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LITHOGRAPHY I: OPTICAL RESIST MATERIALS AND PROCESS TECHNOLOGY 423

images, gives good critical dimension control, good contrast, and adequate depth of focus.
It also has the potential for allowing the slope of the resultant images to be controlled without
the film thickness loss normally present in conventional positive resist processing. Wall angles

in excess of 90° (i.e. inverted wall angles) may even be produced, a feature that could be useful in
metal lift-off processing,

Multilayer Resist Processes

As resist films cross over steps their local thickness is altered. This arises because the resist
that crosses the top of the steps is much thinner than the resist that covers wafer regions which
are low-lying. Thus, during exposure either the thin resist becomes overexposed, or the thicker
resist underexposed. Upon development, a resist pattern crossing a step will therefore possess a
linewidth variation (i.e. narrower on the top of the step). For lines in which step heights
approach the size of the linewidth (e.g. for linewidths or spaces of 1 pm or less), such variations
in dimension become intolerable. In addition, standing wave effects in thick resist layers reduces
their minimum resolution. Finally, reflective substrates also degrade resolution in thick resist
films (see section Linewidth Variation Over Steps).

The use of thin resist films could relieve the problems from standing waves and reflective
substrates, but would not overcome the step coverage limitation. A thick planarizing layer
under a thin-imaging layer would, however, reduce the impact of all of the problems listed above.
Approaches using such underlying planarizing layers are known as multi-level resist (MLR)
processes, since two or more layers are required to implement them?1.

In MLR processes, an organic layer is therefore first spun onto the wafer, thicker than the
underlying steps, to provide a surface which is smooth and significantly more planar than the
original wafer topography.  After pre-baking this bottom layer, a thin imaging layer is
deposited. In some cases a third thin transfer layer, such as SiO,, is deposited on the thick layer
prior to depositing the imaging layer. High resolution patterns are then created in the thin top
layer. These are next precisely transferred into the bottom layer using the delineated imaging
layer as a blanket exposure mask, or as an etching mask to pattern the planarizing layer. Patterns
with resolutions less than 0.5 jLm have been delineated with MLR processes.

The advantages gained by MLR processes, however, are obtained at the expense of added
complexity. This can result in diminished throughput, possible increase in defects, and increased
costs. The degree of additional complexity that can be tolerated, and the expected increase in
defect density depend on the maturity of the alignment tools and the overall device process.

Three multilayer resist processes will be described in this section; a) a portable conformable
mask process, or PCM; b) an organic tri-layer process; and c¢) a bilayer process utilizing an
inorganic resist (Ag,Se /Ge,Se _,) as the imaging layer.

The PCM is the simplest MLR scheme, and is the only one that has reportedly been used
by 1985 in a VLSI production mode?Z. In this process, a thick underlying layer of resist (e.g.
PMMA, which is sensitive to deep UV), is used to planarize the surface. A thin resist that is
Sensitive to the near UV, but opaque to deep UV, is then deposited over the PMMA.

The upper layer is conventionally patterned, and subsequently used as a conformal deep UV
Mask for PMMA. The PMMA is then flood exposed (using deep UV) and developed. The
Iesolution of the PCM process, and that of the tri-layer processes are equal, since they utilize the
Same imaging resist layer. The resolution of Ge, Se, , layer process is higher because of its
€dge sharpening effect. The instability of the PMMA under dry etch, however, is a limitation of
the PCM process. To improve the durability during dry-etching, the imaging resist is often
Ctained on top of the PMMA. This is often referred to as a capped structure. Another attraction
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424 SILICON PROCESSING FOR THE VLSI ERA

of the PCM process is that it can be done on conventional lithographic equipment, together With
a source of deep-UV for the flood exposure of the PMMA. On the other hand, film interface
layers at the PMMA /optical resist interface can cause exposure and develop problems.

In the tri-layer resist process (Fig. 11), a thick organic layer is again used to partially
planarize the surface?3. Materials investigated for this layer have included conventional positive
optical photoresist, polyimide, and polysulfone. A thin layer of SiO, (spin-on or PECVD) jg
then deposited to act as an etch mask for the bottom layer. An imaging resist layer is finally
applied, and patterned in a conventional manner (¢.g. near-UV exposure and wet development),
To minimize effects from standing waves and reflections from the substrate, the lower layer g
treated to increase its optical density (see the section on Resist Processing: Exposure). The SiQ
and lower layer are dry etched anisotropically to precisely transfer the pattern from the thig
imaging layer into the thick lower layer. The main disadvantage of the tri-layer process is the
added complexity that it requires.

