high-resolution
pattern of lines and spaces will result in only the zero and the +1 diffraction orders
passing through the lens to form the image.

sin®

(2)

Combining Egns. 1 and 2, we can see how much OPD will exist between the zero and first
arders of our diffraction pattern. Unfortunately, same trigonometric manipulations will be
required to convert the cosine of Egn. 1 into the more convenient sine of Eqn. 2, Qne
manipulation uses a Taylar series:

1 co, sa'® _in's
OPL wansl] e - . [l
1ot T snfan S 3
Click hars tn anlarns irmans

At the time of Lard Rayleigh, lens numerical apertures were relatively small, Thus, the
largest angles going through the lens were also quite small and the higher-order terms in
the Taylor series could be ignored, giving

OPD =1 5sin? 6 )

How much OPD can our ling/fspace pattern tolerate? Consider the extreme case, If OPD
were set to a quarter of the wavelength, the zero and first diffracted orders would be
exactly 90° out-of-phase with each other. At this much OPD, the zero and first arders
would not interfere with each other at all and no pattern would be formed. The true
amaunt of tolerable OPD must be less than this amount.

OFD,,. =

where k< (51

Click here to enlarge image
Substituting this maximum permissible OPD inta Egn. 4, we can find the DOF.

DGF =28y =k

where i is an integer, Using this integer to name the diffraction orders, a high-resolution
pattern of lines and spaces will result in only the zero and the +1 diffraction orders
passing through the lens to form the image.

Combining Egns. 1 and 2, we can see how much OPD will exist between the zero and first
orders of our diffraction pattern, Unfortunately, some trigonometric manipulations will be
required to convert the cosine of Egn. 1 into the more convenient sine of Eqn. 2. One
manipulation uses a Taylor series:

v tiwnt)- i ien )y

Click here to enlarge image

At the time of Lord Rayleigh, lens numerical apertures were relatively small. Thus, the
largest angles going through the lens were also quite small and the higher-order terms in
the Taylor series could be ignored, giving

OPD=15sin” 0 (4)

How much QPD can our linefspace pattern tolerate? Consider the extreme case. If OPD
were set to a quarter of the wavelength, the zero and first diffracted orders would be
exactly 90° out-ofphase with each other. Ak this much OPD, the zero and first orders
would not interfere with each other at all and no pattern would be formed. The true
amount of tolerable OPD must be less than this armount,

P, =J_.lI where by < (5)

Click here to enlargs imags

Substituting this maximum permissible OPD into Eqn. 4, we can find the DOF,

and the high-MNa version of the Rayleigh criterion becomes

A
2ty all—cosé)
Click here to enlargs image

D

Microlithography \World

Likewise, the angle B can be related to the pitch by the modification of Eqn. 2 to account

for immersion, BookrArk o <0 || B add RSS Feed

The Lithography Expert: The Rayleigh
depth of focus

A
g Sinﬁz% (11)

Combining Egns, 10 and 11, one can see how immersion will improve the DOF of a given
feature:

[T (Y Y 1)
Click here to enlarge image
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Da Hecht Zajac, Optics - Reminders on interference and diffraction

Addison-Wesley (1974)

10.1.2 Several Coherant Dsculators

As a simple vet logical bridge betwesn the studies of
imerferance and diffraction, consider the arrangement of
Fig. 10.6. The lllustration dapicis a linear array of & coherent
point pscillators {or radisting antennas). which are aflch
identical even to their pajarization. For the moment, consider
the oscillators to have no intrinsic phase difference, i.e. they
pach have the same epoch engie. The rays shawn are &l
almost parzllel, meeting at same very distant point P. i the
spatial axtant of the array is comparatively small, the separate
wave amplitudes srtiving at @ will ba essentially equal,

having traveled nearly egual distances, that is

Eﬂ{rlj = Eo(-"z:' L e OUI\'} = E:l[(]-

The sum of the interfering spherical wavalats yields an
etectric figld at @, given by the real part of

E= En{-")sj'k" ran g Eﬂ{r}aﬂkr;--mi +4 f;,l:!}ﬂ':m“'_””.
(o)
It should be clear, from Section 9.1, that we need not ba

cengarned with the vector nature of the alectric field for this
configuration. Mow then

E = E.-,l:!']e_m'l!"“['l + ai&l‘ri—ni + 'mq—m S Eu""-'”].

The phass difference between adjacent sources it obtained
from the expression 3 = kA and since A = ndsind, in a
megium: of index 4, § = kd'sin . Making use of Fig. 10.6, it
foilows thet é = kir, — r,), 28 = kiry — r,) etc. Thus the
field at P may be written as

E= .En(r}e' iwreih.[‘ + {a”‘] 4+ I:ﬂ‘mll i {alﬂl}a B .I:B,rﬂ].'-'- I].
(10.2)

i Y

v 4
"l B
lﬁ”\\, L

AN — i psin)

by
Fig. 10.8 A lingar anay of in-phase coherent oscilletors. Note that
at tha angle shawn 4 = n while at ¢ = 0 7 would be zero.

The bracketed geometric series has the value
(89 — 1)/(e = 1)
which can be rearranged into the form
gV gi¥al |

& |M§.‘2]

‘,i'j,-i'[;m-'z i s' fdd ]
PELEY m.-z[‘_“’_’ﬁ'l‘f{ 2]

The field than bacomes

or agquivalantly

E = E (r)aimglin-15-11 z|(9.i.f1_ﬁ{f_7}£

sin 472 ) =199

Notica that if we define A to be the distance from the canter
of the line of oscillators 1o the point P. that is

R =4N - T)dsint +r,,
then Eg. {10.3) takes on the form

(10.4)

Finally, then, the flux-density distribution within the iffrac-
tion pattern dus to A coherant identical, distant paint
saurces in a llnear array is proportional to ££7 /2 for complex
Eor

|, sin? (8812)
T gin? 4372}

where /, is the flux density from any single saurce erriving at
P (see Problam 10.2 for a graphical derivation of the iradi-
ance). Fat N=0/=0 for N=1/1={, and for ¥ = 2,
4 = &4, cost (4/2) in accard with Eq. {9.6). The functional
dependanca of f on I is mora apparant in the form

sin’ [Ni&d/2) sin ‘]].

= o ka2 sing] e

(10.5)

The sin' [M(k/2) sin '} term undergoes rapid fuctuaticns,
while the function modulating it. [sin [{kd/2) sin@]i- 2
varies relatively slowly. The cembined expression gives rise
to a seres of sharp principal peaks separated by smalt
subsidiary maxima. The principal maxlma gccur in dirsctians
i,auchthatd = 2mm where m = 0, +1, £2,... . Becausa
d = Ad'sin i

dsinfl = mi. (10.7)

Since [sin® N§/21/[sin? 5/2] = N* for § = 2mn  (from

L%

d

z

- Fig. 10.8 A coherant line source.
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L'Héaspitals rule) the principal maxima have values A4,
This is to be expected inasmuch a2 ali of the oscillators are in
phase 8t that onientation. The systam will radiate a maximum
in a direction perpendicular ta the erray {(m=00,=0
and =}, As 0 increases, & increases and / falls off to zero at
N3/2 = = its first minimum, Nowethatif o < Zin Eq. {10.7),
onty the m = 0 or zero-order principal maximum exists, /f
we were {ooking at an ideafized ling source of efectran-
osciffalors separated By atomic distances, we could expect
onfy that cne principal maximum in the iight field.

The antenna aray of Fig. 10.7 can then fransmit
radiation in the narrow beam or lobe corresponding to a
principal maximum {the parakelic dishes shown reflect into
the forward direction and the radistion patterm is no longer
symmetrical around the common axig) Suppose that wae
have a system in which we can introduce an intringic phase
shift of » betwean adjacent oscillators. In that case

8 = kdsinff +&;
the various principal maxima will occur at new anglas
dsinf, =md - ¢/k,

Concentrating on the central maximum m = Q, Its ariéntation
i, can be varied at will by marely adjusting the valua of ..
The principle of reversibility, which states that without
absarption, waye motion is reversible, leads to the same field
pattern for an antenna usad as sither a transmitter or raceiver.
The array, functioning as a radio telescope, can therafore be

"pointed” by combining the output from the individual

antennas with an appropriste phase shift, : introduced

betwesn sach of them. For a given - the output of the system
corrasponds to the signat Impinging on the srray from =
specific diraction in space.

