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Resist Processing

Bruce W. Smiith

Rochester Institute of Technology
Rochester, New York

1 INTRODUCTION p

For the most part, conventional single-layer photoresists have been based on com-
ponents with two primary functions. Whether considering older bis-arylazide
cis-polyisoprene resists, diazonapthoquinone (DNQ)/novolac gfi-line resists, or
chemically amplified polyhydroxystyrene (PHS) deep-UV (DUV) resists, an ap-
proach has been utilized wherein a base resin material is modified for sensitivity to
exposure by a photoactive compound or through photoinduced chemical amplifica-
tion. The resist base resin is photopolymeric in nature and is responsible for etch
resistance, adhesion, coat-ability, and bulk resolution performance. These resins
generally do not exhibit photosensitivity on the order required for integrated circuit
(IC) manufacturing. Single-component polymeric resists have been utilized for mi-
crolithography, including methacrylates, styrenes, and other polymers or copoly-
mers, but sensitization is generally low and limited to exposures at very short
ultraviolet (UV) wavelengths or with ionizing radiation. Inherent problems associ-
ated with low absorbance and poor radiation resistance (required, for example, dur-
ing ion implantation or plasma etching steps) generally limit the application of these
types of resists to low volumes or processes with unique requirements.
Sensitization of photoresist materials has been accomplished by several
methods. In the case of conventional g/i-line resists, a chemical modification of
a base-insoluble photoactive compound (PAC), the diazonaphthoquinone, to a
base-soluble photoproduct, indene carboxylic acid (ICA), allows an increase in
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516 Smith

aqueous base solubility. For chemically amplified PHS-based resists, exposure
of a photoacid generator (PAG) leads to the production of an acid, which sub-
sequently allows polymer deprotection (positive behavior) or crosslinking (neg-
ative behavior). Other similar processes have been developed (as discussed in
Chapter 8) and may involve additional components or mechanisms.

For any resist system, the thermodynamic properties of polymeric resins play
an important role in processibility. During the coating, exposure, and development
processes of a resist, an understanding of the thermodynamic properties is desir-
able, as the glass transition temperature (1) of a polymer influences planariz-
ability, flow, and diffusion. Although reasonably high T, values may be desirable,
glassy materials with values above 200°C are not suitable because of poor me-
chanical performance. Once three-dimensional resist features are formed, how-
ever, a thermoset material may be desired in which the polymer does not flow
with temperature and a 7; essentially does not exist. This ensures the retention of
high-aspect-ratio features through subsequent high-temperature and high-energy
processes. By appropriate engineering of bake steps during single-layer resist pro-
cessing, the control of polymer thermoplastic and thermoset properties can be
made possible. For negative resists, the situation is inherently simplified. Coated
negative resists are thermoplastic in nature, with a well-defined 7; range. Upon
exposure and subsequent secondary reactions, crosslinking leads to a networked
polymer that will not flow with temperature. At some high temperature of de-
composition (7y) the polymer will break down and begin to lose significant vol-
ume. Imaging steps are therefore responsible for the production of thermally stable
resist features. Operations are often included in the processing of positive resists
that can accomplish similar thermal stability enhancements.

This chapter addresses the critical issues involved in the processing of single-
layer resists materials. Process steps to be discussed include:

Resist stability, contamination, and filtration
Substrate priming

Resist coat

Soft bake

Exposure

Postexposure bake

Development

Swing effects

Hard bake and postdevelopment treatment

The step-by-step process flow for DNQ/novolac resists has been covered else-
where, and the reader is directed to these references for additional description
[1-3]. Specific details are given here for positive DNQ/novolac resists and both
positive and negative DUV chemically amplified resists based on PHS.
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Resist Processing 517

2 RESIST STABILITY, CONTAMINATION, AND FILTRATION
2.1 DNQ/Novolac Resist Stability and Filtration

DNQ/novolac resists have proved to be robust materials with respect to sensi-
tivity to thermodynamic and aging effects while stored in uncast form. A re-
sist shelf life of several months can be expected with no significant change in
lithographic performance. As resists are considered for application in produc-
tion, the stability of materials at various points of the process also needs to be
considered.

For DNQ/novolac resists, aging can lead to an increase in absorption at
longer wavelengths. Resist materials are susceptible to several thermal and
acid/base (hydrolytic) reactions when stored [4]. These include thermal degrada-
tion of the DNQ to ICA followed by acid-induced azo dye formation and azo
coupling of the DNQ and novolac. A characteristic “red darkening” results from
this coupling, induced by the presence of acids and bases in the resist. Although
long-wavelength absorbance is altered by this red azo dye, the impact on UV
absorbance and process performance is most often negligible. Degradation
mechanisms can also result in crosslinking, leading to an increase in high-
molecular-weight components. Hydrolysis of DNQ may occur to form more
soluble products and hydrolysis of solvents is possible, which can lead to the
formation of acids [5]. The practical limitation of shelf life for DNQ/novolac
resists is generally on the order of 6 months to 1 year. Once coated, resist films
can absorb water and exhibit a decrease in sensitivity, which can often be re-
gained through use of a second soft bake step. As will be described, process de-
lays for chemically amplified PHS resists are much more critical than for
DNQ/novolac materials. :

A larger problem encountered when storing DNQ/novolac resists is sensitizer
precipitation. With time, DNQ PAC can fall out of solution, especially at high
temperatures. These crystallized precipitates can form most readily with high
loading levels of DNQ. In addition, resist particulate levels can be increased by
the formation of gel particles, a result of acid-induced novolac crosslinking via
thermal decomposition of DNQ. Any of these routes to particulate formation
can lead to levels exceeding that measured by the resist manufacturer. Because
of this, point-of-use filtration has become common practice for most production
applications to ensure photoresist consistency [6]. Resist materials are com-
monly filtered at a level of approximately 25% of the minimum geometry size.
As the geometry size approaches sub-0.35 pum, filtration requirements may ap-
proach 0.05 um. Such ultrafiltering will have an impact on how resists can be
manufactured and used. Filtration speed is dramatically reduced and material
preparation becomes more costly. Similar concerns can exist for pump through-
put during resist dispensing. Fractionation of a resist material can also occur,
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resulting in the removal of long polymer chains and a change in process per-
formance. To illustrate this, consider an i-line resist (DNQ/novolac) with a
molecular weight on the order of 10—20 X 103 g/mol (number average). The
resulting average polymer chain size is nearly 5 to 6 nm with a maximum as
large as 40 nm. In highly concentrated resist formulations (>30 wt. %), inter-
twisting of polymers can result in chain sizes greater than 80 nm. If such a re-
sist is filtered to 0.05 um, the largest polymer chains can be removed. As
technology progresses toward smaller feature resolution, it is clear that partic-
ulate and filtration issues need to be carefully considered.

2.2 Stability Issues for Chemically Amplified PHS Resists

Filtration concerns for i-line resists are extended to deep UV lithography as
PHS resists are considered. As sub-0.25 pum geometry is pursued, the issue of
ultrafiltering becomes an increasingly important problem. In addition, environ-
mental stability issues are present for many chemically amplified resists
(CARs) that are not issues for DNQ/novolac resists, especially for resists based
on acid-catalyzed reactions and PHS resins. Ion exchange methods are conven-
tionally used to reduce ion contamination levels in resists below 50 ppb. Ionic
contamination reduction in both positive and negative CAR systems needs to
be carefully considered. Deprotection of acid-labile components can result from
reaction with cationic exchange resins. The catalytic acid produced upon expo-
sure of these resists is also easily neutralized with base contamination at ppb
levels. These contaminants can include such things as ammonia, amines, and
NMP, which are often present in IC processing environments [7]. Any delay be-
tween exposure and postexposure bake (PEB) can result in a decrease in sensi-
tivity and the formation of a less soluble resist top layer or *““I-top.”

To reduce the likelihood of base contamination of these resists, several im-
provements have been made in resist formulations. One method explored to re-
duce acid loss is the use of low-activation-energy (E£,) polymers with highly
reactive protection groups. These resists are sufficiently active that deprotection
can occur immediately upon exposure, significantly reducing the sensitivity to
PEB delay effects [8,9]. Additives have also been incorporated into DUV PHS
resists to improve their robustness to contamination effects [10,11] and resist top-
coating approaches have been introduced [12]. By coating a thin water-soluble
transparent polymeric film over a resist layer, protection from airborne contam-
ination can be made possible. This *“sealing” layer is removed prior to devel-
opment with a water rinse. Although such a solution leads to minimal additional
process complexity, it is still desirable to use resist techniques that do not re-
quire additional material layers. An alternative route for the reduction of con-
tamination effects is the use of high-activation-energy resist materials. By
reducing the reactivity of a resist, much higher bake processes are allowed. In-
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Resist Processing 519

creasing the bake temperatures above a polymer’s T, results in a densification
of the photoresist. This leads to a significant decrease in the diffusion rate of
airborne base contamination prior to or after exposure [13,14]. These high-E,
resists also require that a photoacid generator be chosen that can withstand
high temperatures. Other methods used to reduce base contamination of acid-
acatalyzed resists include the use of activated charcoal air filtration during re-
sist coating exposure, and development operations [15]. This is now considered
a requirement for processing of PHS CAR resists. Environmental base contam-
ination can be neutralized and further reduced by adding weak acids to these
filters.

The stability or shelf life of PHS-based resists is also influenced by the struc-
ture of polymer protective groups. This is especially true for low-activation-
energy (high-reactivity) resists, for which the liability of protective groups may
decrease usable resist shelf life. Conversely, the more stable protective groups
utilized with high-activation-energy (low-reactivity) resists lead to a higher de-
gree of stability.

3 RESIST ADHESION AND SUBSTRATE PRIMING

Adequate adhesion of photoresist to a wafer surface is critical for proper process
performance. Resist adhesion failure can occur not only during photolithography
operations but also in subsequent etch, implant, or other masking steps. Nega-
tive resists are less prone to adhesion failure, as crosslinking results in a net-
worked polymer that is bound to the wafer surface. Positive resists (especially
phenolic-based materials such as novolac or PHS resists) are more likely to be
single-polymer chains and rely on weaker physical and chemical forces for ad-
hesion. Etch process undercutting can often result from inadequacies at the re-
sist interface, resulting in loss of etch line width control. The causes of resist
adhesion failure are generally related to dewetting of a photoresist film. This can
result from a large discordance between the surface tension of the wafer and that
of the resist material, especially when coating over silicon oxide. Silicon diox-
ide is an especially difficult layer to coat over because it provides a hydrophilic
surface (water attracting) to a hydrophobic resist (water repelling). The surface
tension of thermal silicon dioxide may be on the order of 15 dynes/cm?, whereas
the surface tension of phenolic resists in casting solvent may be near 30
dynes/cm?. Surface defects can also cause adhesion failure as surface free en-
ergy can result in dewetting.