In Ge-Se based bilayer processes, the high contrast and resolution advantages of Ge-Se
chalcogenide glasses are exploited (see section on Inorganic Resists). These materials are used
for the imaging layer of a bilayer structure. The bottom layer is again a thick polymer, such ag
AZ2400 resist. This process exhibits the highest resolution limit of the three MLR processes
discussed, but is also the most complicated to develop. Since its resolution capability ig
potentially so small, however, it has been identified as a process that might compete favorably
with x-ray or electron beam limography21.

Contrast Enhancement Layers
An alternative technique to the multilayer resist processes for increasing the maximum

resolution obtainable with grojection aligners, uses a photobleachable top layer called a contrast
enhancement layer (CEL)“". The penalties incurred for obtaining the improved resolution are

4

RIE (O, ) of Polymer

Tri-Layer Structure

d)

Fig. 11 Schematic of the tri-layer processﬂ. Reprinted with permission of Solid State

Technology, published by Technical Publishing, a company of Dun & Bradstreet,
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SPIN COAT
PHOTORESIST

SPIN COAT CEL

EXPOSE PATTERN

REMOVE CEL

Contrast-Enhancement Process
Fig. 12 (a) Photoresist process incorporating the CEL concept. Added CEL steps are outlined in
boxes. (b) SEMs (8000X) of identical microcircuits produced with and without a CEL. Courtesy of
the General Electric Research and Development Center.

increased process complexity, longer exposure times, and longer development times. Note,
however, that use of a CEL increases exposure time by ~3x, but stepper time by only ~15%.

The CEL layer consists of a material that is spun onto a resist-coated wafer to a thickness of
1000-3000A after soft-bake. This layer is normally opaque, but becomes transparent (bleached),
when exposed to the light of the aligning tool. When the mask image from a projection printer
is focused onto the wafer, regions of the opaque CEL layer that are struck by high-intensity light
become transparent. This creates windows in the CEL through which light can shine and expose
the resist. The unbleached CEL regions continue to absorb the relatively weak diffracted light.
Since the CEL is in direct contact with the resist, it acts much like a thin mask used in contact
Printing. As discussed in Chap. 13, contact printers have higher resolution capabilities than
projection printers. In addition, because the CEL is applied as a relatively thin film, it has an
inherently high resolution capability, As such, use of a CEL layer allows the advantages of
Projection printing to be exploited, together with the benefits, but without the limitations of
contact printing. In addition, unlike the PCM process, no interface layer problems are reported
with CEL processes. The name is derived from the fact that the presence of the CEL layer
increases the contrast of illumination that effectively reaches the resist.

Following exposure, the CEL layer is completely stripped prior to developing. This
requires that an extra dispense head in a spray developer (see section on Resist Processing:
Development) be used to spray on the stripping solution. A spin dry step is then performed
before the normal development cycle is begun. The CEL stripping operation adds about 30
Seconds to the development process.

Linewidths of ~0.5 pm using commercially available optical photoresists and stepper
Projection systems have been achieved with the aid of a CEL compured to the 1 [im resolution
limit without CEL. Figure 12 shows SEM photographs of 2 um wide lines in photoresist
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426 SILICON PROCESSING FOR THE VLSI ERA

patterned with and without use of a CEL layer, and demonstrates the improvement that use of g
CEL may provide.

Inorganic Photoresists

The finite contrast, 7, of organic-based resists limits their resolution capability. In order to
increase the resolution capabiity of a photoresist process, without having to increase the
numerical aperture NA of the system, or decrease the wavelength, A, of the system source, g
technique must be used to increase the resist contrast. It has been demonstrated that inorganic
resist materials exhibit extremely high contrasts, and therefore high resolution capability
(e.g. vy = 6.8 for inorganic resists, versus y= 2 for organic resists). Delineation of 0.4 um lines
and spaces using conventional optical lithography has been demonstrated by utilizing
A =405 nm, a lens of NA = 0.35, and such an inorganic resist2!.