Figure 10.7 i3 a photograph of the first multiple radio
interferomater designed by W. N. Christiansan ang built in
Auystralia in 1951, It conslats of 32 parabolic antennas, ssch
2 m in dismetar, designad to function in phase at the wive-
length of the 21 cm hydrogen emission line. The snténnas
are arranged along an east—west bassline with 7 m separating
egach ona. This particutar aray utilizes tha sarth's rotstion
as the scanning meachaniam.

Examine Fig. 10.8 which depicts an idenlized line source
of elegtron-oscillatore {e.g.. the secondery sources af the
Huygens-Frasnel principle for a long slie whosa width ia
muych less than A iluminated by plane waves). Each poim
emits a spherical wavelet which we write as

£= (i") 8in (nid = kr)

axplicitly indicating the inverse r-dependence of the ampli-
tude. The quantity £, is said to be the source strength. Thi
prasent situation is distingt from that of Fig. 10.6 in that now
the saurces are vary weak, their number, A, is tremendous)y
large and the separation betwesn them vanishingly smail. A
minute, but finite segment of the amay Ay, wili contein
Ay, (/D) sources where I is the entire length of the array,

Fraunhofer diffraction

Imagine then that the array is divided up into M such seg-
ments, |6, §goes from ¥ 10 A The contributian ta the alectric
field intansity at P from the jih segment is accordingly

E = (i )sm {rf — kr,)(”ay')

provided that Ay is so smail that the oscillators within it
have a negligibia relativa phase diffarence ¢, = constan?)
and their fields simply add constructively, We can cause the
arrgy o become a continuous (cobargnt) line gource by
letting A appeoach infinity. This description, besides being
fairly realistic on a macroscopic sceéle, also ailows the use of
the calculus for more complicaied geometries, Certainly as V
appiogches intinity, the source sirengths of the individual
oscillators must diminish to near zaro if the total output is to
be finite. We can therefore gefing a constant £, as the
gource Strength par unit fength of 1the aray, that is

1
= 5 Jifn {FM). (10.8)

The net fig/d ot P from ait M segments is

L1
£
E= T “bsin (wt — ki) Ay,
w1
For a continucus line source Ay, can become infinitesimal
(M— )} and the summmmn is then transformed into a
definita integrel

i F 2 3R (rd = k!r_) i

Lz r (105}
where r = H{y), The approximations used to svaluate Eq.
{10.9) must depend on the position of # with respect o tire
aray and will therefore make the distinction betwean Fraun-
hofer and Fraspel diffraction. Tha coberent opticad line
source does not now axist as a physical entity but we will
make good usa of it a5 @ mathematicsl device,

10.2 FRAUNHOFER DIFFRACTION

1423 The Single 5lit

Return 1o Fig. 10.8 where now the point of ghsarvation is
very distant from the cohgrent ling source and R » 0.
Under these circumstances r(y) nevar deviates appreciably
from its midpoint value & so that the quantity {£,/R) ot P is
assentizly constent for all elements oy, (1t follows fram Eq.
£10.9) that the figld 5t 2 due 1o the differential segmant Gf the

source dy {8

o = Lgin (t ~ &) dy. (10.10)

R
wherg (£, /@) dy is the amplitude of the wave. Notice that
the phase is very much move gensitiva ta varistions in r(v)
than is the amplituda so that we will have 10 be more carefu)
about intreducing approtimations into it. We can axpand
r{¥}). in precisely the same manner as was dong in Problem
(9.4), 1o get it as an expticit function of y, thus

r=R—ysind + (yY2R)cos? U 4. - (10.11)

where () is measured from the x2-gtane. The third tarm can be
ignored so long as its contribution to the phasa is inslgnifi-
cant gvan whan ¥ = +0/2, ie (rD*/4;R} ¢os’ & must be
negligibla. This will he trug for all velues of # whan R is
adeguately large and we Bgain have the Fraunhofar condi-
tian. The distance ¢ is then lingar in . Substituting into
Eq. (10.10) and integrating feads to

g
£ = ET'} sin [rf - k(AR — ysind)]dy, (1012}
Al o
and finally
_ E,Dsin [(kDIZ} sin E!]
BB eing SN - kAL (1013)
To simplify the appearance of things let
B = k2 sin (1014
so that
0 (sm [)
£= 7k i sin (ot — kA). f10.15)

The quamity most readily meagured is the irradiance {(for-
getiing the constants) (i} = (£25 or

w21

wherg ¢sin® (wt — KA}y =+ When d = 0, sin /8 =1 and
HY = K0} which corresponds to the principal maximum,
The irradignce resulting from an idesiized cofisrent line
source in the Fraunholpepproxifiatio

5in ,ﬂ}z

{(10.16)

Hp = (|25

or using the sinc function
Appendixj

fHy = 10} sinc? ff.
There is symmetry #bout the y-axis and this expressicn
holds for & measured in any plare containing that axis.
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Effects of diffraction

> - senf=24 “Diffusion cone”:
|‘ " | A Sino ~2/a
U Ff 1\".5 .' senfl = =

f \ |

Diffraction ripples:

a | ~ I, (sina/o)?
with:

oa=masing/ A

— ey
el
—
gt
™
-\-"-.
-
-
Ly
=3
=
[l
. )

Optical diffraction is for sure a fundamental limiting factor
in optical microscopy and lithography
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Criteria for space resolution (in optical microscopy)

3.1.2.1 POINT-SOURCE ABBE IMAGE

The calculated intensity distribution assumes a parallel beam of light wavelling along
the axis of a thin lens and brought to a focus at the focal distance (Fig. 3.8). For the
eplindrically symmerric case, the ratio of the peak intensities for the primary and
secondary peaks in the intensity distribution is ca 9:1, while she width of the
primary peak is given by the Abbe equation as follows:

Abbe

(3.

where J is the wavelength of the radiation, & is the aperture (half-angle) of the lens
(determined by the ratio of the lens radius to its focal length), and p is the refractive
index of the medium between the lens and the focal point {u = 1 for air).

Intensity

Figure 3.8 The Abbe equation gives the width of the first j
point object at infinity in terms of the angular aperture of t}
radiation £

tensity peak for the image of
lens o and the wavelength of it

levable space
resolution d ~ 0.61 A /(NA) > A/2

(NA: numerical aperture of the optical system:
NA =n sina, with n refractive index)

0.612 Da Brandon Kaplan

= usine Microstruct. Charact.
—_— o of Materials
Wiley (1999)

Rayleigh

Figure 3.10  The Raleigh resclution criterion requires that two point sources at infinity have
an anguiar separation which is sufficient to place the maximum intensity of the primary image
peak of one source at the position of the first minimum of the second

1
Abbe Limit
d=5 d>d
d<d
|
Appparent Object Size

Figure 3.11 [_iarge objects of diameter d are blurred by the diffraction limit & derived from
the Abbe relationship, but objects smaller than the Abbe width are still detectable in the

microscope, although the intensity is reduced and they have an apparent width given by the
Abbe equation
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A (qualitative) look at Fourier-transform optics

A surface pattern f(x,y) (i.e., an object to be imaged!) can be
always described in terms of a (2D) Fourier superposition

Fourier components are function of the reciprocal space ky ky :
f(x,y) = I f(ky ky) exp(-iky x) exp(-ikyy) dkydky

Large ky (and ky) values imply large angular displacement

A faithful pattern reproduction (i.e., an accurate image) implies
collecting the Iargeﬂnumber of kyand ky

Large numerical aperture (NA=nSina.) needed for high resolution

but

D —~
Q
o
=)
<
o)
>
=t
o
>
)
=
=
)
<
(7]
@
3
=
@
Q

Large numerical aperture leads to sensitivity to “stray light”

1

Contrast falls down and high space resolution is hampered

Detector

Collection optics

Object (pattern)