Methods of adhesion promotion can be used for most silicon oxide lay-
ers, whether thermally grown, deposited, native, or glasslike. Chemical pas-
sivation of these surfaces is generally carried out using silylating priming
agents, which act to modify the wafer surface. Some benefit can be realized
with priming of layers other than oxides if techniques promote a closer match-
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ing of material surface tension. Alkylsilane compounds are generally used to
prime oxide surfaces, leading to a lowering of surface hydrophilicity. The most
commonly used silane-type adhesion promoter is hexamethyldisilazane (HMDS).
Other similar promoters are available, including trimethylsilyldiethylamine
(TMSDEA), which can be more effective but also less stable, resulting in lower
shelf and coated lifetimes. Reduction of substrate surface tension is carried out
in two stages, as shown in Fig. 1. Shown here is a silicon oxide surface with ad-
sorbed water and OH groups. An initial reaction of water with an alkylsilane
(HMDS) produces an inert hexamethyldisiloxane and ammonia, resulting in
a dehydrated surface. Further reaction with HMDS produces a trimethylsilyl-
substituted hydroxyl or oxide species and unstable trimethylsilylamine. With
heat, this unstable compound reacts with other surface hydroxyl groups to pro-
duce further ammonia and a trimethylsiloxy species. The process continues until
steric hindrance (via the large trimethylsilyl groups) inhibits further reaction.
Surface priming using HMDS, TMSDEA, or similar agents can be carried
out in either liquid- or vapor-phase modes. In either case, elevated process tem-
peratures (~100°C) must be reached to complete the priming reaction. Sub-
strates should be cleaned prior to application using UV ozone, HF dip, plasma,

T
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Figure 1 Adhesion promotion of a silicon oxide surface with HMDS surface prim-

ing. The substrate is first dehydrated upon reaction with silane promoter. Further reac-
tion with heat leads to a hydrophobic surface.
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Resist Processing 521

or other “oxidative” cleaning methods. Adhesion of photoresist to silicon nitride
or deposited oxide layers can be enhanced by using an oxygen/ozone plasma
treatment. Priming agents are generally best applied using vapor prime meth-
ods, either in line or in batch vacuum ovens. Uniformity and reduced chemical
usage make this more attractive than liquid methods.

Overpriming of a wafer surface can result in dewetting and lead to further
adhesion problems. This can occur with repeated treatment or by using exces-
sive vapor times. Problems are often noticed in isolated substrate areas, de-
pending on device topography or condition. A phenomenon known as resist
“popping” can also occur as a result of overpriming; in this case high-fluence
exposure (such as that encountered with heavy UV overexposure in ion im-
plantation steps) can cause failure of weakened resist adhesion. Deposition of
resist debris onto adjacent substrate areas can result. Measurements of resist
surface tension using water contact angle techniques can identify such over-
priming problems. Remedies include the use of shorter priming times, resist
solvents with lower surface tension, double resist coating steps, or a pretreat-
ment of the wafer surface with the resist casting solvent. Oxygen or ozone
plasma treatments can also correct an overprimed wafer surface and allow
repriming under more appropriate conditions.

The strength of adhesion bonds between a photoresist and a substrate has
also been shown to influence the 7; and thermal expansion coefficient of a thin
film. The impact is greatest as resist films approach 1000 A thicknesses [16].

4 RESIST COATING
4.1 Resist Spin Coating Techniques and Control

Photoresist can be dispensed by several methods, including spin coating, spray
coating, and dip coating. The most widely used methods for coating resist onto
wafer substrates are spin coating methods. During spin coating, resist is dis-
pensed onto a wafer substrate (either statically or dynamically), accelerated to
a final spin speed, and cast to a desired film thickness. Variations on this
process have been suggested, including the use of a short-term high-speed ini-
tial coating step followed by a slow drying stage [17]. Spin coating processes
use the dynamics of centrifugal force to disperse a polymeric resist material
over the entire wafer surface. The flow properties (rheology) of the resist in-
fluence the coating process and need to be considered to achieve adequate re-
sults [18]. In addition, solvent transport through evaporation occurs, which can
result in an increase in resist viscosity and shear thinning, affecting the final
film properties. As a resist-solvent material is spin cast, the film thickness de-
creases uniformly, at a rate dependant on the spin speed (®), kinematic viscos-
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ity (v), solids concentration (c), solvent evaporation rate (e), and initial film
thickness, expressed by the following rate equations:

ﬁ _ —020)2113 (1)
dt 3v

dL 20%4h°

dt ( ) 3v ¢

where dS/dt and dL/dt are rate of change of solids (S) and solvents (L), re-
spectively [19]. The results are shown in Fig. 2 for a 1-um film, where both
solids and solvent volumes are plotted against spin time. Initially, concen-
tration changes little as resist spread dominates. When the resist thickness
drops to one third of its original value, evaporation dominates and solvent
content reaches its final value. The high viscosity of the resist eliminates fur-
ther flow.

The primary material factors that influence spin-coated film properties in-
clude the resist polymer molecular weight, solution viscosity, and solvent boil-
ing point (or vapor pressure). Primary process factors include wafer spin speed,
acceleration, temperature, and ambient atmosphere. The thickness of a resist
film can be modified to some extent through control of the rotation speed of

o8

te

RELATIVE THICKNESS

0 1 1 1 1
o 10 20 30 40 50

TIME (s)

Figure 2 Calculated time dependance during spin coating on the volume of solids
(S) and solvent (L) per unit area normalized to initial values. When the resist thickness
drops to one third of its original value, evaporation dominates and the solvent content
reaches its final value. (From Ref. 19.)
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the substrate. Resist thickness is inversely proportional to the square root of
spin speed (®):

Thickness o< L 3)
Jo

To achieve large thickness changes, modification of the resist solution viscos-
ity 1s generally required, as coating at excessively low or high speeds results in
poor coating uniformity. At excessively high speeds, mechanical vibration and
air turbulence result in high levels of across-wafer nonuniformity. At low spin
speeds, solvent loss of the resist front as it is cast over the substrate results in
a situation of dynamic resist viscosity, also resulting in high levels of nonuni-
formity. The optimal spin speed range is dependent on wafer size. Wafers up to
150 mm can be coated at rotation speeds on the order of 4000 to 5000 RPM.
Larger substrates require lower speeds.

The optimum coating thickness for a resist layer is determined by the posi-
tion of coherent interference nodes within the resist layer. Standing waves (see
Section 9) resulting from reflections at the resist/substrate interface result in a reg-
ular distribution of intensity from the top of the resist to the bottom. This distrib-
ution results in a “swing” in the required clearing dose (Eg) for a resist, as shown
in Fig. 3. Three curves are shown, for polysilicon, silicon nitride (1260 A), and
silicon dioxide (3700 A) coated substrates. A general upward trend in Ej is seen
as resist thickness increases. This is due to the residual nonbleachable absorp-
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Figure 3 Clearing dose (Eg) swing curves for an i-line resist over polysilicon, silicon
dioxide (3700A), and silicon nitride (1260A). The increasing trend in required dose is a
function of residual absorption. Conditions of minimum interference leads to maximum
Eo values but minimal scumming.
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tion of the resist, which can be significant. (For a resist with a residual ab-
sorption of 0.10 um-1, the intensity at the bottom of a 1-pm resist layer is 90%
of that experienced at the top.) In addition to this Ey trend, sensitivity oscillates
from minimum to maximum values with thickness. Within one swing cycle, an
exposure dose variation of 32% exists for the polysilicon substrate, 27% for sil-
icon nitride, and 36% for silicon dioxide. When resist is coated over a dielec-
tric layer, such as silicon dioxide, silicon nitride, or an antireflective coating
(ARC), there will be a shift in the phase of Ey oscillations. Analysis of swing
behavior may therefore be unique for various lithographic levels. Coated thick-
ness optimization can be performed using these swing curves, determined ex-
perimentally through open frame exposure of resist coated within a small range
of thicknesses. Lithographic modeling can aid in generation of such relation-
ships using knowledge of the resist refractive index, absorption properties (pos-
sibly dynamic), exposure wavelength, and resist/substrate reflectivity.
Inspection of the Eg swing curve in Fig. 3 suggests several possibilities for
resist thickness, of which only a few are desirable. For polysilicon, there is a
minimum dose requirement at a thickness of ~1.01 pum, where constructive in-
terference occurs, and there is maximum intensity at the resist base. At a resist
thickness over polysilicon of ~1.06 um, destructive interference leads to a max-
imum E, requirement. Other alternatives might include positions on either side
of these values (between nodes). Thicknesses corresponding to these midnodal
positions allow the least amount of coating process latitude, as small devia-
tions from the targeted film thickness lead to significant changes in dose re-
quirements. Greater latitude exists at maximum interference positions, where
there is a minimum requirement for exposure dose, which may be an attrac-
tive choice. Small changes in film thickness result only in small Eq variations
but the direction of these changes is toward higher clearing dose values. The
result may be scumming of resist features resulting from underexposure, a sit-
uation that is unacceptable. The best choice for targeted film thickness may be
at a corresponding interference minimum, where small thickness changes re-
sult in a small decrease in the dose requirement. Slightly lower throughput
may result (generally not a gating factor in today’s exposure operations) but
this will ensure no resist scumming related to underexposure. Image fidelity at
the top surface of a resist film is also influenced by film thickness and posi-
tions on the interference curve. By coating at a midnodal thickness, top sur-
face rounding or T—topplng can result (see the Section 9 for further discussion).
During spin coating, a large amount of resist “free volume” can be trapped
within a resist layer. A simplified free-volume model of molecular transport can
be quite useful for correlation and prediction of diffusion properties of resist
materials [20,21]. (The reader is directed to Refs. 20 and 21 for a detailed dis-
cussion of diffusion in polymer-solvent systems.) Volumetric expansion en-
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hances polymer chain mobility and acts similarly to the addition of plasticizers.
The resist’s glass transition temperature (7y) is lowered and the dissolution
properties of novolac- and PHS-based resist can be increased [22]. Coating-
induced free volume has been shown to affect acid diffusion as well and be-
comes a concern when considering reduction of airborne base contamination
and postexposure delay.

4.2 Solvent Contribution to Film Properties

Residual casting solvent can act as a plasticizer and can reduce the T of a re-
sist. Resist solvent content has been shown to be dependent on film thickness.
A 1000 A resist film may, for example, exhibit 50% more solvent retention
than a 10,000 A film. Figure 4 shows residual solvent in PHS polymer films
coated at thicknesses of 12,000 A and 1100 A. Only near the resist 7T, (135°C)
does the solvent content for the 1100 A film approach that of the thicker film.
Table 1 shows diffusion coefficients for PGMEA solvent in the same PHS film
thicknesses, determined by diffusion analysis during 2 hours of baking. These
results may be due to a smaller degree of inter- or intramolecular hydrogen
bonding in thinner films [23—25], which can allow a stronger polymer inter-
action with the casting solvent and lower solvent evaporation rates. A higher
solvent content leads to an increased dissolution rate and increased diffusivity
levels. When considering various resist solvent systems, it might also be ex-
pected that lower boiling point (Tp) solvents would lead to lower solvent

60 T
% 50 __i © 1,100A film
S @ 12,000A film
g 4013
§ 30 | () :
3
— 20 + []
S = -
o
@ 10 - -
o @
0] b | f f I f f } ¥ f ; |
20 40 60 80 100 120 140

Annealing temperature (°C)

Figure 4 Bake temperature dependence of residual PGMEA solvent in 1,100A and
12,000A spin cast films annealed for 1300 minutes. (From Ref. 24.)
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Table 1 Diffusion Coefficients of PGMEA Solvent
in PHS Films for 2 Hours of Baking

Diffusion coefficient (cm?/s)

Temperature 0.11-pm film 1.2-pm film
70°C 4.2 x 10-14 1.2 x 1012
90°C 9.4 x 1014 4.4 x 10712

110°C 1.1 x 10-13 14 x 1011

retention than higher T, solvents. The opposite, however, has been demon-
strated [26]. PGMEA, for instance, has a boiling point of 146°C and an evap-
oration rate of 0.34 (relative to n-butyl acetate). Ethyl lactate has a higher Ty, of
154°C and an evaporation rate of 0.29. Despite its lower boiling point, PGMEA
is more likely to be retained in a resist film. The reason for this is a skin for-
mation that results from rapid solvent loss during the coating process [27]. The
resist viscosity at the surface increases more rapidly for PGMEA as solvent is
exhausted, leading to more residual solvent remaining throughout the resist
film. If a resist film is then baked at temperatures below the bulk 7, densifi-
cation of surface free volume is allowed only at the top surface of the film and
is prevented throughout the bulk. Entrapped solvent therefore leads to an ap-
parent surface induction effect, which can be reduced only if the resist is baked
above its T,. Because solvent content plays an important role in determining the
ultimate glass transition temperature of the resist (and therefore its dissolution
properties), any postcoating incorporation of solvents can also have an adverse
impact on performance. Such additional solvent may be encountered, for in-
stance, when using an edge bead removal process based on acetone, ethyl lac-
tate, pentanone, or other organic solvents.