The first such materials were based on the Ge-Se, that we introduced in the tri-layer MLR
process discussion®!. In such resists, Ge,Se, , glasses are deposited as thin films by rf
sputtering or evaporation. Next, a 1000A layer of silver (Ag) is deposited by plating from an
AgNO; solution onto the Ge,Se, _, surface, by a dip into an aqueous solution of AgNO,,
When this composite film is exposed to UV light (or electron radiation), the Ag diffuses into and
dopes the Ge-Se matrix (Fig. 13). This renders the Ag-doped Ge-Se almost insoluble to alkaline
solutions that would normally dissolve an amorphous Ge-Se film. Thus this process exhibits a
negative resist type behavior. Note that although this mechanism implies that wet developing
is used to create patterns in Ge-Se films, dry development in CF, is also feasible.

The resist also demonstrates a unique edge-sharpening behavior. That is, rapid lateral
diffusion of the Ag during exposure (photodoping) takes place across the boundary between
exposed and unexposed regions. The resulting Ag profile compensates for diffraction at the
image edges, which leads to the sharp edges.

Inorganic resist materials also exhibit other attractive features for VLSI lithographic
applications, including the following: a) there is no swelling during development and the edges
have anisotropic profiles; b) the material is resistant to oxygen plasmas and hence is compatible
with dry etched bilayer MLR processes; ¢) the materials possess a broad-band spectral response to
all regions of the UV spectrum, while appearing opaque to light of all wavelengths up to 450 nm
(thereby eliminating standing waves on reflective substrates) and is transparent to visible light.

2.25r
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Fig. 13 Mechanism of edge sharpening effect in inorganic resist material’’ . Reprinted with
permission of the publisher, the Electrochemical Society.
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430 SILICON PROCESSING FOR THE VLSI ERA

performed before priming and spin-coating a wafer with resist. When carried out at atmospherje
pressure, dehydration baking evolves moisture at three temperature plateaus32: a) surface watep
molecules are liberated at 150-200°C; b) loosely held water of hydration is evolved at aboyt
400°C; and c) total dehydration has been postulated to occur at temperatures in excess of 750°¢,
It is believed, however, that upon cooling, the water of hydration removed in step c) is reabsorbeq
from atmospheric moisture. Thus, some reports argue that no significant improvement ove,
baking at 400°C should be expected. What is apparently important is the time delay beiween the
dehydration bake and coating. In fact, to assure uniformity of processing, the recommendeq
procedure is to carry out coating immediately after the dehydration bake. Dehydration bakes of
up to 400°C are generally carried out in convection ovens, while 800°C bakes are performed iy
furnace tubes (both, of course, in dry-gas ambients).

Following the dehydration bake, the wafer is normally primed with a pre-resist coating of
material designed to improve adhesion even further>>, The most widely used priming substance
is hexamethyldisilazane (IIMDS)34. Figure 15 shows how one end of the HMDS molecule
reacts with wafer-oxide surfaces to tie up molecular water on a hydroxilated Si02 surface. It algg
shows how the other end of the HMDS molecule forms a bond with the resist. Thus, it is seen
that the HMDS behaves as surface-linking adhesion promoter (e.g. SiO, surface-to-resist surface
linkage). The wafers should be coated with resist as quickly as possible after priming, and it ig
recommended that coating be performed no later than 60 min after completing the priming step,

The HMDS is typically applied to the surface in one of two methods: a) spin coating; and b)
vapor priming. In spin coating, the HMDS is dispensed onto the wafer surface through an
additional nozzle present in the resist spin coating system. After the HMDS is dispensed, the
wafer is spun at 3000-6000 rpm for 20-30 sec, causing approximately a monolayer of HMDS to
remain on the wafer surface. In vapor priming, the HMDS is introduced in vapor form into a
chamber containing the wafers. An exposure of the wafer surfaces to the HMDS vapor for ~10
min primes the surface so that good adhesion is obtained. The advantages of vapor priming are
the following: a) wafers can be batch primed; b) since only vapors come in contact with the wafer
surface, potential contamination from particles present in the HMDS solution is avoided; and c)
less HMDS is used per wafer, thus providing a cost savings. Equipment that combines a
vacuum dehydration bake of the wafers in the same chamber, prior to introducing HMDS vapors,
is also commercially available. Such systems offer the opportunity to prime the wafers after
vacuum dehydration baking (i.e. at a temperature less than is required for an atmospheric pressure
bake), and without subsequently having to expose the wafers to atmospheric moisture.

Resist Processing: Coating

Following cleaning, dehydration baking, and priming, the wafers are ready to be coated with
photoresist. The goal ofH the coating step is to produce a uniform, adherent, defect-free polymeric
R
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Fig. 15 HMDS bonding mechanism with Si0,>4,
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film of desired thickness over the entire wafer, Spin coating is by far the most widely used
technique to apply such films32-36, This procedure is carried out by dispensing the resist
solution onto the wafer surface, and then rapidly spinning the wafer until the resist is essentially
dry. In order to maintain reproducible linewidth in VLST fabrication applications, resist film
uniformity across the wafer (and from wafer-to-wafer) should be within at least +100A.