X
[llumination

Detector

17

a &

Collection optics

AAAAAAAAAAAAA

e X

lllumination

Contrast (i.e., signal-to-noise) affects the ultimate resolution
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3. Improving resolution: optical confocal microscopy |

For instance, in optical microscopy confocal systems have been developed with a space

resolution on the order of 200 nm (for the visible light), i.e., close to the diffraction limit

“Stray light” effects are removed and the contrast is enhanced

Extended Light Versus Point Light Source lllumination

image ol thickh samplp s o5

H\H Extonded Fght scurce

Ty
Thick sample \

Wurndna tion  light paih Colimction light path

In conventional wide field
microscope, ordinary
extended light is used as
light source, the specimen is
Iit laterally and vertically at
the same time as shown in
the illustration. The resulting
image is affected by all the it
spots from the whole
iluminated field, although it
1= centered at a given focal
plane and local spot. These
illuminated dots interfere
with each other |aterally and
the stray light compromise
Image contrast. Image
contrast, defined as the
difference hetween the

minimum and maximum intensity of two points in the image, is an impaortant factor for an
optical device to achieve its resolution, without proper contrast, the signal has little difference
with background and the resolution of the an optical lens can not be realized. Improved
contrast helps an optical device to regch its maximum resolution

http://www.hi.helsinki.fi/amu/AMU%20Cf_tut/Cf_tut_part1-3.htm

In practical
terms, space
resolution is also
a matter of
contrast
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Optical confocal microscopy Il

In another configuration, a plate with a small hole called pinhole is placed before the image
detecting device like belowy:

In this configuration, light from under-focal-plane wiill
be focused at a plane behind the pinhole such is
hlocked away by the pinhole plate. The light from
above-focal-plane will be focused before the pinhole
and is blocked away by the pinhole too. Only the
light from focal plane is just focused at the pinhole

Detector

e Pinhole

. thus can reach the iImage detector. This process
4 b simulates what you dowith a microtome to cut
some urwanted tissue away, but you do it here
Ohlsctive Lans C;—:-_} optically, this is so called "eptical sectioning”.

W The size of pinhole determines how thick an optical
Focal Plane 74_/6.3%_ slice will be. The smaller the pinhole, the thinner the
:'*ﬁl't-;l'i.p slice. But the thickness will not go down indefinitely.
In-focus Rays Itis alzo limited by all those factors affecting
Out-ol-focus Bays | o cn)tion of the lens: the wave length of light,
MNumerical aperture of the lens, reflecting index of
media, together with pinhale size, the z-resolution is usually 2 times waorse than lateral
resolution of an objective. For a lens of 1.4 MNA, blue light at 488 nm, the lateral resolution is
200 nm, the achievable optical section thickness is about 400 nm.

Stray light reduction through a pin hole
—> Optical sectioning (at a limited extent)

—> But, scanning technique
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Optical confocal microscopy Il

In practical, a point-like light source is achieved
by using a lazer light passing through a
illurmination pinhole. This point-like light source
Iz directed to the specimen by a beam splitter
(or ACES in Leica's BSP-free system) to form
Confocal a point-like illumination in the specimen. The
w —— Pinholes point-illumination mowe or scan on the
- specimen by the help of a scanner. The

; reflected emission light from specimen's focal
,,I M plane passes through the detecting pinhole

== lpetector and form point-like image on detector PMT
— (photon multiply tube).

Laser

Beam
Splitter

PMT converts detected photon into electran.

It iz possible to amplify wealk signal by

manipulating the woltage (gain) on the tube . tis
/9 als0o possible to cut off background signal by

Tt e set certain threshold (Offset) on the tube.

- —--—-—— Mot In Focal Plane FMT has large active area to receive photons
In Focal Plane thus high saturate point, and PMT has low dark
-------- Mot In Focal Plane current thus low background, together, which

provide high dynamic range that is defined as
the ratio of maximum allowed intensity  dark current. Besides, FMT has very high refresh
rate since there iz no charge accumulate on it. It detects event at nano- seconds level

Further reduction of stfray light through the use of a point-like laser illumination
3D mapping capabilities can be added by moving the system along the focal axis

Frequently 2-photon excitation is used to further enhance space resolution (due to
the nonlinear dependence of the absorption probability on the exciting intensity)
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Optical confocal microscopy IV

Taking together, in confocal system: More on:
Rohert H Wehh

Confocal optical microscopy

@ A point light source for illurmination
@ A point light focus within the specimen

These three points are optically conjugated together and aligned accurately to each
other in the light path of image farmation, this is eenfocal Confocal effects result in
supression of out-of-focal-plane light, supressian of stray light in the final image

“Segregation”

Confocal images have following features: of qu antum
@ void of interference from lateral stray light: higher contrast. wells
@ void of supperimpose of out-of-focal-plane signal less blur, sharper image.
@ images derived from optically sectioned slices (depth discrimination)
@ |mproved resolution (theoretically) due to better wave-optical performance,
Is confocal effect e_ifree ;ake? ) ) )
e e e sy, o S8 MO Confocal photoluminessence images of a I1-V laser structure sh
sectioning. ZnCdBelfnSselZnhdesSe separate confinement heterostructure:

Confocal and Widefield

nce Microscopy

Colocalization of Actin and Vinculin in Normal Tahr Ovary Cells

Figure 1

Frequently employed in biology (with fluorescent
markers of cells and cell components)

(e)

Figure 1 )
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Space resolution in optical lithography |

interest in lithography

Confocal schemes can be used to push resolution
of an optical microscope towards the fundamental
(diffracion) limit, but technique is scanning (no more
parallel) and requires transparent samples = small

Half-pitch, critical size, space
resolution in lithography

wavelike nature of light leads to diffrac-
tion, reducing contrast between nominally
bright and nominally dark areas of the
pattern. In analyzing this phenomenon
with the tools of classical optics, including
Fourier decomposition,” it quickly be-
comes apparent that the parameter con-
trolling the image quality is the spatial
frequency, or pitch, rather than the size of
the smallest feature.

MRS Bull., vol. 30 (dec. 2005)

The Rayleigh equation is a commonly
used rule of thumb in optical lithography,
relating the half-pitch (HP) to the vacuum
wavelength of the exposure light (A), and
the numerical aperture of the imaging sys-
tem, NA = nsin®, where n is the refrac-
tive index of the medium above the
photoresist-coated wafer and 9 is the half-
angle of the converging beam in the image
plane (see Figure 1):

HP = kA/NA. (1)

In this equation, k; is a parameter deter-
mined by the illumination conditions, the
ptructures and materials of the photomask,
he quality of the imaging optics, and the
performance of the photoresist.
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Mass-produced semiconductor manu-
facturing entered the era of nanopattern-
ing when the smallest feature sizes
crossed the 100-nm threshold. For the last
two years, the “half-pitch” (half the dis-
tance between the centers of adjacent fea-
tures in periodic structures) has been
nominally 90 nm, and according to the In-
ternational Roadmap for Semiconductors
(ITRS), the size reductions will continue
for at least one more decade.! The so-
called nodes act as signposts: 65 nm in
2007, 45 nm in 2010, 32 nm in 2013, and so
on. To understand the true state of litho-
graphy, itis important to understand what
these numbers mean. The nodes represent
the nominal half-pitch of the densest fea-
tures on the chip. The smallest features
(“critical dimensions,” or CDs) will be
equal to this half-pitch only when dense
patterns of equal lines and spaces are
formed. Such a geometry is common in
memory devices such as dynamic random-
access memories (DRAMs). In micro-
processors, however, the patterns are
more typically semi-isolated lines, where
the width of the lines is much smaller than
the width of the spaces. Thus, the CDs can
be much smaller than the half-pitch. For
example, at the 65-nm node, the CD in a
microprocessor may be only 45 nm, with
each line separated by 85-nm spaces, for a
total pitch of 130 nm. Adding further com-
plication, the definition of a node by a par-
ticular semiconductor manufacturer may
vary from that of the ITRS, depending on
the target product. An accurate comparison
of lithographies across the semiconductor
industry must thus take into account these
sometimes hidden assumptions.