4.3 Substrate Contribution to Resist Contamination

Continuous improvements have been made in the materials and processes used
for DUV PHS chemically amplified resists to reduce top-surface base contam-
ination effects. An additional contamination problem occurs when processing
PHS resists over some substrates. Resists coated over SisN4, BPSG, SOG, Al,
and TiN have seen shown to initiate a substrate contamination effect that can
result in resist scumming or “footing.” With TiN substrates, the problem has
been attributed to surface N-3 and TiO,, which can act to neutralize photogen-
erated acid, resulting in a lowering of the dissolution rate at the resist/substrate
interface [28]. Sulfuric acid/hydrogen peroxide and oxygen plasma pretreat-
ments have been shown to reduce contamination effects when coating over
Si3N4 and other problematic substrates [29].

IPR2016-01376 Page 0014



Resist Processing 527

4.4 Edge Bead Removal

After a spin-coating process, a bead of hardened resist exists at the edge of a
wafer substrate. Formation of this edge bead is caused in part by excessive re-
sist drying and can result in resist accumulation up to 10 times the thickness of
the coated film. Elimination of this edge bead is required to reduce contamina-
tion of process and exposure tools. Solvent edge bead removal (EBR) tech-
niques can be utilized to remove this unwanted resist by spraying a resist
solvent on the back side of the wafer substrate. Surface tension allows removal
of a 2-3-mm resist edge from the front resist surface while removing any back
side resist coating. Acetone, ethyl lactate, and pentanone are possible solvent
choices for edge bead removal processes.

5 RESIST BAKING—SOFTBAKE
5.1 Goals of Resist Baking

Baking processes are used to accomplish several functions and generally alter
the chemical and/or physical nature of a resist material. Goals of resist baking
operations may include the following, which are accomplished at various stages
during resist processing:

Solvent removal

Stress reduction

Planarization

Reduction of resist voids

Reduction of standing waves

Polymer crosslinking and oxidation

Polymer densification

Volatilization of sensitizer, developer, and water
Induction of (acid) catalytic reactions
Sensitizer/polymer interactions

Polymeric resist resins are thermoplastic in nature, more amorphous than
crystalline, and have glass transition temperatures in the 70 to 180°C range.
Thermal flow properties are taken advantage of during processing, in which
baking steps at or near the 7; allow some degree of fluid-like resist behavior.
In a fluid-like state, stress in a coated film can be reduced and diffusion of sol-
vents, sensitizer, and photoproducts is enhanced. At high resist baking temper-
atures, sensitizer and polymer decomposition can occur. A proper choice of the
baking temperature, time, and method must therefore take into account the
evaporation and diffusion properties of solvents, decomposition temperature of
PAC or PAG, and diffusion properties of the photoinduced acid and base con-
taminants for chemically amplified resist materials.
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5.2 Resist Solvent and T, Considerations

There is a relationship between a solvent’s evaporation rate or boiling point
and the residual solvent content in a resist film. Obtaining such a relationship
is difficult, however, because residual solvent is highly dependent on the T, of
the resist. If a baking process does not sufficiently reach the resist 7g, it is dif-
ficult to remove solvent to levels below a few percent [30]. The resist 7, there-
fore plays an important role in the evaporation mechanisms of resist solvent
removal. Solvent removal has been shown to occur in two stages. The first stage
is the diffusion of solvent molecules at temperatures near T and their accumu-
lation at the film surface. The second stage is the evaporation of these adsorbed
molecules at higher temperatures, dependent on hydrogen bonding properties.

No compaction would be expected if baking temperatures above the resist
bulk T, values were not reached. In fact, soft bake temperatures 10-20°C below
a bulk resist 7, are frequently employed with quite successful results. The rea-
son for this is that the T, of a resist film is not identical to that of bulk resist. It
may actually be a great deal lower. This can be explained by the concept of re-
sist free volume, which is minimized if soft bake temperatures above the bulk
T, value are used. If resists are baked more than 5-10°C below the actual resist
film T,, compaction of this intrinsic free volume generally cannot occur [31].

Several resist material factors affect coated PHS film flow properties and
may be modified for optimum CAR performance. In general:

Blocking of phenolic groups in PHS generally results in a lowering of 7, a
consequence of the decrease in hydrogen bonding between phenolic groups.
A 40-50°C decrease in polymer flow temperature (Tf) has been’ reported
with 25% blocking of PHS [32].

By modifying the molecular weight of the PHS polymer, 20-25°C of the loss
in Ty or Tt due to blocking can be regained.

As the number of phenolic groups is increased (relative to t-BOC protective
groups), the deprotection temperature is reduced.

As the number of phenolic groups is increased, T, is also increased.

These relationships can result is a difficult situation if the deprotection temper-
ature is forced lower than the resist T,. Further manipulation may be possible
through the use of copolymerization or by introducing additional hydrogen
bonding sites.

There is a trade-off in determining the optimal soft bake temperature. A high
soft bake temperature is desired so that the resist film 7, approaches that of the
bulk, which leads to the best thermal performance. But at lower soft bake tem-
peratures, an increase in postexposure acid diffusion is made possible, allowing 2
reduction in standing waves. To accommodate a lower soft bake temperature, 2
higher postexposure bake (PEB) may be needed to achieve adequate thermal and
plasma etch performance properties (see Section 7 for additional description).
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5.3 Softbake

Resist films are coated from a polymer solution, making solvent reduction of a
coated film a primary action of soft bake (or prebake). Other consequences of
soft baking include a reduction of free volume and polymer relaxation, which
have been suggested to be important phenomena that affect resist process per-
formance [33]. Prior to coating, photoresist contains between 65 and 85% sol-
vents. Once cast, the solvent content is reduced to 10-20% and the film can still
be considered in a “liquid” state. If it was exposed and processed at this point,
several adverse consequences would result. At this high solvent level, the film
is tacky and highly susceptible to particulate contamination, which can be trans-
ferred through handling to subsequent steps. Also, inherent stress resulting from
casting a thin film leads to adhesion problems. The most significant impact re-
sulting from the elimination of a soft bake step is lack of dissolution discrimi-
nation between exposed and unexposed resist. With such high solvent levels, the
expanded resist volume allows a high degree of dissolution regardless of the
state of inhibition, protection, acceleration, or crosslinking. Ideally, a solvent
content of a few percent would be desirable. Further densification could then be
allowed to control the small molecular diffusion properties. To achieve this, the
baking operation must approach the boiling point of the casting solvent (on the
order of 140°C for conventional solvent systems). At this elevated temperature,
decomposition of the resist sensitizer is likely to occur since DNQ decomposi-
tion temperatures are on the order of 100-120°C. Some residual solvent may
also be desirable for DNQ/novolac to allow water diffusion and conversion of
ketene to ICA. Complete solvent removal at prebake is therefore not attempted,;
instead adequate removal to allow the best exposure and dissolution properties is
targeted. Figure 5 shows the development rate versus soft bake temperature for a
DNQ/novolac resist. Four zones exist: (I) a no-bake zone where residual solvent
and dissolution rates are high; (II) a low-temperature zone (up to 80°C) where the
dissolution rate is reduced due to solvent removal; (III) a midtemperature zone
(80—110°C) where DNQ is thermally converted to ICA, leading to an increase in
development rate; and (IV) a high-temperature zone (>120°C) where film densifi-
cation occurs, DNQ is further decomposed, and water is removed, leading to an
increase in inhibition rather than acceleration. Also, at these temperatures, oxida-
tion and crosslinking of the novolac begin [34].

Whereas a prebake for DNQ/novolac is required to bring the resist to a state
suitable for subsequent exposure and development, control to +1°C is generally
adequate to ensure consistent lithographic performance. This is not the case for
chemically amplified resists based on PHS, however. Because acid diffusion is an
integral part of both positive and negative acid-catalyzed resist, control of poly-
mer composition and density is critical. Consideration for soft bake differs for
high-, mid-, and low-E, CAR resists depending on the reactivity of the resist to
acid-induced deprotection. Resists with a moderate activation energy (E,) had
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Figure 5 The influence of prebake temperature on dissolution rate (A/min) for a no-
volac resin and a DNQ/novolac resist. Prebake time is 30 minutes, developer is 0.25N
KOH. (From Ref. 34)

been the conventional route to positive CAR resists. By making use of resists
with lower reactivity (high E,), elevated baking processes above the polymer T
(~150°C) allow maximum densification and reduction of the diffusion of acid-
neutralizing contaminants. This resist design concept also reduces acid diffu-
sion, which can result in an increase in resolution capability [35].

5.4 Resist Baking Viethods

The preferred method of resist bake for IC applications utilizes conduction on
a vacuum hot plate, usually in line with the entire resist process. Convection
baking is another option, performed in an oven and generally used in a batch
mode. Loading effects, slow recovery, and poor air circulation uniformity pre-
sent problems for convection baking with current resist process demands. Mi-
crowave and infrared (IR) baking methods have been utilized to a limited
extent, but the practicality of these methods is limited because of substrate in-
compatibility and process control. Both temperature and uniformity control are
important for baking processes, the latter becoming most critical as chemically
amplified resist requirements are considered. To achieve uniformity, careful
consideration of the vacuum plate baking mechanics is required, including tem-
perature uniformity, airflow, and cycle time. To meet the high demands of
wafer-to-plate contact across an entire wafer, strict requirements are also placed
on contamination control and resist edge bead removal.

Figure 6 shows the mechanisms involved during the first 10 seconds of bak-
ing on a vacuum hot plate. Figure 6a shows that the temperature of the wafer
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Figure 6 Mechanisms involved during the first ten seconds of hot plate baking of a
resist. (a) Rise in wafer temperature; (b) solvent loss; (c) diffusivity; and (d) typical
thickness change. [From Mack, C. A. et al., Proc. SPIE, 21 95, 584 (1994)].

increases with a rapid rise during the first seconds of baking and levels off after
3 seconds. Figure 6b illustrates the solvent loss during this time, which continues
to decrease well out to 10 seconds and beyond. Figure 6¢c shows the impact of
baking time on diffusivity, which rises during the initial few seconds and then
decreases. Figure 6d shows a typical change in resist thickness during baking,
which decreases as the resist density increases.