The spin coating procedure involves three stages: a) dispensing the resist solution onto the
wafer; b) accelerating the wafer to the final rotational speed; and ¢) spinning at a constant speed to
establish the desired thickness (and to dry the film).

The dispensing stage (a) can either be accomplished by flooding the entire wafer with resist
solution before beginning the spinning, or by dispensing a smaller volume of resist solution at
the center of the wafer and spinning at low speeds (e.g. 200 rpm for ~1 sec) to produce a uniform
liquid layer across the wafer (spread cycle). In the latter method ~3.0 ml of resist is dispensed
onto 100 mm wafers, and ~5.0 ml onto 150 mm wafers. It has also been found that static
dispense (in which the wafer is stationary as the resist is dispensed), provides more uniform
coatings than if the wafer is rotating (dynamic dispense).

In Stage (b) the wafers are normally accelerated as quickly as is practical to the final spin
speed. High ramping rates have been shown to yield better film uniformities than low ramping
rates. This is due to the fact that the solvent in the resist evaporates rapidly from the resist after
it has been dispensed onto the wafer. Since film thickness depends on the viscosity of the liquid
resist solution, the more time that is allowed for the solvent to evaporate during the
spin-ramping to the final speed, the greater are the drying and film setting-up tendencies that
contribute to thickness non-uniformity. A spin-ramp of 20,000 rpm /sec has been suggested as
an adequate compromise to provide maximum coating uniformity, without causing motor-wear
problems or excessive wafer breakage.

During Stage (c) the resist layer acquires a relatively uniform, symmetrical flow profile
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Fig. 16 Symmetrical flow pattern of a homgeneous liquid on a rotating disk showing flow rate,
Q, and velocity profile v, (z). Copyright 1977 by International Business Machines Corporation;
Teprinted wilh permission.
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1.7 - Where: v = Viscosity in cSt

RPM = Spin Speed in RPM
1 = Resist Thickness i um
32%
1.5 (27.48) Ramp: 10,000 RPM. sec
\ Prebake: 30 min at 95°C

Thickness (um)

07 |
0.5 ! A 1 1 J
2000 3000 4000 5000 6000 T000

Spin Speed (APM)

Fig. 17  Thickness vs spin speed of Kodak 820 resist. Courtesy of Eastman-Kodak Company.

(as shown in Fig, 16). Once this structure has been formed, the remainder of the high speed
spinning cycle consists of solvent evaporation to produce the solid film. Most spin coating
processes are performed with a final spin speed in the 3000-7000 rpm range for 20-30 sec, as this
range provides good film uniformity, as well as limited spin-motor wear and wafer breakage. The
highest degree of thickness uniformity (£100A) is observed at the upper end of the range
(6000-7000 rpm).

The spin coating fluid dynamics have been studied in some detail>>. It has been determined
that prior to reaching the "equilibrium" form of Fig. 1642, the resist layer undergoes some
intermediate shapes, At the start of spinning (i.e. within a few hundredths of a second), a wave
of resist is created that then moves toward the wafer edge. The corona stage is next observed, in
which the bulk of the resist that supported the wave runs out to the wafer edge to form a
crown-like structure. When most of the resist has been driven off the wafer, the wave and corona
disappear. At that point, centrifugal forces drive the remaining resist material off the surface ina
fine spray that exhibts a spiral-like appearance. This spiral stage generates thousands of resist
droplets as the material reaches the wafer edge and is flung off. The droplets leave the wafer at
high speed and are thus subject to being bounced off of the spinner bow! sides, and redeposited on
the wafer surface. To avoid this possibility, plastic splashguards and special exhausted bowl
designs have been developed. An edge bead (a remnant of the corona stage, several times as
thick as the deposited resist layer), also develops along the wafer edge during the spinning
process>. Edge-rounding of the wafers significantly reduces the edge-bead, and wafer backside
washing with solvent after spin-coating can entirely remove it (as described further in Chap. 15).