This seeming hair-splitting between
half-pitch and CD is dictated by the
fundamental constraints and challenges
facing projection optical lithography. By
far the most common patterning technol-
ogy, optical lithography clearly has ad-
vantages over its competitors, particularly
in high throughput, allowing economical
mass production and defect control and
enabling acceptable product yield. Its



Da M. Madou,
Fundamentals of microfab.,
CRC (1997)
INGIDENT
UV LIGHT
ON MASK
? MASK PLATE
4+ MASK PATTERN
3 kb -t o2 b - RESIST
LR A WAFER
r “] IF "| ———— IDEAL TRANSFER
i I I 1*-—~——-- ACTUAL TRANSFER
I I
I }
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TRANSFE;&BLE
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POSITICN ON WAFER
(ARB UNITS)

Figure 1.7 Light distribution profiles on a photoresist surface after

light passed through a mask containing an equal line and space grating.

(From Willson, C. G., in Introduction 1o Microlithography, Thomp-
son, L. F, Willson, C. G., and Bowden, M. 1, Eds., American Chemical
Society, Washington, D.C., 1994. With permission.)

Space resolution in optical lithography Il

Further technological limitations:

Mask/substrate distance (divergence);
Resist thickness and depth of field;
Resist homogeneity

Empirical formula:
I
2b_. = 31‘: Ii‘-.ks+ 5

where b, stands for half the grating period, s for the gap between
the mask and the photoresist surface, A for the wavelength of the
exposing radiation, and z for the photoresist thickness.

Example:
A=350nm,s=5um,Z=0.5um
= bin > 2 pmll!

Care must be put even to
approach the diffraction limit
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Space resolution in optical lithography Il

Resolution of Contact and Proximity Printing

- Fresnel Diffraction (near filed)

Contact Printing: 2h =k« 0.54d

Proximity Printing: 2b = kaf /(s +0.5d) = kf0.57d - 142

L

_ Example

4. = exposure wavelength

d = resist thickness ) = 435 nm (g-line)

2b = line-space pitch resolution d=0.5um

s = mask-resist spacing s =10 um

K~3 b (contact) ~ 0.5 um

b {Proximity) ~ 2.6 um
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Comparison of configurations

Sepa ation Depends
on Type of Sysiem

Prajection

Frovimity

—_—
——
— ey -— o o e —
» Lo
lniilent : i :
Pl o ght Inbenzify
Wave Resine— Walir at Resist Surface

Cons

» High resolution » Mask contamination and
Contact * Low cost damage
+ High throughput » Defects impact

Proximity + Low mask contamination + Poor resolution

+ High resolution
Projection » Low mask contamination « Expensive

+ High throughput
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Role of depth of focus

DOF - The range over which there are clear optical images

A I
NA? NA?

DOF decreases much faster than that of R when NA increase!

DOF and Practical Resolution

DOF = K,

Why need to meet DOF Requirement?

« Substrate is not flat (~ 10 um across a wafer) 06 3
« There are previously fabricated patterns on the wafer (~ um 05 25
E 0.4 2
Example S 03 1.5
K,=0.5, L =435nm (G-line), NA =06, DOF ~ 0.6 um! ;E 0.2 ’
% o 0.5
0 0
0 0.2 0.4 0.6 0.8

Resist thickness must be NA
smaller than DOF
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More on space resolution
2 Optical Lithography

Optical lithography is the most important type of lithography. Originally the name
referred to lithography using light with wavelength in the visible range. Nevertheless,
gradually, the wavelength was driven down to 193 nm, which is used in semiconductor
production nowadays, and even shorter wavelengths down to the sub-nm rage are under
investigation.

The key issue o
the smallest featurd
This MFS depends on Tl R the illumination wavelength A, on the
materials of the optical system arld the re51st used. In Sec. 2.1 the different illumination
methods and their physical resolution limits are addressed, in Sec. 2.2 the wavelengths
and the light sources are discussed, also for wavelengths below 15 nm, while lithogra-
phy with these wavelengths is discussed in Sec. 3 and 4, and in Sec. 2.3 the materials
and the forms of the optical system are dealt with.
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2.1 Ilumination Methods and Resolution Limits

Figure 3 shows a schematic view of the three different illumination methods contact,
_proximiny and projection lithography. With all three, the light emitted by a light source
passes a condenser optics so that a parallel beam is formed. With contact lithography,
mask and sample are pressed together so that the mask is in close contact to the resist
(Figure 3a). The resolution is limited by deflectiopati1s expressed by the MFS which
can be obtained. For contact lithography this is{ MFS =X , where d is the resist
| | thickness and A the wavelength. For a resist thickne S wavelength of about

400 nm, this viclds a minimum feature size of 600 nm. The major drawback of this
method is that the quality of the mask suffers from contact to the resist, leading to fail
ures in the structure. To avoid this problem the second method was developed
(Figure 3b). With proximity Iztkogmphy there is a deﬂned proximity gap g between sam-
ple and mask, so there is no deterioption sask, The drawback is the poorer reso-
lution limit, which is propomona ,,F(d+g)-. gth same figures as above and a
proximity gap of 10 ym, the MFS is 2 InY;
The method used today in industrial production is so-called rojecnon I:thogmphy
(Figure 3¢). Here not the shadow of the mask is transferred to the samplc-a ; -
other methods, but Therefore aﬂer
passing the mask, the light iz bundled by an optical system. The mask is not in contact
with the sample, so there is no deterioration as in contact lithography, but the resclution
is better than in proximity lithography. Furthermore it is possible to reduce the picture so
the patterns on the mask are allowed to be bigger than the patterns on the sample. This is

advantageous 10t mask Tabrication: BrTors are also reduced. If 1t 1S possibie 10 obtamn
masks with an accuracy of 100 nm, then the error for a structure of 500 nm to be trans-
ferred onto a samp %, if it ig transferred one by one. If the picture is reduced 4
times, then for a300 nm feat ire on the sample, the feature on the mask has
therefore the mask only 5 %. Because of the reduction, the wafer is notesxpe

in one exposure, but in several . This is done by so-called steppers, in which the wafer is
adjusted under the mask by an x-y-table. The stepper moves the wafer from one expo-
sure position to the next, while the mask is not moved.

In projection lithography the limiting factor to the MES
glit width b which is illuminated by a monochromatic plane wive Wit w111 the inten-
sity distribution look like on a screen at a distance / behind the slit? Therefore consider
two Huygens waves, one from the lower rim of the slit, one from the middle. There will
be an optical path difference between these two Huygens waves, depending on the angle
of propagation 8. The magnitude of the path difference (PD) is:

pD=§sin(e) ()

The two Huygens waves will interfere destructively if the PD is an odd multiple of the
half wavelength:

gsi_n(@mm) (Zm + 1)

NI)——

withm—0,+1,+2, ... (2)

Under this condition, the Huygens waves from the lower part of the slit will interfere
destructively with the ones from the upper part. At the angle &, there is a minimum of
intensity.

The Huygens waves do.interfere constructively resulting in a maximum of intensity
when;

%sin(@mx) =m\  withm=0,+1,+2, .. holds. 3)

In li ho ra h the dlﬁractmn atl

first approach is given by t P [3]. When light coming from a point
SOUTCE passes an optical system a hlurred diffra.ctlon pattern — the Airy disc — oceurs.
The Rayleigh criterion says that two ideal point sources (e.g. stars) can be resolved
when the intensity maximum of the ene Airy disc is in the first minimum of the other, so

MFS is given as:
MES =061 (4)
N4

where NA is the numerical aperture of the optlcal systerm. Nevertheless the Rayleigh ori-

. The mask patterns are not
independent (1.e. incoherent) ideal point sources, on the contrary they have a finite width
and the light is partially coherent. Nevertheless, the form of the criterion gives the right
dependences. If the wavelength is decreased by 10 % or the N4 is increased by 10 %, the
MFS is improved by 10 %. Furthermaore, it was derived only by properties of the optics
although the photoresist also affects the MFS. Therefore more generally, the criterion is
written as:

(5

where &, is a constanf (typically 0.5 - 0.9), whigh accounts for non-ideal behaviour o
the equipment {¢.g, lehggmrors) and the inflypdCes which do not come from the optic
(resist, Tesist processing, shape=o Aged structures,...). Therefore k, is cafled thy
technology constant,

As a comparison, for a technology constant of 0.7 and a numerical aperture of 0.7,
which are commonly used figures, the MFS is in the order of the wavelength A. So it is
better by about a factor of 0.66 than the MFS of contact printing.
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Modulation transfer function

Figure 4 clarifies the connection between mask, diffraction and intensity distribu-
tion in the image plane. Due to diffraction two sharp features, P and Q, on the mask give
rise to an overall intensity dlstrlbu‘uon on the sample To resolve these two features the
intensity distribution has to have a he two main maximums, It is use-
e modulatlon tra.nsfer functlon {MTF) a®;

My — Jmax = min (6)

The higher the value — the higher the difference between the maximum and minimum
intensity — the better the contrast between exposed and unexposed areas, the better is the
resolution of the equipment. It should be noted that the MTF is only derived by proper-

ties of the optical system. It is a measure of the capabilities of the lithographic tool in
printing structures.
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“Space resolution” ~ kK A/NA ||
with k ~0.5-0.9

How can it be improved?