6 PHOTORESIST EXPOSURE
6.1 Resist Exposure Requirements

Exposure of photoresist involves the absorption of radiation and subsequent
photochemical change, generally resulting in a modification of dissolution prop-
erties. The absorption characteristics of a photoresist largely influence its resolu-
tion and process capabilities. Resists based only on exponential attenuation of
radiation (i.e., with no mechanism for photobleaching or chemical amplification)
can be limited by a maximum allowable contrast, sidewall angle and ultimate res-
olution. This is because of the inherent absorption trade-off required when imag-
ing into a resist film. Both maximum transmission (to reach to the bottom of the
resist) and maximum absorption (to achieve the highest sensitivity) are desired.
There is therefore an optimum resist absorbance value for any resist thickness.
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If a resist film has a thickness ¢ and dr is the thickness of the bottommost
portion of the resist, the intensity transmitted through the film thickness to dt
can be determined from Beer’s law:

I=1Iem @)

where € is the molar extinction coefficient of the sensitizer, and » is the molar
concentration. The energy density absorbed at the bottom of the resist is

E=1I,e ™ 1—e ")/ dt &)
Since dt is small, e—#m4t can be approximated as /I — emdt and

E = I,eme ™" (6)
which is maximized when €mt = 1. Converting to absorbance:

Absorbance = log,,e-emt = 0.434 _ @)

This is the optimum absorbance for a resist film regardless of thickness. In
other words, higher absorption is desired for thinner resists and lower absorp-
tion is desired for thicker films. Resists for which chemical amplification or
photobleaching is used introduce mechanisms that allow deviation from these
constraints. The absorbance of a PAG for chemically amplified resist can be
quite low because of the high quantum yield resulting from acatalytic reactions.
Photobleaching resists (such as DNQ/novolacs) exhibit dynamic absorption
properties, which can allow increased transmission toward the base of a resist
film. For these resists, other absorption considerations are required.

The dynamic absorption that exists for DNQ occurs as exposure leads to a
more transparent ICA photoproduct. This bleaching phenomenon can be de-
scribed in terms of Dill absorption parameters A, B, and C [36]. The A parame-
ter describes the exposure-dependent absorption of the resist, the B parameter the
exposure-independent absorption, and C the rate of absorption change or bleach-
ing rate. For a DNQ/novolac resist, the C parameter is conveniently related di-
rectly to resist sensitivity, since photobleaching corresponds to the conversion of
the photoactive compound (PAC) to the photoproduct. (See Chapter 2 for a more
detailed discussion of parameter characterization and modeling.) The choice of a
specific DNQ compound for mid-UV lithography needs to include evaluation of
the unique A, B, and C parameters at the wavelength of exposure. It is generally
desirable to have low exposure-independent absorption (B parameter) to achieve
maximum exposure efficiency to the bottom of a resist layer. Several approaches
exist to minimize residual B parameter absorption of DNQ/novolac resists [37].
These have included the use of highly transparent backbones for multifunctional
PACs and binding of the sensitizer to the novolac polymer. A large C parameter
is also desirable for maximum sensitivity. Figure 7 shows absorbance spectra for
two DNQ/novolac resists. Based only on the evaluation of the absorption prop-
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Figure 7 Absorbance curves for two DNQ/novolac resists showing Dill A, B, and C
parameters. Resist (a) exhibits lower residual absorption (B parameter) at 365 nm while
resist (b) has higher bleachable absorbance and speed (A and C parameters) at 436 nm.
(From Prolith/2 V.5.0, 1997.)

erties of these two resists, it can be expected that the resist with a smaller B
parameter and larger A and C parameters may perform better (at a specific ex-
posure wavelength) in terms of sensitivity, sidewall angle, and contrast.
Chemical amplification is another avenue that exists to improve the absorp-
tion characteristics of a resist. With quantum efficiencies several orders of mag-
nitude higher than what can be achieved for direct photomodified resists, only
a small amount of photon absorption is needed. This can be quantified in terms
of A and B parameters, which may be on the order of 0.30 pum~-! compared
with the 0.90 um-! levels encountered with i-line materials. The downside of

IPR2016-01376 Page 0021



534 Smith

such high transparency for resist materials is the increased opportunity for sub-
strate reflection to degrade performance. These effects can be manifested as a
line width variation over reflective steps (notching) and a sidewall standing
wave. Figure 8 shows standing waves resulting from the coherent interference
of incident and reflected radiation within a resist layer. Reduction of these
standing waves is crucial in order to retain critical dimension (CD) control. This
can be dealt with in either resist exposure or process stages and is ordinarily
addressed in both. To reduce standing wave effects during exposure, the re-
flected contribution to exposure must be controlled. This can be accomplished
by incorporating a dye in the resist formulation. Dyes such as coumarin or cur-
cumin compounds have been used as additives to DNQ/novolac resists and are
very effective at reducing the reflected exposure contribution in a resist layer at
g-line and i-line wavelengths. By adding a dye, the exposure-independent ab-
sorption (B parameter) is increased. The result will be a decrease in reflection
effects and standing waves but also a decrease in the amount of energy trans-
ferred toward the bottom of the resist. This will result in a decrease in sidewall
angle, resist contrast, and sensitivity. Dyed resist for i-line use is therefore usu-
ally limited to highly reflective, noncritical layers.

Dyes that play a role in the chemistry of a resist system have also been in-
troduced. By transferring the energy absorbed by a dye to the photosensitive
component of a resist (for instance, through energy transfer or photoinduced
electron transfer mechanisms), an active dye can allow reduction of reflection
effects while maintaining sensitivity and resolution. This has been accom-

Microns

1.00

[} L] I L} L L} L} 1
0.00 1.00 2.00 3.00 4.00
Microns

Figure 8 Resist standing waves resulting from coherent interference of incident and
reflected radiation within a resist layer. Standing wave phase and amplitude is depen-
dant on the underlying substrate.
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plished in chemically amplified PHS resists [38]. The resultant increase in the
resist B parameter in this case leads to an increase in photoinduced chemical
activity, yielding minimal loss in resist performance. Loading of such pho-
toactive dyes can be determined from the preceding analysis for static absorp-
tion resists. Resist absorbance on the order of 0.434 could be expected to be
best suited for optimal throughput. An alternative to dye incorporation is the
use of an anti-reflective layer below the resist. The requirements of current IC
processes will soon demand that substrate reflectivity be reduced to levels
below 1% for critical layers. The use of such antireflective coatings (ARCs) has
become a popular practice for i-line and DUV lithography and is discussed in
more detail in Chapter 10.

6.2 Resist Exposure and Process Performance

The sensitivity (Eo) described earlier is a bulk resist characteristic that is useful
for resist process comparisons or non-feature-specific process optimization. Re-
sist Ep swing curves allow for instance the determination of optimum coating
thickness values. Monitoring of clearing dose requirements is also useful for
characterization of exposure or development uniformity. Through the use of an
exposure response curve, as shown in Fig. 9, two additional bulk resist parame-
ters can be obtained that allow further process characterization. Normalized

1.00
{; (dark erosion)

0.80 +

0.60 +

y= - Alllo
0.40 1 Aln(dose)

0.20 +

Normalized film thickness (tA0)

o.00 4——ritpr—t—"9-—"—+—+—t+—+—t+—t—t—t—t—t—t
In(exposure dose) [mJ/cm2]

Figure 9 Normalized thickness as a function of log.-exposure for a positive resist of
a given thickness, exposed and developed under specific process conditions. An area of
linearity exists in the logarithmic relationship, which can be characterized using a sin-
gle contrast term (). Resist clearing dose (Ep) is the point on the exposure dose axis
where normalized thickness becomes zero and the normalized thickness loss (¢;) is an
indication of the amount of resist erosion that occurs in unexposed regions.
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thickness (normalized to initial predevelopment thickness) is plotted as a func-
tion of log, exposure for a positive resist of a given thickness, exposed and de-
veloped under specific process conditions. An area of linearity exists in the
logarithmic relationship, which can be characterized using a single contrast term:

y = At/t, (8)
Aln(dose)

where 7 is thickness and 7o is the initial coating thickness. Resist sensitivity or
clearing dose (Eyp) is the point on the exposure dose axis at which the normal-
ized thickness becomes zero. A third parameter that is useful for describing
resist capability is a normalized thickness loss parameter (7)), which is an indi-
cation of the amount of resist erosion that occurs in unexposed regions (also
called dark erosion). An exposure response curve can be generated uniquely for
any resist/development process or can be obtained from a more general devel-
opment rate curve, described in greater detail in Section 8. Figure 10 shows a
development rate curve, where resist dissolution rate is plotted as a function of
log. exposure dose for a positive resist. As exposure is increased, the dissolu-
tion rate increases. The linearity of this relationship can be realized on a log-
log plot, but a lognormal plot is used here to demonstrate the relationship
between a development rate and exposure response curve. Plotted along with
dissolution rate in Fig. 10 is an exposure response curve for this resist coated
at 9000 A and developed for 60 seconds.

Development rate (nm/sec)
Normalized thickness (t10)

3.56 3.81 4.01 417 4.32 4.44 4.55
In exposure dose (mJ/cmz2)

Figure 10 Resist dissolution rate (nm/sec) plotted as a function of log. exposure
dose for a positive resist. Plotted also is an exposure response curve for this resist coated
at 9000 A and developed for 60 seconds.
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Figure 11 A focus exposure matrix for 0.5 um dense line features in a positive
i-line resist over polysilicon using a numerical aperture of 0.45 and partial coherence of
0.60. Resulting usable depth of focus (UDOF) is 1.8 um for a CD specification of
* 10% and an exposure latitude requirement of 20%. The corresponding k; value for this
single layer resist process is near 0.5.

6.3 Exposure and Process Optimization

In order to determine the optimum exposure dose (or range of doses) for a re-
sist process, bulk resist characterization needs to be augmented with feature-
specific characterization. To accomplish this, process specifications must be
defined uniquely for each feature type and size, mask level, substrate, resist,
and process. This is often a difficult task, because definition of an optimum
process requires operation at a near-optimum level. The task is therefore an it-
erative one that can often be made easier through the use of lithographic sim-
ulation tools.

Consider the focus-exposure matrix in Fig. 11. Here 0.5-um dense lines are
imaged into an i-line resist with a projection system at a partial coherence of
0.5. Resist CD is plotted against focal position for a series of exposure dose
values. The nominal focus setting is labeled 0.0 and is typically at a point near
30% from the top surface, depending on the resist refractive index and to a
lesser extent NA and ¢ (for high NA values). At this position, there is an opti-
mum exposure dose for printing a biased mask CD to its targeted size (see
Chapter 3 for a description of mask biasing). As focal position is changed, the
feature no longer prints at the target value; it is either too small or too large.
The adverse influence of overexposure or underexposure is also increased. This
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can be understood by considering an aerial image as it is varied through focus,
as shown in Fig. 12. At best focus, a relatively large range of exposure varia-
tion can be tolerated. As defocus increases, a small amount of overexposure can
result in a large amount of energy in shadow areas. Underexposure can result
in insufficient energy in clear areas. An exposure must be chosen, therefore, to
allow the greatest range of usable focus that results in a CD that remains within
the specified target range. More appropriately, a specification is placed on the
required exposure latitude to account for within-field and field-to-field non-
uniformities. Together with tolerance limits on CD, a resulting usable depth
of focus (UDOF) can be determined. For instance, for a £10% exposure lati-
tude requirement and a +10% specification on CD, the optimum exposure from
Fig. 11 is 240 mJ/cm? and the UDOF is near 1.8 um. The resulting UDOF
needs to be evaluated with respect to device topography. It should also be noted
that any change is resist process will influence the depth of focus. Any process
enhancement methods, whether optical or chemical, have the potential to im-
prove focal depth. These can include the use of reflection suppression (e.g.,
with an ARC), modified PEB, enhancements of contrast, and improvements in
developer selectivity. For evaluation purposes, it is convenient to express a
normalized UDOF through use of the Raleigh DOF k; factor:

_ (UDOF)(NA?)
B 20

The corresponding k; factor for the focus—exposufé matrix of Fig. 11 is near 0.5.
Generally, single-layer resist processes can produce k; in the range of 0.4 to 0.6.