The resist film thickness after spin coating, for a resist of constant molecular weight,
solution concentration, etc., depends only on the spinning parameters. As an example, Fig. 17
shows the thickness curves of Kodak Micro Positive Resist 820 as a function of spin speed.
Various mathematical relationships have been developed to predict the resist thickness as it
depends upon such factors as percent solids, spin speed, etc. Most users, however, utilize data
from the resist manufacturer to plan a baseline spin-coating process, and then empirically
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generate spin speed curves for their own specific process applications (i.e. that will depend on
such specific parameters as resist formu]anon spinner type, wafer size, spin parameters, and
ambient temperature during deposition)4° A study of thickness variation across a wafer as a
function of many such parameters, 1ncIudmg volume of resist dispensed, wafer diameter, resist
viscosity, wafer spin-speed during dispense, wafer acceleration, and final spin-speed, was
published in Refs. 37 and 38.

Resist film thickness can be measured in many ways. Contacting types of thickness
measuring instruments are surface profilometers, which are capable of resolving 200A steps.
These are described in more detail in Chap 10. Noncontact types of thickness instruments utilize
optical techniques of ellipsometry or interferometry. Automatic interferometer-based instruments
have become widely used for resist thickness measurement, since they are easy to use, accurate,
and perform the measurement quickly. Such instruments are discussed in Chap. 8.

There are also a variety of other aspects of the coating procedure that must be controlled in
order to maintain an effective coating process, including: a) defect generation; b) the environment
in which the coating is performed; and c) wafer handling and storage.

Defects can be introduced during the coating process in a number of ways, and some steps to
minimize their generation include the following: a) Since the resist film is sticky until being
soft-baked, it can easily entrap airborne particles. Thus, spinning should be done in a Class-100,
or better, environment; b) The resist itself should be clean and free of all particulate matter above
0.2 pm in diameter. (Resist cleanliness and filtration prior to use is considered in an earlier
section of this chapter.); ¢) The resist solution should be free of all entrapped air, as air bubbles
can cause defects in the resist image that have the same effect as those caused by particles.
Allowing a resist to sit for several days after filtration, and prior to application, will let dissolved
air and gases to escape; d) radial resist striations (i.e. radial streaks of thickness different than the
nominal resist thickness) are a form of defect caused by non-uniform solvent evaporation. One
cause of striations has been attributed to excessive venting of the spin bowl>>. This depletes the
solvent content from the ambient around a spinning wafer, and apparently leads to striation
formation. Spin bowl exhaust flow can be controlled by special flow meters designed to sense
the flow of gases in the bowl exhaust lines. When multiple bowls are exhausted by a single
pump, the exhaust flow m a single line can vary if it is not controlled. This can cause resist
thickness nonuniformities®> ; €) the spin bowl should be designed to prevent splashback by resist
droplets being spun off of the wafers; f) the nozzle that dispenses resist onto the wafer should be
set close to the wafer surface to prevent splashing effects; g) the pump that controls the resist
being dispensed through the nozzle should be designed to provide a suck-back action after the
resist volume is dispensed onto the wafer. This suck-back function draws excess resist from the
nozzle tip back into the supply line, thus preventing unwanted dripping onto the spinning wafer.
The suck-back stroke must be adjustable so that air is not inadvertently drawn up into the nozzle
tip. This could cause bubbles to become entrapped in the resist present in the nozzle line; and h)
the chuck should be properly designed. That is, the chuck diameter should be large enough to
consistently hold wafers and prevent breakage, and the vacuum ports should fasten wafers to the
chuck in such a fashion that does not cause a resist puddle to form at the center of the wafer (due
to dishing). Multiple vacuum ports are therefore preferred, as they distribute the vacuum force
across the wafer area, (Note that new wafer hold-down mechanisms may need to be developed as
wafer diameters and thicknesses continue to increase.)

The environment in which the spin-coating is carried out, must also be controlled. Since
resist viscosity, and hence film thickness, depends on temperature, the latter should be controlled
to £1°C. In addition, the wafers, resist, and spinner hardware all need to maintained in thermal
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Fig. 18 Photograph of an automated in-line wafer spin coater. Courtesy of the GCA Corp.

equilibrium with one another. During spinning, solvent evaporation can lead to wafer cooling,
and this may cause condensation of moisture on the resist surface. To avoid this problem, it hag
been recommended that the humidity be maintained at less than 50% RH. Since solvent vapors
are flammable, exhaust equipment should also be spark-resistant to prevent the possibility of fire,

Upon completing the spin-coating cycle, wafers should be transported to the next step of the
process, namely soft-bake, as soon as possible. Unbaked freshly spun films should not be stored
in excess of a few hours, since their tacky consistency makes them vulnerable to particulate
contamination. If particles contact the resist surface prior to soft-bake they become almost
impossible to remove, and they will lead to pinhole or opaque defects after exposure and
development. The wafers should be placed in a dry box for short-term storage, and should be
soft-baked immediately before exposure.