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-
VCH, 2003)

Pattern contrast affected
by optical diffraction

Contrast relevant in ruling
photoresist impression
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4. Strategies to improve resolution

Great efforts devoted in the past to push resolution down to
the diffraction limit (or even slightly below)

Mostly, optics and “chemistry” are involved into

Resolution Enhancement Technologies
Modified llumination

A w—p o @ 0 @ <>

e 4————  Effective Source Example: features ~
Conventional Annular ﬂ“ﬂd'“ A 100 nm made with 350

Phase Shifting nm radiation
A -l «—— Condenser Lens
s

B == Phase 0 ® 0 £ 0
Alternate Attenuated

Pupli Filtering
b, G
unciion
Projection Lens
Phase Distribution ® ; - - |
Muitiple Exposure : | - Ap erture
Multiple Mask (pup"}
FLEX
Wafer
EF Others _
=) Surface Imaging -——— Aafer Staga
| Thin ResistFilm |
CD m==p + etching process
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~ A. Off-axis illumination

Off-Axis Illumination

To improve resolution without decreasing the wavelength or increasing NA, so-called
off-axis illumination was applied-—The method was already known as a contrast-enhanc-
ing tech i icroscopes. With off-axis illumination, the light beam is
directed from the mask towards the edge of the projection lens, and not, as in on-axis
illumination, towards the center. In normal illumination with partially coherent light,
there always is part of the light which is off-axis, but in the context here with off-axis
illumination there is no on-axis component.

To understand the mode of operation of off-axis illumination, consider a
line-and-spaces structure with pitch p. The incident light will be diffracted into a set of
beams, of which enly the undiffracted beam, the zero-order beam, travels in the direc-
tion of the incident light. The 1% order beam travels under the angle |6\ = arcsin{X/ p} .
If p is too small, thenTQi IL is bigger than the acceptance angle « of the projection optics,
then only the zero-order beam is projected to the sample (Figure 7a). But this does not
carry any information of the pattern, and hence the pattern cannot be transferred onto the
sample. At least the zero- and the 1% order bearn have to be in the range of the aperture

angle. If the incident light hits the mask under an angle &, < ihe undifiracied beam
enters the projection lens at the edge, and the 1 order beam is still collected by the lens,
and therefore a pattern transfer is still possible. The angle of incidence O, can be real-
ized by inserting an aperture in the optical path between condenser and mask
{Figure 7b).

Although the higher resolution is an advantage of off-axis illumination, the impact
on the depth of focus (DOF) is of even greater value. In on-axis illumination, the beams

of different deflection orders have to fravel in different ways so they are phase-shifted to
each other, which results in a lack of focus. In off-axis illumination, the zero order and
1¥ order beam reaches the projection lens at the same distance from the center, which
means that their optical path length is the same. So the relative phase difference between
dramatically.

front of the condenser lens, [t deperm apertures shape which structures are
improved. If there is an aperture as in Figure 8a, only the structures perpendicular to the
arrangement of the apertures will be improved. The aperture shown in Figure 8b yields
an improvement of structures which are adjusted o good angles — up/down or left/right
direction. This is sufficient because in normal cases, the features are in a good arrange-
ment. The aperwre in Figure 8c even decreases this problem, but here the improvement
in DOF is less.

When the resolution in principle has to be improved, then according to the Rayleigh
criterion either the wavelength ) or the technology parameter &, have to be decreased, or
the numerical aperture N4 has to be increased.

Inereasing N4 means physically bigger lenses. Here the problem arises that it is dif-
ficult to produce huge lenses with the required quality; on the other hand the available
materials also limit the physical size of the lenses. So there are still two possibilities of
increasing the resolution

a) *

e

[

-

m = +] Y

On-axis

illumination

Figure 7:

Condenscr
lens

Reticle

Projection
lens

Wafer

b)

Off-axis
illumination

() Optical path and deflection orders ol on-axis

and

{b) off-axis illumination. Note that with the
same wavelength and structure size, the off-axis

illumination allows the 17 order beam to pass
the optical system [3]. A good description of
offaxis illumination is also found in [6].

(Reminescent of confocal microscopy issues)

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-

VCH, 2003)
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B. Phase-shifting masks |

so-called Levenson or alternating phase shift masks (PSM) can improve the resolution

by 40 %. Unfortunately, this improvement is pattern-dependent; for a single structure

there is no neighboring structure, so there is no light to interfere with. Even if there are
structures which are not in a regular arrangement, there is no defined phase shift
between these structures which could yield an improvement in the resolution of all
structures.

The phase shift can be obtained by an additional transparent layer on the mask. If it
has the refractive index » and thickness 4, the phase shift is &= (n—-1)2xd/ ). So a
shift of 7 is obtained, when the condition d = A/[2(n —1)] holds. On the other hand, it is
also possible to recess the mask material so that the right optical path difference is
obtained. But the etch depth can be controlled by the time only, and not, as in etching
away an additional layer, by the thickness of the layer itself.

To deal with the drawbacks of alternating PSM, several other methods have been
developed, which are described next. In rim-PSM, the whole mask is covered by a
-phase-shifter material and then with the resist. Afier development, the phase shifter is
etched anisotropically and the masking layer is etched isotropically, By this a undercut
under the phase shifter occurs at the rim of every structure. This also yields a resolution

improvement, but not as much as with alternating PSM, although it is therefore not lim-ywentional Mask

ited to certain structures.

Figure 6: Comparison of the light A plitude
amplitudes and intenaities a1 the
mask and on the wafer for a con- on Mask

ventional and & phase shift mask,
Note that the intensity on the wafer
between the two features is zero
for the phase shift mask [26].

Amplitude on
Wafer

Intensity on

Material and complexity issues WMafar

Retardation of light engineered to
iImprove interference contrast
(particularly suitable for periodic or
semiperiodic patterns)

Phase Shift Mask

v
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Reminders of light polarization

Phase-shifting masks act like half-waveplates to invert the (linear) polarization of the illumination beam

‘Wawveplates operate by imparting uneqgual phase shifts to orthogonally polarized
field components of an incddent wawve. This causes the conversion of one
polarization state inte anather.

There are two cases. With linear birefringence, the index of refraction and hence
phase shift differs for two erthogonally polarized linear palarization states, This is
the operation mode of standard waveplates.

With circular birefringence, the index of refraction and hence phase shift differs for
left and right circularly polarized components. This is the cperation maode of
polarization rotators.

d Waveplates: Linear Birefringence

Suppose a waveplate made from a uniaxial material has light propagating
perpendirular to Fhe aptic axic. Thic makes the fisld compnnent parallal to the aptic
axis an extraordinary wave and the component perpendicular to the optic axis an
ordinary wave. If the orystal is positive uniaxial, n_ > n_, then the optic axis is
called the slow axis, which is the case for crystal quartz. For negative uniaxial
crystals, M, = My, the optic axis is called the fast axis.

The equation for the transmitted field E,, in terms of the incident field E, is:
E, =s{s*E,)e™ + f(f o E,)e¥

where s and f are unit vectors along the slow and fast axes. This equation shows
explicity how the waveplate acts on the field. Reading from left to right, the
waveplate takes the component of the input field along its slow axis and appends
the slow axis phass shift to it. It does a similar operation to the fast component.