&)

k,

Relative Intensity

Distance (;()

Figure 12 Through focus aerial images for + 1A/NA2 of defocus. Images with no
defocus can tolerate a large exposure variation. As defocus is increased, the choice of
optimum exposure becomes more critical.
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If a resulting k, does not correspond to UDOF values large enough for device
topography, techniques of planarization may be required. Polymeric planariza-
tion is one alternative but is generally not considered to be robust enough to
allow adequate process latitude for high-resolution IC applications. Chemical
mechanical polishing (CMP) techniques, in which substrate surfaces are polished
to reduce topography, are becoming commonplace in many IC process opera-
tions. From lithographic standpoint, CMP can be considered as operation that al-
lows improvements in focal depth, CD tolerance, and exposure dose control.

A focus-exposure matrix can also be generated for resist sidewall angle, al-
though this is a much more difficult task than for CD. Figure 13a shows side-
wall angle focus-exposure matrix and Fig. 13b shows the corresponding array
of resist feature profiles. At an optimum exposure dose value, the base CD of
the features remains tightly controlled. At negative values of focus (corre-
sponding to the bottom of the resist), there is a widening at the base of features.
At positive focus values (toward the lens), feature thinning occurs. In order to
evaluate the impact of these changes through focus and exposure, subsequent
etch process selectivity and isotropy need to be considered. If overexposure or
underexposure is used to tune CD over topography (corresponding to a shift in
focal position), it is likely that the resulting feature sidewall angle will not be
adequate. A growing trend in sidewall angle specification is >85°.

From these types of feature-specific process evaluation techniques, it can be
understood why it is difficult to increase exposure throughput for a resist with-
out adversely affecting overall performance. For features large enough that aer-
ial image modulation is high (i.e., there is little energy in shadow regions and
sufficient energy in clear areas), there will exist a good deal of exposure lati-
tude and UDOF so that some degree of exposure tuning is possible. As features
approach R = 0.5A/NA in size, the situation becomes challenging for conven-
tional binary masking and single-layer resists.

Line width linearity has already been discussed as it applies to optical imag-
ing systems. Photoresist materials also behave with a nonlinear response to ex-
posure, which can be seen in the exposure response and development rate
curves in Figs. 9 and 10. These nonlinearities can be used to the advantage of
the lithographic process. Because the modulation needed for small features is
much lower than for large features, it would be expected that a resist that re-
acted linearly to exposure would do a poor job of faithfully reproducing mask
features below 1A/NA in size. By tailoring the exposure and dissolution re-
sponse properties of a resist to operate in a specific desirable nonlinear fash-
ion (nonlinearity itself does not imply added capability), the linearity of the
entire lithographic process can be improved. Figure 14 shows a plot of resist
CD versus mask CD for an i-line resist process. Only as features approach
0.45 um in size does the linear relationship between the mask and the resist
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Figure 13 (a) A sidewall angle focus exposure matrix. UDOF can be determined
from a sidewall angle specification and exposure latitude requirements. (b) Correspond-
ing array of resist feature profiles.

feature begin to break down. Features in this region require unique mask bi-
asing in order to print to their targeted size. The situation becomes more com-
plex as various feature types are considered and resist linearity down to the
minimum size of device geometry is desirable.
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Figure 14 Plot of mask CD vs. resist CD for an i-line resist process. As features ap-
proach 0.45 pm, the linear relationship between mask and resist feature begins to break
down. Features in this region require unique mask biasing in order to print to their tar-
geted size.

7 POSTEXPOSURE BAKE

A postexposure bake (PEB) of DNQ/novolac resist brings about chemical and
physical actions similar to those for prebake. By subjecting resist films to a pre-
development bake step at a temperature higher than that used during prebake,
some DNQ decomposition prior to exposure can be reduced. By baking exposed
resists at temperatures on the order of 5—15°C higher than prebake temperatures,
solvent content can be reduced from 4—7% (prior to exposure) to 2—5%. Whereas
prebake is generally performed to bring the resist into region II in Fig. 5, the el-
evated temperatures used for PEB places the resist toward region III. The most
beneficial consequence of a PEB step is, however, not an extended action of
earlier bake steps but instead a significant impact on standing wave reduction
via thermal flow [39]. During exposure over a reflective substrate, coherent in-
terference produces a distribution of intensity within the resist film. The nodal
spacing is a function of the resist refractive index (n;) and wavelength:

2n.

1

Distance between nodes = = (10)

The amplitude of the resist standing wave will be affected by absorbance of the
resist (o) (which may be dynamic if resist bleaching occurs), resist thickness
(#), and reflectance at the resist-air (R;) and resist-substrate (R;) interfaces [40]
resulting in a swing effect where
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Standing wave “swing” = 4./ R,R, exp(—at) (11)

Interface reflectance values (R; and Rj;) are determined from the complex re-
fractive index values of the media involved:

. 2

Reflectance = [i‘;;n‘—jJ (12)
n, +n,

In addition to resist and substrate contributions to interference effects, exposure

source characteristics need to be considered. The coherence length (/) for a ra-

diation source is determined on the basis of the source wavelength (A) and

bandwidth (AA) as

2
L
AA

As the resist thickness approaches the source coherent length, interference effects
(standing waves) become negligible. A typical coherence length for i-line stepper
tools may be on the order of 10 um. For a 248-nm lamp-based step-and-scan sys-
tem, /. may be on the same order, but as excimer laser lithography is pursued, a
103-10* factor increase occurs. Although it is not expected that resist would be
coated to thicknesses approaching 10 um or more, the analysis offers insight into
the increasingly critical concern with standing wave control. Considered together
with the higher transparency (low o) of chemically amplified resist, it becomes
obvious that resist imaging over reflective substrates using an excimer laser
source would be difficult without employing means of control or compensation.

To demonstrate the impact that a PEB step can have on resist standing
waves, consider Fig. 15. Unexposed regions of photoresist contain photoactive
compound, exposed regions contain photoproduct, and the boundary between
them is determined by the constructive and destructive interference nodes of the
exposure standing wave. If the resist temperature is raised near or above its Ty,
the PAC can effectively diffuse through the polymer matrix and produce an av-
eraging effect across the exposed/unexposed boundary. This PAC diffusion is a
function of the resist Tz, the PAC size and functionality, bake time and tem-
perature, remaining solvent concentration, resist free volume, and (for DNQ/
novolac, for instance) any binding between the PAC and the resin. Figure 16
shows the resist standing wave pattern as a function of the PAC diffusion
length.

For chemically amplified resists based on thermally induced acid reactions,
PEB is used to accomplish critical chemical stages and must be considered
nearly as critical as exposure in terms of control, uniformity, and latitude re-
quirements. The concept of a bake “dose” control is a convenient comparative
metric to exposure dose control for acid-catalyzed deprotection (positive resists)
or crosslinking (negative resists). An Arrhenius relationship exists between PEB

(13)
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Unexposed
Resist
[PAC]=0

Exposed
Resist
[PAC]=1.0

Figure 15 Distribution of photoactive compound (PAC) as a result of standing wave
resist exposure. Unexposed regions of photoresist contain PAC, exposed regions contain
photo-product. As the resist temperature is raised near or above its T, the PAC can ef-
fectively diffuse through the polymer matrix to reduce effective standing wave in the de-
veloped resist sidewall.

and exposure, such as that shown in Fig. 17 [41]. Here, log exposure dose is
plotted against 1/PEB, from which an effective E, can be determined. Whereas
exposure uniformity on the order of ~1% is a current requirement for resist ex-
posure tools, it can be expected that PEB control should be at least as critical.
The rate of these reactions is a function of the acid concentration, the activa-
tion energy of the protected polymer, the diffusivity of the acid, and the PEB
conditions.

Acid diffusion in PHS chemically amplified resists is generally on the order
of 50 to a few hundred angstroms, limited by resolution requirements. If neu-
tralization of acid occurs, the exposed resist dissolution rate decreases. If envi-
ronmental contamination occurs after exposure and prior to PEB, a thin, less
soluble inhibition layer forms on the top surface of the resist, which results in
the formation of a characteristic T-top upon development, as -shown in Fig. 18.
Any delay between exposure and PEB (known as postexposure delay, PED) al-
lows this phenomenon to occur. Early material PED time requirements were on
the order of a few minutes. Newer resists may allow delays up to several hours.
It is important to realize, however, that acid neutralization can begin immedi-
ately upon exposure and performance must be evaluated for the specific resist
process conditions and process tolerances. Low-E, resists do not require ele-
vated PEB temperatures for reaction, which can minimize the control require-
ments for this process step. These resists cannot tolerate high baking
temperatures, which may introduce additional stability problems. Choice of the
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Figure 16 Simulated standing wave pattern in developed resist as a function of in-
creasing PAC diffusion length.

PAG is less critical, allowing choices with smaller cross sections than those
needed for high-activation-energy materials. Diffusion properties are also based
on size and should be evaluated uniquely for resists of either category.

When determining PEB requirements for deprotection, postexposure solvent
content and polymer density also need to be taken into consideration. Temper-
ature control on the order of 0.1°C may be required, with uniformity needs on
the same order over wafer diameters approaching 300 mm. Material improve-
ments may relax this requirement somewhat, but control to a few tenths of a
degree can be expected as an upper limit.

An additional improvement brought about through the use of a PEB step is
a potential increase in resist development rate properties, specifically the dis-
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Figure 17 Arrhenius plot of resist sensitivity vs. PEB temperature for a DUV CAR
resist. Dose required to print 0.5 pum lines with a 90 second bake is plotted against
1/PEB temperature. An effective activation energy can be calculated from such a plot
(130 kJ/mole in this case). (From Ref. 41.)

solution rate log slope (DLS) as discussed in the development section [42]. This
occurs as a result of the decrease in resist dissolution rate especially at the re-
sist surface, which is more pronounced in some resists than in others. By re-
ducing the surface dissolution rate, unexposed film erosion can be reduced,
resulting in an increase in sidewall slope and an improvement in process lati-
tude. This surface modification is a result of solvent loss and a possible surface
“skin” effect, enhanced by resist modification at elevated temperatures.

Amine contamination Resist T-topping

Neutralized Surface
o E e PEB/
PR Pist Development
H* H*
H+
M, W H* —_—
bl H*
P W
m o
H* H
W - "

Figure 18 Environmental amine contamination of a chemically amplified (PHS) re-
sist resulting in “T-top”” formation after development. '
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For optimal process performance, PEB processes for chemically amplified
PHS resists cannot be considered separately from soft bake steps. There are
trade-offs between high and low levels of each. During soft bake of a chemi-
cally amplified PHS-based resist, standing waves can be reduced through use
of lower temperatures, which allow an increase in acid diffusion across the ex-
posed/unexposed resist boundary. To reduce T-top formation, a high PEB is also
desirable. Through use of high PEB temperatures, deprotection can occur even
with some degree of reduced acid concentration at the resist top surface. This
low soft bake, high PEB combination can result in additional undesirable phe-
nomena. When the resist film is allowed to retain a relatively low T, pattern
deformation can result from rapid PHS deprotection and subsequent gas evolu-
tion at high PEB temperatures. A stepwise PEB has been suggested as a possi-
ble solution [43]. An initial low-temperature stage removes protective groups
from the bulk of the resist with minimum deformation. A high-temperature
stage follows to enhance top surface deprotection and reduce T-top formation.

As discussed earlier, intrinsic or added free volume will affect the glass tran-
sition and dissolution properties and deprotection mechanisms of phenolic-
based photoresists. The CAR deprotection reaction itself has also been shown
to contribute additional free volume [44]. Exposure or PEB-induced variation
in resist density can affect dissolution uniformity and CD control. This added
influence of exposure and PEB can lead to complex relationships and increased
control requirements. The deprotection and densification mechanisms can best
be separated in resist systems with low activation energies.