Resist coating equipment (e.g. Fig. 18) is manufactured by a variety of suppliers41. Most
supplicrs offer equipment with cassette-to-cassette operation. Wafer handling and transport
systems vary from one model to another. Microprocessor control, including programming
capability, and a lock-out feature, is also typically offered (i.e. in lock-out, once the coating
process recipe has been programmed into the machine, it cannot be altered unless the system is
"unlocked", presumably by a responsible authority). Equipment process control and diagnostic
capabilities are also offered, Since more than one wafer size may need to be processed, the
ability to handle multiple wafer sizes may be important. Equipment that can perform priming,
baking, and coating on one track in an automated manner, is also coming into widespread use.

Resist Processing: Soft-Bake

After wafers are coated with resist, they are subjected to a temperature step, called soft-bake
(or pre-bake)¥%*3, This step accomplishes several important purposes, including: a) driving off
solvent from the spun-on resist, reducing its level in the film from ~20-30% to ~4-7%; b)
improving the adhesion of the resist, so that it is better able to adhere during the development
step; and ¢) annealing the stresses caused by the shear forces encountered in the spinning process.
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temperature been determined to yield the desired undercut ?
c) If dry etching is to be used, how susceptible is the resist to erosion?
d) Does the etching procedure make the resist difficult to remove ?
3) Sizes of Patterned Features:
a) Can the critical dimension (CD) objectives (linewidth and spacing) be
met by the resist resolution under all normal process variations ? (i.e. is
there sufficient process latitude in resist system ?)
b) Have optimization experiments for bake, exposure and development been conducted?
4) Equipment Considerations:
a) Are the resists and developers compatible with existing processing equipment ?
b) Is the resist sensitive enough to yield adequate exposure throughput ?
c) What is the technological life of the equipment with which the resist is used ?
(i.e. If it is short, will the resist still be compatible with replacement equipment ?)
d) Have other users of the resist system and equipment combination under consideration
been identified ? If so, it may be possible to learn from their experience,
5) Ecological and Disposal Considerations:
a) Do the resist or developer materials contain any toxic or hazardous components
that cannot be safely handled with existing current processing equipment ?
b) Have disposal recommendations been obtained form the resist vendor ?
¢) What are the current guidelines for legal disposal ?
With the answers to these questions, the number of candidate resists can probably be reduced to a
small enough group to construct a test matrix to allow the final selection to be made.
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PROBLEMS

mll,

1. Explain why a resist with higher contrast can lead to higher resolution of features transferreq
from a mask to the wafer surface than a resist with a lower contrast,

2. In examining Fig. 3, which of the positive resists exhibits (a) the highest contrast, and (b) the
highest sensitivity. Determine this also for the nepative resists shown in the figure.

3. Why is it important that a resist exhibits a high actinic absorbance?

4. Explain why a multi-layer resist process offers the potential of higher resolution than 3
single-layer resist process. What prices are paid for this benefit?

5. In a photoresist process it is important that the resist film thickness be highly uniform. List
five or more parameters that impact the thickness of the resist film by the time it has been
spun-on and soft-baked.

6. Explain how under-softbaking leads to an apparent increase in the photosensitivity of the
resist. Why is not generally possible to utilize under-softbaking to exploit this effect?

7. Calculate the number of standing wave maxima that will be produced in a positive resist layer
that is 1.0 pm thick, and has an index of refraction of 1.68 at the G-line of exposing radiation.

8. Explain how higher resolution is achieved by the use of (a) contrast enhancement layers, (b)
anti-reflective coatings, and (c) incorporation of dyes in the resist. Cite the advantages and
disadvantages of each of these methods.

9. Describe four techniques utilized to measure the linewidth of patterned features on a substrate.
Why is accurate linewidth measurement more difficult on wafer surfaces than on the mask and reticle
substrates?

10. Rounding of the resist profiles by elevated post-bake temperatures (Fig. 38) is sometimes used
to produce a tapered profile in the etched feature (by anisotropically dry-etching the resist and the
layer to be patterncd at an equal etch rate). Why does this procedure become ineffective when the
dimension of the etched feature approaches that of the resist film thickness?
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