The slow and fast axis phase shifts are given by:

¢, =N, l)ot/c = 2an, (NE/A
#‘T - r‘lrll'.l.n'llﬁ.‘t l|'ll|: = Elm[lllt f}‘-

where n_ and ng are, respectively, the indices of refraction along the slow and fast
axes, and t is the thicknass of the waveplate.

To further analyze the effect of a waveplate, we throw away a phase factor lost in
measuring inkensity, and assign the entire phase delay to the slow axis:

E, =slseE, Je* + fif «E, )
$=d, = ¢ = 20, (A) = ng (W) S A
= 2mAnnt /A

In the above, Anf :'-) is the birefringence n.{ :'L:l = Nyl :"-}. The dispersion of the

birefringence is very important in waveplate design; a quarter waveplate at a given
wavelength is never exactly a half waveplate at half that wawvelength.

Let Ey be initially polarized along X, and let the waveplate slow axis make an angle
with the X-axis. This crientaticn is shown in the figure below.

For a full waveplata:
#=2mm, TII = 1, and TL= 0, regardiess of waveplate orientation.

For a half waveplate:
®=(2m + 1), T, = c0s’20, and TL= sin’28,

This transmission result s the same as it an initial inearly polarized wave were
rotated through an angle 28, Thus, a half waveplate finds use as a polarization
rotator,

For a quarter waveplate:

@={2m 4 1)M/2; i.e. an odd multiple of T/2. To analyze this, we have to go back
to the field equation. Assume that the slow and fast axis unit vectors s and f form a
rinht-handead ranrdinate svsteam such that = % f = 47 tha directinn of nrnnanatinn

¥
5 .

When the waveplate is placed between parallel and perpendicular polarizers the
transmiszions are given by:

Ty« Eaf?-1 - sin? 20sir? ¢ /2
T L=, |* - sin® 28sirf ¢/2

Mote that 8 is only a function of the waveplate orientation, and f is only a function
of the wavelength, the birefringence is a function of wawvelength and the plata
thickness.

Il Fandd Inpul Fiakl
Alang Aldang
Prass Shil [a+yvd =N

p=x/2+2mx RCP LCP
¢=3x/2+2mx LCP RCP

http://www.cvilaser.com
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Phase-shifting masks Il

Attenuated Phase Shift Masks (AttPSM) form their patterns through -
adjacent areas of quartz and, for example, molybdenum silicide (MoSi). EEE Phase = 180°
T

Unlike chrome, MoSi allows a small percentage of the light to pass Tension 8%/ P

3 N (- Phase =10°
through (typically 6% or 18%). However, the thickness of the MoSi is fetcle

Transmission = 100%

chosen so that the light that does pass through is 180° out of phase l:l_]:_H—:U_u—u—LE—Ghmme
with the light that passes through the neighboring clear quartz areas. e ;i
The light that passes through the MoSi areas is too weak to expose the {Energy)

resist, however the phase delta serves to "push" the intensity down to
be "darker" than similar features in chrome. The result is a sharper

Intensity

intensity profile which allows smaller features to be printed on the (Eneray’) Fiesist Threshad
wafer.
Remaining
phiter Resist After
Develop
Etched Quartz

Quartz {180° phase)
{0° phase)
]

T

AltPSMs employ alternating areas of chrome and 180 degree-shifted | : : :

quartz to form features on the wafer. AltPSM is a powerful but complex Phase * 1
technology. The process of manufacturing the mask is considerably Eneray} ~ 1 “ I . ' . ' l [
more demanding and expensive than that for Binary masks. .

Furthermore, the AltPSM must be accompanied by a second "Trim"

mask, resulting in extra cost and decreased stepper throughput. , E
g pp ghp }g::z;g} _____ MHW)( ______ Fesist Threshold

Wafer ﬁ |_| |_| r] |_| W_Fbemainingﬂesist

After Develop

Chrome

I Attenuated PSM iﬂtt PSM] Stacking structure Cross saction
—

Silicon-oxinitride on metal {bilayer structure }. : <® Shifter Laver

S0 shifter film was firstly developed by HOYA, and i= now gaing & '/’ A

irito production as & eo-work beteeen HOYA and DNP % -

Thiz shifter will be used as our standard material for 157nm att. P " /

as well as high transmission 193nm. ::;-L-...u....-
http://www.asml.com Contsel Layer
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Examples of PSM |

Gate lengtf
reduced 00.1

» Phase modulation
used at mask level to

— reduce feature
size

— improve yield

— improve device

performance

Original Layout
0.18 um

Silicon Image

PSM Layout with PSM
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Examples of PSM I

(.18 micron transistors
fabricated with a 0.18
micron process

 0.09 micron transistors
fabricated with the same
0.18 micron process and
NTI phase shifting
technology

SEM Courtesy Motorola
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Diligenti et al.
APL 75 489 (1999)

An (110) silicon substrate (p doped, resistivity

=1-1042 X cm) was oxidized s in) to ob-
tain a 350 nm 510, layerSStandard photolithogr: was

employed to pattern the oxide; the mask used is shown in
Fig. 1{a). It consisted of an array of lines (width 4 um,
length 3000 gm, spacing 4 pm) which must be aligned along
the [112] direction. After the oxide definition, an anisotropic
etching was performed by means of an ethylenediamine-
pyrocatechol (EDP) solution type F (fast) at 115°C. 15 A fter
1 h of etching walls with an high aspect ratio [Fig. 1({b)]
(height=35 pam, width in the range 1-4 um, depending on
the alignment accuracy along the [112] direction) were ob-
tained. For samples with a misalignment greater than 0.07
degrees there was a complete underetching of the planes.'”
Each array contained 1000 planes; Fig. 2 (top panel) shows a
scanning electron microscope (SEM) micrograph of a cross
section of an array of planes,

The samples were then‘etched in buffered HF (BH
remove the oxide mask layer indicated as 510y 1n Fig. 1(b),
and underwent a oxidation. The sequence of oxidation/
etching steps allowed to reduce the wall thickness in a con-
trolled way, and PL measurements were carried out after
each step to investigate the dependence of the emission fea-
tures on the wall width. Figure 2 (bottom panel) is a closer
view of a cross section of the planes, which shows that the 51
core thickness is not uniform, an effect probably due to a
minor oxygen diffusion at the bottom of the walls.

Etching can lead to reduce the
feature size (not the pitch, though)

C. Anisotropic etching

S0y,
ﬁ HHHH

(|1|)
mn Mask alignment

flat top SiO,

[1!!!!!M[:::::jg,on

FIG. 1. Schematic view and orientation of the mask (a); result of the EDP
etching (cross section along the line BB*) (b); a perspective view of the
planes at the end of the etched zone (c); the two zones, fiat top and array,
where the PL was investigated (d).

Silicon oxide

Crystalline
Silicon core

.\‘

QEKV S5 @IKK Z OOF B133

FIG. 23 the array cross section (top panel): a closer view
showing the oxidation effect (bottom panell.
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D. Side wall patterning

Processo di fabbricazione “complesso”
(ma economico!!) per creare Si-nanowires:

a) ossidazione dry (spess. < 0.5 uym):
Si(s) + O, — SiO,
seguita da deposizione Si;N, e patterning via lito.
ottica convenzionale
b) CVD poly-Si (pirolisi SiH, a bassa p):
SiH, + calore(T~1100 °C) — Si (s) +2 H, (9)
c) Reactive lon Etching del poly-Si con fascio ionico
“‘inclinato”
- rimane poly-Si solo sui bordi
d) wet chemical etching selettivo
(soprattutto nitruro) con H;PO,
e) rimozione ossido (poly-Si funge da maschera) con
etching selettivo
f) rimozione nitruro con RIE non inclinata

(Sometimes) by playing with etching
process, results can be achieved
comparable to electron beam lithography
(once more, feature size, not pitch)

SEM cross sections (in “prospettiva”)