8 RESIST DEVELOPMENT

Resist systems based on solvent development, such as crosslinking bis-arylazide
cis-polyisoprene negative resists, require some degree of swelling to allow re-
moval of soluble polymer chains or fragments [45]. To keep resist pattern defor-
mation to a minimum, a series of solvents is generally needed for development,
with careful consideration of kinetic and thermodynamic properties [46]. The
development of resists based on novolac, PHS, or other phenolic resins in-
volves similar dissolution stages but does not require such adverse swelling for
dissolution [47-49].

8.1 Dissolution Kinetics of Phenolic Resin Resists

In novolac resins, a narrow penetration zone is formed as water and hydroxyl
groups are incorporated in the novolac matrix. This zone is rate limited and
does not encompass the entire resist layer, allowing dissolution of resist with
minimal swelling. Following the formation of this intermediate layer, phenol is
deprotonated and the resulting phenolic ion reacts with water. The negative
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charge of the phenolate ion is balanced by the developer cations. Upon suffi-
cient conversion of phenol groups, the polymer is soluble in aqueous alkaline
developer. A three-zone model has also been suggested, as shown in Fig. 19
[50]. These zones exist during novolac development:

1. A gel layer containing water, TMAH (base), and partially ionized novolac.
The thickness of this layer depends on agitation, novolac microstructure,
and the developer cation.

2. A penetration zone with a low degree of ionization. The thickness of this
zone also depends on the novolac structure as well as the developer cation
size and hydrophobicity.

3. Unreacted bulk novolac resist.

The resulting dissolution rate of a resist material is determined by the forma-
tion of the gel and penetration layers and the subsequent dissolution of the gel
layer into developer.

In DNQ/novolac resists, exposure of the PAC leads to photoproduction of
ICA, which acts as a dissolution accelerator. First-order kinetic models for
development are based on this mechanism (see, for instance, Chapter 2). DNQ
in sufficiently high concentrations (5—25 wt. %) also acts as a dissolution in-
hibitor to the phenolic novolac resin, decreasing its hydrophilic nature (en-
hanced development models described in Chapter 2 also account for this
phenomenon). This inhibition effect can also be accomplished with other com-
patible compounds and is not limited to DNQ. It might be reasoned that a sim-
ilar mechanism would exist for PHS resins, but this is not the case. Although

|

Solution ! Gel
I
1

8&
8

Dissolution Diffusion
Figure 19 Diagram of a three zone novolac dissolution model with a gel layer con-

taining water, base, and hydrated, partially ionized novolac chains; a penetration zone;
and unreacted novolac. (From Ref. 50.)
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the dissolution of novolac can be decreased when combined with DNQ by as
much as two orders of magnitude, the high dissolution rate of PHS is not sig-
nificantly reduced. This can be explained by considering the hydrophilic nature
of both materials. Novolac is for the most part a hydrophobic resin with
hydrophilic sites created when developer reacts with hydroxyl groups. These
phenolate ion positions allow a diffusion path for development. The sites of
hydroxyl groups are only potential hydrophilic sites, which can be tied up or
isolated by the polymer’s large aromatic rings. PHS is a vinyl polymer with no
aromatic rings in the backbone. Hydroxyl groups exist in a “corkscrew’ con-
figuration along the polymer chain, allowing very effective diffusion paths and
extremely high dissolution rates.

The dissolution kinetics of chemically amplified resists based on PHS are also
quite different from those for DNQ/novolac. Whereas the dissolution of novolac
resins is determined by two competitive reactions (inhibition by the DNQ and
acceleration resulting from the developer-induced deprotonation of the novolac),
there is one primary rate-determining stage for two-component PHS chemically
amplified resists. A similar developer-induced deprotonation of phenolic hy-
droxyl groups has been shown to dominate for negative resists, whereas devel-
oper penetration into hydrophobic t-BOC-protected PHS is rate determining for
positive resists [51].

8.2 Development and Dissolution Rate Characterization

Development of conventional resist materials is based on imagewise dissolu-
tion discrimination. To understand and optimize photoresist development, it is
necessary to characterize exposure-dependent dissolution properties. As dis-
cussed earlier, the extraction of development rate and exposure relationships
allows tremendous insight into the imaging capabilities of a resist process.
Shown in Fig. 20 is a family of normalized thickness versus development
time curves for a resist material exposed at various dose levels. Such curves
can be obtained using laser interferometry techniques and separate substrate
exposure [52,53] or a single substrate and multiple exposures [54]. A devel-
opment rate versus exposure curve such as that in Fig. 21 can be produced
from a family of these dissolution curves. To characterize fully the dissolu-
tion properties of a resist throughout its entire thickness, a rate curve may not
suffice, because development rate is a function of resist thickness. Surface in-
hibition reduces the development rate significantly at the top surface of the
resist. Figure 22 shows a development rate versus resist thickness curve
demonstrating that development rate increases from the top surface of the re-
sist toward the bottom.

When development rate and exposure are plotted in a log-log fashion, as
shown in Fig. 23, a linear region exists that can be described in terms of a de-
velopment rate log slope (DLS):
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Figure 20 Nommalized film thickness versus development time curves for resist ex-
posed at 40 to 180 mJ/cm?2. Selection of single development time values can lead to de-
velopment rate vs. relative exposure curves.

DLS — din(dev. rate) (14)
dln(dose)
Dissolution rate contrast can be expressed as
Contrast = %ﬂ (15)

min
where Rpax and Ry, are the maximum and the minimum development rate, re-
spectively. Together, DLS and dissolution rate contrast are effective measures
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Figure 21 A development rate vs. relative exposure curve from Figure 20.
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Figure 22 A development rate vs. resist thickness curve, showing distribution of dis-
solution properties through a resist film.

of the dissolution properties of a resist material. High levels of both metrics
are desirable. Control of the resist and development properties can be used
can be used to some extent to influence performance. A moderate contrast
value near 10,000 is generally sufficient. As developer normality is changed,
Ruax and Rpin are both affected (as long as base concentration does not fall
below a critical level, pH ~12.5), but their ratio and the shape of the curve
remain fairly constant [55]. The Rp.x is primarily a function of the polymer
itself. Major resist, sensitizer, and solvent factors that influence development
rate include:

Polymeric structure

PAC/PAG/inhibitor structure
PAC/PAG/inhibitor concentrations (DNQ loading >20%)
Protection ratio (PHS protection ratio >25%)
Solvent concentration

Polymeric molecular weight (>1.3 x 104 g/mol)
Polydispersity (<3)

Developer composition (metal ion vs. TMAH)
Developer cation size and concentration

Resist surfactant

Resist dissolution inhibition/acceleration state
Developer surfactant

Hydroxyl group positions on PHS polymer also affect the dissolution rate, a
function of hydrogen bonding and steric hindrance with the polymer backbone
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Figure 23 Log development rate vs. log exposure dose. Dissolution rate perfor-
mance can be evaluated in terms of the slope of the linear region of the curve and the

R ax/Rmin Tatio.

[56]. Copolymers of 2- and 4-hydroxystyrene have been shown to allow con-
trol of PHS dissolution properties.

8.3 Developer Composition

Phenolic resin—based resists can be developed using buffered alkaline solutions
such as sodium metal silicates. These metal silicate developers yield a maxi-
mum development rate and low dark erosion, compared with most other devel-
oper choices. Possible metal ion contamination of devices has nearly eliminated
the use of this class developer, however, in favor of metal ion—free tetramethyl-
ammonium hydroxide (TMAH). Furthermore, standardization of TMAH devel-
oper formulations is becoming widespread, as it is more economical and allows
better quality control if there are no requirements for coexistence of several de-
veloper types. The larger cross section of TMAH compared with NaOH leads
to lower development rates, which may result in lower working sensitivities.
TMAH developer concentrations in the range of 0.2 to 0.3 N allow sufficient
sensitivity with high contrast and minimum erosion. A 0.26 N solution is be-
coming a standard for U.S. and overseas resist processing.

In addition to TMAH, surfactants are added to a developer to reduce devel-
opment time and scumming. Surfactants are used as additives to photoresists,
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chemical etchants, and developers to improve surface activity or wetting.
TMAH developers often employ surfactants at the ppm level to reduce surface
tension. Surfactants are especially useful for improving the dissolution of small-
surface-area features such as contacts or small space features. By increasing the
effective wetting of the developer, scumming problems can be minimized and
overexposure- or overdevelopment-induced process biases can be reduced.
Also, through the use of developer surfactants, initial development inhibition at
the resist surface can be reduced. Additives used for resist developers are
mainly of the nonionic variety with hydrophilic and hydrophobic structural
characteristics, such as ethylene oxide/propylene oxide block polymer segments
with molecular weights near 1000. Concentrations may be up to 800 ppm or
0.05 wt. %. Surface tension decreases as the concentration of surfactants in-
creases until a critical micelle concentration (CMC) is reached. This CMC level
represents an equilibrium state at which aggregation begins. Very small changes
in the structure of surfactant molecules have been shown to result in large
changes in resist development performance. The number and location of hy-
droxyl groups in the molecular structure of the surfactant determine the activ-
ity of surface dissolution during development [57]. The behavior of developer
surfactants also depends on resist material properties. Resists that have a larger
degree of surface hydrophobicity benefit most from surfactant additives and
have been shown to be less dependent on surfactant type. The benefits gained
for a particular resist therefore depend on unique resist and surfactant properties
and interactions. Figure 24 shows how surface agents acting at a resist/developer
interface enhance the surface activity by decreasing surface free energy [58].
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Figure 24 Orientation of surface molecules (center) at a hydrophobic (top) / hydro-
philic (bottom) interface. The surfactant molecules are oriented so as to lower the inter-
facial free energy. (From Ref. 58.)
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In addition to the chemical composition of the developer, the concentrations
of hydroxyl ions, developer cations, and anions have been shown to strongly in-
fluence the dissolution rate of pure novolac films [59]. As the cation concentra-
tion is increased, a linear increase in dissolution rate occurs at a constant pH,
apparently independent of anion concentration [60]. The structure of the devel-
oper cation and anion will determine the maximum allowable concentration be-
fore a decrease in dissolution rate begins. Along with the dissolution dependence
on the size of the developer cation, its hydrophilicity and the T of the partially
ionized novolac also influence the development rate [61].

Development temperature is important and requires tight control. This is true
not only for the bulk development reservoir and plumbing but also for the de-
velopment bowl and development atmosphere. The rate of dissolution for
TMAH developers follows an Arrhenius relationship:

k= AOe—Ea/RT (16)

with an apparent negative activation energy (E,) [62]. The reason for this is a
highly exothermic sequence of deprotonation steps. A decrease in development
temperature results in increased activity, which can seem counterintuitive. This
is not the case for development with NaOH or developers with similar chem-
istry, since no exothermic reactions exist.

8.4 Development Methods

Resist dissolution properties are highly dependent on the development method
employed. Development methods commonly used for conventionally coated
wafer substrates include static immersion, continuous spray with slow rotation
(~500 RPM), and stationary or slow rotation puddle development.