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 3 - pag. 44



E. Interference (holographic) lithography

The mask is replaced by an interference pattern

Feature size can be pushed well below diffraction limit

JM Carter et al., MIT Annual Report 2003

lases bBaam
&= 3511

beamsphtsr.__

warlabie
atEruAbar —

Pockels cal

subsiran

DS arraf

= mapE Figure 2. Arrays of 45-nm-diameter
L == holes patterned on a 90-nm pitch
- L with “dry” 157-nm interference

lithography. The photoresist is
Fig. 28: Schematic of one of the MIT mierferometnic I[Ei’zu:-nmpi'lg negative-tone-acting hydrogen
0

systems. This sysfem accupies @ 2x3m optical bench ina class 1 silsesquioxane (HSQ). The pattern was
clean evorromment. The beamsplitter directs porfioms of the twe obtained Wifh two crosseq EeXpOoSuUres.
z:llterﬁr[ulg spherical beams to photodiodes. A feedback locking is HSQ is a SiO;-like material that acts as
achisved by differentially amplifiing the photodiode signals and an effective growth mask in the epitaxy
applymg @ correction to the Pockels cell which phase shafts one of of lllI-V crystals. Therefore, the pattern
the beams i order to stallize the standmg waoe pattern at the in this figure can be employed as a
substrate. ' template for homo- and heteroepitaxy

of nanoscale structures, without the
need for pattern transfer. Size marker

Pitch improved but is 500 nm.
only space-regular patterns can be achieved MRS Bull., vol. 30 (dec. 2005)

and covered area is typically small y .
Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 3 - pag. 45



F. Immersion lithography

Figure 3. MNumerical aperture.

The medium between the lens and the wafer being exposed needs to have an index of refraction 1,
have low optical absomption at |%3nm, be compatible with photoresist and the lens material. be uniform and
non-contaminating. Surprisingly, ultrapure water may meet all of these requirements. Water has an index
of refraction v = 1.47 [3]. ahsorption of <5% at working distances of up to 6mm |4]. 15 compatible with
photoresist and lens and in it's ultrapure form is non-contaminating. There have been observations of sig-
nificant variations in absorption between ultrapure water samples [4], but this 1s probably due to contami-
nants or dissolved gases. Plugging in a = 147 into equation 3 and assuming sino can reach (093 then the
resolution limits for [93nm immersion lithography are

Resolution is inversely

025 x 193

s o1 - Sommo proportional ton )

35nm theoretical resolution camies 193nm exposure beyond 2007, Simalar techniques applied to
13Tnm exposure could carry optical ithography even further. although 1t should be noted that water 15 not
a usable medium at 157nm and sutable mediums are still being researched.

4.0. Immersion lithography systems issues

There are a number of practical 1ssues to implementing immersion lithography that still need to be
resolved. The stage on a 193nm exposure tool steps from location to location across the wifer scanning the
reticle image for each field. In order to achieve high throughput the stage must accelerate rapidly, move
accurately to the next field location. settle. scan the image and then step to the next location all in o shon
period of time. Maintaining a consistent bubble free liguid between the lens and the water is very difficult.
There are basically three approaches to the problem.

The first approach s to submerge the whole chuck. wafer and lens in a pool of water. The issue with
the pool approach 15 that o complex system of servo motors and laser interferometers are required to aocu-
rately move the chuck. see figore 4, and submerging this whole system would requine significant engineer-
ing.

The second approach is to limit the pool size to the top of the chuck. This technique would keep all of
the chuck control mechanisms out of the water but would add considerable mass to the chuck that must
rapidly acceleraie.

The third technigue and most likely to be used [4], is too dispense the water between the lens and the
wafer with o nozzle and relv on surface tension to maintain a “puddle”. Figure 5 illusirates the puddle
approach. Note how the wafer is recessed into the chuck in figure 5. The lip around the chuck 15 to allow
edge the puddle to extend off the edge of the wafer during edge die exposure.

One issne that is likely to be significant for immersion lithography is temperature control. Variations in
temperature cause variations in w and therefore image distortion. Maintaining temperature uniformity with
a rapidly moving stage and & pulsed laser passing through the fluid will likely be a significant challenge.

Copyright & 2003 IC Knowledge, all rights reserved. 4

bdirror
Polarizing " [ T Lens  sarvg mator
peam splittar Y, /7 driven waler stage
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blirror - I,I

]
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Figure 4. Stepping exposure system stage control

Mozzle —* *— Lans Servo motor
T drwen walar stags

Watar o
puddle _# ]

Walar
Figure 5. Immersion lithography. Stage control omitted for clarity.

NA can be improved but technical and material
Issues exist (thin liquid layer, absorption of
light, decomposition, ...)
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Light sources for optical lithography

Rather obvious recipe to further improve space resolution: decrease the wavelength
Wavelength [nm] Source Range
436 Hg arc lamp G-line
405 Hg arc lamp H-line
365 Hg arc lamp [-line
248 Hg/Xe arc lamp; KrF excimer laser Deep UV (DUV)
193 ArF excimer laser DUV = NOw
157 F, laser Vacuum UV (VUV)
~10 Laser-produced plasma sources Extreme UV (EUV)
~1 X-ray tube; synchrotron X-ray

EXCIMER LASERS: lasers with an electric discharge plasma as gain medium, in which optical gain is generated by excited
dimers (or other molecules) with an anti-binding electronic ground state

An excimer laser is a powerful kind of laser which is basically always operated in the ultraviolet (UV) spectral region and generates
nanosecond pulses. The excimer gain medium is a gas mixture, typically containing a noble gas (rare gas) (e.g. argon, krypton, or
xenon) and a halogen (e.g. fluorine or chlorine, e.g. as HCI), apart from helium and/or neon as buffer gas. An excimer gain medium is
pumped with short (hanosecond) current pulses in an electric discharge (or sometimes with an electron beam), which create so-called
excimers (excited dimers) — molecules which represent a bound state of their constituents only in the excited electronic state, but not in
the electronic ground state. (Precisely speaking, a dimer is a molecule consisting of two equal molecules, but the term excimer is
nowadays understood to include asymmetric molecules such as XeCl as well. The term rare gas halide lasers would actually be more
appropriate, and the term exciplex laser is sometimes used.) After stimulated or spontaneous emission, the excimer rapidly dissociates,
so that reabsorption of the generated radiation is avoided. This makes it possible to achieve a rather high gain.

Typical excimer lasers emit pulses with a repetition rate up to a few kilohertz and average output powers between a few watts and
hundreds of watts, which makes them the most powerful laser sources in the ultraviolet region, particularly for wavelengths below 300
nm. The power efficiency varies between 0.2% and 2%.
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Excimer lasers

2.7 Laser a Eccimeri

Il termine eccimere indica "dimero eccitato”, cioé una molecola, composta da due specie
chimiche, che esiste solo nello stato eccitato mentre nello stato fondamentale non risulta legata
chimicamente. Nel senso pitl generale, indica una molecola biatomica o triatomica esistente soltanto
nello stato eccitato.

Le molecole Xe: ¢ He; sono un classico esempio di eccimeri. Queste infatti, una volta
formatesi, tendono a decadere liberando energia; ritornano cosi allo stato energetico basso (non
eccitato) ed alla configurazione di atomi ndipendenti.

Sisfema di pompagzio

Il pompaggio della miscala pusd avvenire tramite scarica elstmica, mdcroonds appure per
miezze & un fscio di elefman.

el case della scarica elettrica =i bha un basso repdimente di eccitazione peiche solo il 5%
dell'energia prodotia dalla scazica stessa puo essere convertita m energia wiile all'emissione lazer.
Ipolire linstabilita dalle scariche limita la hmzhezza degli impulsi a poche decine 4i nanosecondi
norostants la strufhura interna possa sosteners mupulsi di ceptinaia di panesecondi. Pregio di guesto
tipa df eccitazions & [a relativa semplicia d realizzazione. Per avers vma scarica umiforms & stabile

o ———— S e e . TR e BEE T S R

Population inversion “automatically” achieved since the
dimer can exist only at the excited state (hence ground state
population is virtually zero)

Exceptional gain for the active medium
—>scarce need for resonant cavity
—> poor optical quality of the beam

Operation is only possible in pulsed mode due to the limited
lifetime of the dimer (in the excited state)

- typ 5-20 ns pulses at rates up to few kHz (litho requires
only 5-50 pulses typ. per exposure)
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Fig. 1.6.1 Diagramma dell’ensrgia potenziale dell'eccimera ArF.
E" mostrate lo stato legato transttario dall’ ArF e la mansizione laser a 193 om.