Spray development involves one or more spray nozzles to dispense devel-
oper toward the wafer substrate. Processes using ultrasonic atomization of de-
veloper allow relatively low velocity dispersion and minimal adiabatic cooling
effects during the dispensing. For conventional spray development, the resist
dissolution rate has been shown to be relatively insensitive to spray nozzle pres-
sure but linearly dependent on spin speed [63]. With ultrasonic spray develop-
ment, dissolution variation and resist erosion can result from poor control of the
nozzle spray pattern. Dissolution rate and uniformity are also dependent on the
uniformity of the spray pattern directed toward the wafer. To minimize nonuni-
formities, wafer chuck rotation must be carefully controlled at fairly low speeds
(100-500 RPM) to ensure adequate developer replenishment. It is for these rea-
sons, along with the excessive developer volume dispensed during processing,
that puddle processes are now most common for high-volume production.

Puddle development techniques can improve the tool-to-tool matching of de-
velopment processes. In addition, the control of puddle development processes
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over time is significantly better. For optimal performance, flow is kept low to
reduce variations in development rate at the edge of the wafer. The dispensed
volume of developer should also be kept low to minimize chemical costs and
back side wetting but not so low as to cause localized nonuniformities or scum-
ming. The dispensed volume should be carefully controlled to ensure full and
uniform coverage of the entire resist surface. During a puddle development
process, slow rotation or single rotation may be used to disperse trapped air and
provide agitation. If a surfactant-free developer is used, an increase in dispens-
ing pressure may be required to enhance resist wetting.

There are several trade-offs to consider when making a choice between
spray, puddle, and immersion methods. Although immersion development can
lead to minimum erosion by physical removal of resist, it is not well suited to
the in-line processing that now dominates in production. During puddle devel-
opment, chemical activity decreases with time as the small developer volume
becomes exhausted, a situation that is not encountered during immersion pro-
cessing. There is a more subtle difference between these two techniques as the
depletion of developer additives is considered. At ppm levels, surfactants can
be exhausted during static immersion development, significantly changing the
chemical nature of the developer with time. Since puddle development intro-
duces fresh chemistry for every wafer, consistent wafer-to-wafer development
can be ensured. A multiple-puddle method of development [64] is now com-
monplace in wafer processing and usually involves two development stages.
The process consists of dispensing developer onto a wafer and allowing it to
remain for a short time (10-20 seconds). It is then spun off and a second pud-
dle is formed and allowed to complete the process (20—30 seconds). Although
such multiple-puddle processes serve to replenish developer to the resist, the ef-
fect that makes this technique most attractive is an inhibition that occurs be-
tween development cycles. The dissolution of unexposed or partially exposed
resist will be preferentially slowed at the location of the resist front after the
end of the first development step. This phenomenon can be enhanced if rinse
and spin-dry steps are added between development cycles [65]. The inhibition
may be a result of base-induced oxidation or azo coupling of the novolac. It has
also been suggested that a surface modification occurs with interrupted devel-
opment and an increase 1n surface energy can enhance resist dissolution dis-
crimination [66]. Multiple development step processing has been also reported
and variations on these techniques are now widespread [67]. Intermediate de-
velopment baking processes have also been investigated [68]. Figure 25 shows
resist film thickness plotted as a function of exposure dose for double-puddle
and warm-air intermediate development baking processes. Resist contrast is ef-
fectively increased with the use of the warm-air bake.

It is important to rinse remaining chemicals from the wafer surface after de-
velopment because inadequate removal can result in high defect levels. Not
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Figure 25 Resist film thickness vs. exposure dose for interrupted double puddle
(DP) development and for 50°C warm water intermediate development bake (IDB)
showing improvement in resist contrast with IDB. (From Ref. 68.)

only a top-side rinse but also a back side rinse is needed to remove developer
and contaminants that could be transferred to subsequent process steps.

8.5 Development Rate Comparison of I-Line
and DUV Resists

Although similarities exist between the dissolution properties of DINQ/novolac
and PHS-based chemically amplified resists, comparison of these materials
demonstrates salient differences in their performance and capabilities. Devel-
opment rate curves are the tools best suited for this type of comparison. Shown
in Fig. 26 are development rate curves for an i-line DNQ/novolac resist, a neg-
ative DUV chemically amplified resist, and a positive DUV chemically ampli-
fied resist [69]. The negative DUV resist is a three-component acid hardening
resist based on a phenolic resin (PHS), a melamine crosslinker, and a photoacid
generator [70]. The positive DUV resist is a t-BOC-protected PHS and a photo-
acid generator [71]. The rate curve for the i-line resist (Fig. 26a) shows a non-
linear dissolution rate that can be divided into three regions. The ability of this
resist to achieve high contrast (y) is evident from the steep development rate
log slope (DLS). A large development rate contrast (Rpax/Rmin) also exists,
leading to high sensitivity and low erosion properties. Figure 27a shows an
Arrhenius plot for this resist, where three distinct regions also exist: (I) a high-
dose, low-temperature region where E, is small and positive, (II) an interme-
diate region where E, is negative and decreasing, and (III) a low-dose,
high-temperature region where E, is positive and comparatively large. These re-
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Figure 26 Log development rate curves for (a) an i-line DNQ/novolac resist; (b) a
negative DUV chemically amplified resist; and (c) a positive DUV chemically amplified
resist. Slope is the development rate log slope (DSL). (From Ref. 69.)
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Figure 27 Arrhenius plots for the three resists in Figure 26; (a) shows an Ar-
rhenius plot for the i-line resist where three distinct regions exist: (I) a high dose/low
temperature region where E, is small and positive, (II) an intermediate region where
FE, is negative and decreasing, and (III) a low dose/high temperature region where E,
is positive and comparatively large; (b) shows a constant E, for the negative CAR
and suggests that only one reaction mechanism governs development rate; and (c)
suggests also a single dissolution mechanism for the positive CAR but a saturation
of E, appears to exist at higher doses where nation of hydroxyl groups at the PHS

becomes rate determining, similar to the mechanism for the negative resist. (From
Ref. 69)
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sults can be compared with the development rate curves for the negative DUV
resist (Fig. 26b and 27b). In this case, a moderately high DLS exists, and when
compared with the i-line resist, it would be expected to coincide with worse
lithographic performance. The Arrhenius plot shows a constant £, and suggests
that only one reaction mechanism governs development rate. Figure 26¢ and
27c¢ show plots for the positive DUV resist. The DLS value is much greater
than that for either the i-line or the negative resist. The Arrhenius plot also
suggests a single dissolution mechanism, but a saturation of E, appears to exist
at higher doses. At these high doses, deprotonation of hydroxyl groups at the
PHS becomes rate determining, as in the mechanism for the negative resist.
Figure 28 shows the proposed dissolution model for the positive DUV chem-
ically amplified resist. Figure 29a and 29b show development rate curves for
a three-component positive DUV resist, which includes an additional dissolu-
tion inhibitor and various t-BOC protection levels and molecular weights [72].
Shown in Fig. 30 are plots of dissolution rate and log slope as a function of
inhibitor concentration for a three-component PHS chemically amplified resist
[73]. Increasing both the protection ratio and the inhibitor concentration results
in higher R .x/Rmin contrast and DLS values. Strong surface inhibition effects
can limit the practical levels. The optimum protection ratio from Fig. 30 is on
the order of 30-35% with an inhibitor concentration of 3%. PAG structure
modification, molecular weight polydispersity, and polymer end groups can
allow further improvements.
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Figure 28 A proposed dissolution model for positive DUV chemically amplified re-
sist derived from Arrhenius plot analysis. Two situations are considered: (a) before de-
blocking where TMAH penetration is prevented by strong hydrophobicity and (b) after
deblocking. (From Ref. 69.)
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Figure 29 Development rate curves for a three component positive DUV resist,
which includes an additional dissolution inhibitor and various t-BOC protection levels

and molecular weights. (From Ref. 72.)

Preferential dissolution conditions for positive PHS chemically amplified re-
sists can be summarized. A high R,.x/Rmin contrast is desirable, but not so high
as to result in severe resolution of sidewall standing waves (some low contrast
behavior is desired to reduce sensitivity to small oscillations in intensity at
threshold levels). Since Ry« is primarily a function of the polymeric resin, max-
imizing the Rpyax/Rmin dissolution contrast ration generally involves reduction of
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Figure 30 Plots of dissolution rate and log-slope plotted as a function of protection
ratio for a three component PHS chemically amplified resist. (From Ref. 73.)
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unexposed resist erosion. As shown earlier, a ratio above 10,000 is desirable but
probably no greater than 50,000 should be expected. A large DLS is more im-
portant and can be controlled to some extent by the resin molecular weight.

9 Eo AND CD SWING CURVE

Coherent interference resulting from substrate reflectivity will result in a swing
of intensity distributed within a resist film. This will correlate to variations in
clearing dose (£p) and CD throughout a resist layer. The swing in Eq is depen-
dent only on the coherent interference of radiation within the film and can be
predicted on the basis of knowledge of the coupling efficiency between the re-
sist and the exposure variation. The only requirement for predicting the Eg swing
is that the distribution and conversion efficiency of the sensitizer reaction be
known, making it independent of resist dissolution characteristics. In other
words, only the photospeed of the resist influences the Ey swing. Figure 31
shows the relationship between the Ep swing ratio and exposure clearing dose
(Eyp) for several resist systems [74]. The swing ratio has been calculated from eq.
11. Since higher bleaching efficiency leads to higher resist sensitivities, the re-
lationship shown in Fig. 31 makes sense from the standpoint of resist ab-
sorbance. Increased nonbleachable absorbance will lead to lower swing ratios, as
can be demonstrated by adding a dye to a resist. Figure 32 is a plot of Ey swing
versus exposure-independent resist absorbance (B parameter). As resist ab-
sorbance increases, swing decreases.

The independence of Ey swing on resist dissolution, along with the ease with
which Eg values can be measured, makes it an effective method for resist coat
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Figure 31 Plot of normalized E, verticle swing versus Eo for several hypothetical
resist systems. (From Ref. 74.)
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Figure 32 The effect of residual absorption (B parameter) on Ep swing at constant
sensitivity for g-line and i-line exposure. (From Ref. 74.)

characterization, as seen in Section 4. The swing in CD is not so straightforward,
as it is influenced by the resist process and dissolution properties. Resist process
exposure latitude (or the amount of allowable over- or underexposure) can have a
significant influence on CD swing, which can be predicted from the relationship

CD swing = Eq ‘ (17)

x
L

where E; is exposure latitude and x is an empirically determined exponent, on
the order of 2.5 for a reasonably fast photoresist.

Secondary swing effects are also present in a resist process. These include
swings in resist contrast () and surface contour effects. These secondary effects
are a result of the spatial position of a standing wave node at the top surface
of the resist. If there is a destructive interference node near the top surface
of the resist, a surface induction effect will result, leading to an increase in Y.
Figure 33 shows how this can be manifested. At resist thicknesses slightly
greater than that corresponding to an optimum maximum exposure (1.18 pm),
PAC concentration is increased at the top surface of the resist, resulting in
T-top formation. This results in a significant loss of linearity, compared with the
optimized condition. At thicknesses slightly less than 1.18 um, there is a de-
crease in PAC concentration, resulting in top rounding. These surface effects
occur at regular swing periods. The extent to which these secondary surface ef-
fects influence a resist process depends on how exposure requirements are af-
fected. Surface effects influence clearing dose (Ep) more strongly than they
influence dose to size (£;.1) The exposure margin (EM), which is a ratio of
these doses,
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Figure 33 Calculated PAC distribution (at the mask edge) following PEB for four
film thicknesses. (From Ref. 74.)

EM = Eu (18)
[¢]
is a measure of the overexposure requirements for a resist and is a good indi-
cator of mask linearity [75]. Surface-induced swings in Ey lead to correspond-
ing swings in EM. Resists that demonstrate large surface induction effects
during development are most susceptible to these secondary swing effects.