Excimer lasers are ideal

sources for optical litho,
but wavelength cannot be

arbitrarily small
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Search for shorter (radiation) wavelengths

Continuous development of laser
sources with smaller and smaller
wavelengths (DUV/VUV)

Feature size [Lum]

e
-

=]
(X]

Lambda Physik Lithography Roadmap

1 / Excimer laser

-

a7 99 0 03 Q& o7 ) EE ) 11 13
year Optimistic forecasts!

a1 'ﬁt | | T
. . £ 60 - l i
VUV implies: £ N
Material absorption issues =TT ! N \
.. . . %BH 1 = 300 J'zl,s,kﬁ\d
Radiation handling issues | tnonometers)  Wayelength (nicons

Not all wavelengths
are accessible!

Excimer | Wavelength
F2 157 nm
ArF 193 nm
KrF 248 nm
XeBr 282 nm
XeCl 308 nm
XeF 351 nm

Transmittance UV-Grade Fused Silica
{10mm Thickness)

L1

-
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5. X-ray lithography (XRL)

XR source Of ChOiCG: Synchrotra]
Brilliant XR beam
--> proximity mode masks

Synchrotron

Synchrotron Radiation Parameters

Diffraction problems
virtually removed thanks to
the very short wavelength

Beam current 200-300 mA
Energy 0.6—-1.4 GeV
& Critical wavelength (1) 1204 >
. Beam lifetime 5-12 hr
RGS'St typ . PM MA Injection energy 50 MeV full energy
ang 318 € Da M. Madou,
(Cnt'Cal SenSlthlty : Fundamentals of microfab.,
Beam-Line CRC (1997)

--> |large dose, ~ 2 J/cm?)

Electron Storage Ring

Masks:
Typ. Si membranes

Stepper

TABLE 1.5 Optical vs, X-Ray Mask

Optical Mask X-Ray Mask
Mask design: CAD Mask design: CAD
Substrate preparation, Substrate preparation
Quartz Thin membrane substrate (5i,
Be, Ti, ...)
Ao Thin metal film deposition Deposit plating base (50 A Cr,
: then 300 A Au)

Pattern delineation
Coat with resist

Pattern delincation
Coat substrate with resist
Expose pattern {optical, e-beam)}

Effective resolution ~tens of nm
Large depth of field -> suitable for high
aspect-ratio features, micromachining ,

Expose pattern (optical, e-beams)
Develop pattern etch Cr layer Develop pattern
Strip resist Absorber definition:
Electroplate Au (~15 pm for
herd X-rays)

Sirid ist
Cost: $4K-512K
Duration; 10 4

——

Cost: $1K-$3K
Duration: 3 days
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Mask for XRL

Fatteming

X-Ray Mask Fabrication

Substrate: Boron-Nitride / Polyimide

Absorbance: Au

Deposit B

RIE Ta and
& ] ==

Etch BN Deposit Ta/AWTa
‘r —|\ Strip Resist
Bond Pyrex Ring Etch Si

Deposit Palyimide

Deposit Resist
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Technological limits of XRL |

4 X-Ray Lithography X-RAYS

Decreasing the wavelength even further into the x-ray range vields so-called x-ra .
lithography. For these short wavelengths it is not possible to set up an optical path nei v Jha :' e
ther in reflection optics nor in refraction optics. On one hand, there is no material whicl
is transparent enough to make lenses or masks from, and, on the other hand, it is not pos [ —
sible to make Bragg-reflectors. The individual layers in the layer stack have to have . Proximity mask r
thickness of A4, which corresponds to a layer thlckness of ~0.3 nm. This is in the rang y S

f the thi kn f monola i i
of the thickness of one PrOX|m|ty masks

ut proximity x-ray litho
phy (PXL) 18 possible. The advantages are the high resolution limit (~ (g—i—d) RESIST
which is about 30 nm for I nm EXposire wavelengtity and the i

confamination, 1Nese mic number matenals) do na -

absorb the x-rays, and hence are not printed onto the sample. / SUBSTRATE ~,

But there aresome limitations~Consider a source with diameter @ of 1 mm at dis S // /
tance L of | m—tewards the mask and a proximity gap g of 10 pum. Then there is th o
50- calle =a-g/L~10nm, which limits the resolution (Figure 16 ' ,
Furthermore patteris not transferred eorrectly to the sample Even if a point soure: \1 ~RAY LITHOGRAPHY
is used, there isa dlspla,cement Aof A=r-g/L, where ris the radial position on th

sample (Figure 16). This error can be ehmmated if it is taken into account when th LY L
mask pattern is generated,

Nevertheless, if synchrotron radiation is used, a hlgh mtense beam of parallel ligh
is available se these erTors o not occur. Thls another advantage Du

AlIR

! 'i‘\'.l\.g

The problem for PXL is the masks. Since there is no material which is as transpar -
ent to X-ray as quartz to DUV, the carrier layer has to be thin (1 — 2 ym). On the othe e :ﬁ“{
hand, there is also no material which is as opaque to x-ray as chromium te DUV, so th
masking layer has to be thick enough (300 — 500 nm). A cartier layer of 1 ym SiC onl’

has a fransparency of 57 %, while a masking layer of Au still lets 14 % of the light pass ~ MaSK Penumbral blur
The absorbed light will heat the mask so that it expands which leads to another uncer materials

tainty in the pattern transfer Furthermore PXL is a non-reduction printing method, s uud”’;.;_::'ﬁ:ﬂhﬁri'ri

the features on the mask s =% e This makes the produc preximmiiy 3 -ray lilhogrsdy. L

tion oftie masks very ccmphcated when the target 15t the sub-l[][] nm range. 3 (e shalance [rsm semms 5

The mask production se : g sificon wafer, a thin membran eitieds, ¢ B [ ity pap
layer is deposited {e.g. 8iC, Si3N,). Onto this 1ayer a chromium etch stop layer and the anda is e Ll divmueieral
masking layer of 300 - 500 nm of a high-atomic number material is evaporated (e.g. Au the woarx[11].

Ta). Then the mask is coated with an e-beam resist and exposed in an e-bean
dirgct-write system. The resist is used to etch the masking layer with an etch stop on the

chromium so the membrane s not hurt, Larg e scatterin g of second ary
The comimonly used DUV resists show good process aptitude. ; . ;
electrons limits the resolution
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Technological limits of XRL Il

Geometric Effect (Shadow Printing)

Lateral maagnification error (single side)

d
d=(g/L)r -~
ik
Penumbral blur
p=(g/L)a
L
Solution

« Mask correction (for d only)

« Reduce gap g QI

= high reqguirement on the flatness of :l g
=]
substrate and mask! r -|t: 0

* [ncrease L

= need brighter X-ray source)
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Pros and cons of XRL

Potential:
« Very short wavelength (1.0 - 0.01 nm) = high resolution than optical
system
« Area exposure = high throughput than e-beam system
« X-ray is transparent = Low level of dust/contamination impact

Issues:
« Optics is extremely difficult — no lens available for focused of defocused

= Point source and shadow exposure
» Geometric error
« Expensive and complicated A-ray sources (e.g. synchrotron radiation)

« Application safety
« Very complicated mask and fabrication
= Heavy metal (Au) as opaque material: Au
=» Low mass membrane (1~ 2 um Si3N4) as transparent

substrate
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Conclusions

v Optical lithography has been the dominant technique in
microelectronics and still plays a relevant role (this decade, at least)

v' Lithography and microscopy are “complementary” techniques
sharing common problems

v' Fundamental limitations exist preventing its exploitation in the
nanotechnology realm (problems for the next decades)

v’ Efforts are being devoted to keep the pace of miniaturization (as far
as possible)

v’ Technical complexity is growing up, technological limitations (e.g.,
materials) appear

v’ Alternative nanofabrication approaches urgently needed!!
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