10 POSTDEVELOPMENT BAKING \
AND RESIST TREATMENT

Postdevelopment baking is often utilized to remove remaining casting sol-
vent, developer, and water within the resist. Baking above the resist’s T, also
improves adhesion of the resist to the substrate. Because photosensitivity is
no longer required, the baking temperature can be elevated toward the sol-
vent boiling point (Ty), effectively eliminating the solvent from the resist and
allowing maximum densification. For DNQ/novolac resist, any remaining
DNQ can lead to problems in subsequent process steps. If the still sensitized
resist is subjected to a high-energy exposure (such as ion implantation), rapid
release of nitrogen can result from radiolysis of DNQ. In a densified resist
film, the nitrogen cannot easily diffuse outward and may result in localized
explosive resist popping, dispersing resist particles on the wafer surface.
Baking above the DNQ 74 after development is therefor desired to volatilize
the PAC.

IPR2016-01376 Page 0049



562 Smith

Novolac resins generally suffer from thermal distortion (during subsequent
high-temperature processes) more than PHS polymers. PHSs used for DUV re-
sists have T, values on the order of 140-180°C; the T values for novolac resins
are in the 80-120°C range. Elevated baking temperatures also result in oxida-
tion and crosslinking of the novolac, producing more “thermoset” materials
with flow temperatures higher than the original resist 7, (and less well defined).
The temperatures required to accomplish this, however, are above the resist T,
allowing the flow of patterned features in the process. Novolac resins with 7,
values above 130°C are now commonly used and higher T; resists have been
introduced [76].

To enhance the thermal properties of DNQ/novolac resists, the UV crosslink-
ing properties of novolac can be utilized. Although the efficiency is quite low, no-
volac resin can be made to crosslink at DUV wavelengths. This is facilitated at
high temperatures. The high optical absorbance of novolac at wavelengths below
300 nm (absorbance >>1 um-1) prevents crosslinking to substantial depths. If pat-
terned resist features are subjected to DUV exposure at temperatures above
150°C, a thermally stabilized surface crust can be formed. By elevating the tem-
perature of the “DUYV cure” process, oxidation of the bulk of the resist feature
can be accomplished. The process is outlined in Fig. 34. The now networked re-
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Figure 34 Radical reactions and oxidations induced in novolac from DUV curing.
DUV hardening is effective in the presence of oxygen or with no oxygen (in nitrogen
for instance) through self-oxidizing of novolac. Removal of DUV cured novolac can be
difficult and particulate contamination can occur from rapid nitrogen outgassing at high
exposure levels.
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sist features can then withstand thermal processes up to 210°C without signifi-
cant resist flow.

11 RESIST PROCESSING OUTLOOK

As improvements are made to existing resist technology, some process constraints
may be reduced. In reality, however, the demand for reduction in geometry
size will increase the requirements of process control. Optimum lithographic per-
formance demands that resist processing factors be considered along with any
optics-related advances, hence the process dependent “k” factor in the resolution
scaling equation. As shorter wavelength technologies are considered, new resist
materials need to be developed. The capability of these new resists cannot sim-
ply be comparable to that of existing materials but must allow performance that
will scale with targeted resolution. Single-layer resist materials for 193-nm litho-
graphy have been under development for some time. Beyond this optical wave-
length technology, little work has been done. Current i-line and DUV resist
materials are impressive predecessors that will lead to extremely high process de-
mands. The cost of ownership of new resist technologies is also an issue of great
concern as DUV and 193-nm wavelength exposure is considered. The cost of re-
sist materials and processing equipment may be the largest cost factor involved
in a new lithographic technology. This leads to pursuit of not only methods for
minimizing chemical materials and preparation costs but also methods for reduc-
ing the consumption of resist and processing materials. Resist volumes of less
than 4 cm3 for 200-300-mm wafers are desirable. Material and equipment meth-
ods for reducing volume to these levels will serve to reduce lithographic costs as
well as impact on environmental safety and health (ESH).

At some point, it can be expected that single-layer resists may not be capable
of meeting all needs. This is already seen with the application of antireflective
layers to either the top or bottom surface of i-line and DUV resists. As optical
and process-related solutions begin to fall short, alternative resist approaches
such as top surface imaging may become more practical. Once implemented for
manufacturing, these techniques will require a new set of process considerations.
Bulk material properties become less of a concern and the demands of dry
(plasma) processing may dominate. Regardless of future resist technology, there
is assurance that current resists based on DNQ/novolac and chemically amplified
PHS will remain in high volume for many years [77].
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1 INTRODUCTION

As higher resolution approaches to microlithography are pursued, conven-
tional single-layer resist materials may fail to meet all process require-
ments. Multilayer resist techniques have been investigated for several years,
but advances in single-layer technology have generally postponed their
insertion into high-volume production operations. As long as single-layer
resist materials can meet requirements for high-aspect-ratio resolution,
photosensitivity, plasma etch resistance, planarization, depth of focus, re-
flection control, and critical dimension (CD) control, they will be preferred
over most multiple-layer or pseudo-multiple-layer techniques. This becomes
increasingly difficult and, at some point, the lithographer needs to consider
the advantages of dividing the functions of a single-layer resist into sepa-
rate layers. The fewer layers the better, and the ultimate acceptance of any
multilayer technique will be determined by the simplicity of the overall
process. |

In order to understand the potential advantages of multiple-layer litho-
graphic materials and processes, the general requirements of a photoresist
should first be addressed. Although most resist requirements have existed
for many generations of integrated circuit processing, the importance of a
number of issues has recently increased dramatically.
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1.1 Resist Sensitivity

Because resist sensitivity directly affects process throughput, it is a funda-
mental consideration for the evaluation of resist process capability. In general,
resist sensitivity can be shown to be proportional to thickness. For a direct
photochemical (not chemically amplified), nonbleaching resist material, this is
an exponential relationship, determined by resist absorption and chemical
quantum efficiency. However, as resist bleaching mechanisms are considered
(as with the photochemical conversion of diazonapthoquinone to indene car-
boxylic acid), dynamic absorption exists, which introduces some additional
considerations to this exponential decay. With chemically amplified resists,
quantum efficiency is sufficiently high that the dependence of sensitivity on
resist thickness becomes less of an issue and other considerations become
more of a concern.

1.2 Depth of Focus

The dependence of depth of focus on lens numerical aperture and wavelength
can be expressed as

A

DOF == £k, ST (1D
where A is wavelength, NA is numerical aperture, and k3 is a process-dependent
factor, determined by process specification and requirements (a typical value for
ko for a single-layer resist may be near 0.5, as shown in Chapter 9). As optical
lithographic technology is pushed toward sub-200 nm wavelengths at numeri-
cal apertures greater than 0.6, DOF may fall below 0.5 pm. This presents an
interesting challenge for substrate topography and photoresist thickness issues.
With such a small useful DOF and without the use of some method of pla-
narization, it is not easily predictable just how large a fraction of this range
could be consumed by photoresist thickness.

1.3 Limitations of Resist Aspect Ratio

The physical and chemical nature of a polymeric resist material will determine
its limitations for high-aspect-ratio patterning. In addition, the complex nature
of development and process chemistry will influence limitations. An aspect
ratio less than 3:1 is common for conventional single-layer resists. The limit to
how fine the resolution can be for a single-layer resist of a given thickness is
influenced to a large extent by polymer flow properties including glass transi-
tion temperature (7y) and melting point (71,). Because thermoplastic polymeric
behavior is desired during processing, in which photoresist materials can go
through cycles of heating, flowing, and cooling, they generally possess 7, val-
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ues in the 70 to 180°C range. Materials of lower T will inherently be capable
of lower aspect ratio imaging.

1.4 Reflection and Scattering Effects

Imaging over reflective substrates such as metal or polysilicon can allow sig-
nificant intensity variation within a resist film. High levels of reflectivity can
produce overexposure, manifested not only as a bulk effect over the entire
imaged field but also at pattern-specific locations such as line boundaries and
corners. This is often referred to as reflective line notching or necking, which
is a result of the scattering of radiation to unwanted field regions. Substrate re-
flection will affect the overexposure latitude and ultimately lead to a reduction
in focal depth by limiting the amount of tolerable image degradation. To under-
stand the impact of exposure latitude on depth of focus, consider imaging a fea-
ture with poor modulation. If a resist process is capable of resolving such a
feature, it is likely to be possible only within a limited range of exposure dose.
For a positive resist, overexposure can result in complete feature loss and un-
derexposure can result in scumming. There is an intimate relationship, there-
fore, between depth of focus and exposure latitude. Decreasing the demands on
focal depth increases exposure latitude. For a reflective substrate, if a large de-
gree of overexposure latitude must be tolerated, the useful depth of focus will
be reduced significantly. It is desirable to reduce any reflected contribution to
exposure in order to eliminate feature distortion from scattering and to reduce
detrimental effects on focal depth. This can be accomplished in a single-layer
resist by several methods. First, because absorption is dependent on resist thick-
ness, a thicker absorbing resist layer will decrease the impact of reflection.
Other requirements drive resist toward thinner layers, however, reducing the
practicality of this method. A second alternative would be to increase the ab-
sorption of the resist so that little radiation is allowed to penetrate to the resist-
substrate interface and be reflected back through the resist. The addition of dyes
into a resist will accomplish this, but at the cost of resist sidewall, sensitiv-
ity, and resolution. The beneficial dynamic bleaching mechanism of the dia-
zonaphthaquinone (DNQ)/novolac materials is undermined by the addition of
an absorbing dye that makes no direct contribution to the photochemical
process. An alternative approach to reduction is the use of a multilayer resist
system, incorporating a separate antireflective layer.

1.5 Reflective Standing Wave Effects

An additional reflection phenomena that deserves consideration is the resist
standing wave effect. This is an exposure variation within a resist layer result-
ing from coherent interference between incident and reflected radiation. The sit-
uation is described in detail in Chapters 2 and 9 and has significant impact on
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exposure, CD control, depth of focus, and coating uniformity requirements.
Minimization of standing wave is generally desired. The addition of a resist dye
can help in reducing standing wave effect, but the impact on resist sidewall
angle can be significant as the top to bottom resist film attenuation increases.

1.6 Plasma Etch Resistance

Post-lithographic processing operations ultimately dictate the minimum accept-
able resist thickness after development. For example, resist erosion during etch
processing will increase any lithography-related thickness requirements. Further-
more, as new materials are considered for short wavelength exposure application,
their etch resistance in halogen-based plasma etch processes may be reduced.
Postlithographic processes may place the most restrictive demands on resist per-
formance and may preclude any consideration of thinner single-layer resists.

1.7 Planarization

Because the lithography operations involved with integrated circuit (IC) fabrica-
tion are rarely performed over a flat substrate, planarization of topography is a
fundamental function of a resist material. The degree of planarization required for
a specific level will be determined by step height, feature size and density, and
substrate surface properties. Material properties of a resist, including polymer
molecular weight, solids content, solvent type, coating spin speed, acceleration,
temperature, and exhaust, will contribute to the extent of substrate smoothing.
Polymeric materials with low molecular weight and a high solids content are gen-
erally employed for maximum results [1]. A fluid dynamics approach can be used
to demonstrate the relationships. between process factors and planarization:

t 3
J o
nw

2

where ¢ is leveling time, 7 is surface tension, A is initial film thickness, M is so-
lution viscosity, and w is feature width. This relationship suggests that several
factors can be modified to affect net results. Planarization of close-proximity fea-
tures (local geometry) and of widely spaced features (global geometry) may be
required, depending on substrate characteristics and process needs. Figure 1 il-
lustrates that planarization by a polymeric material may be suitable for both sit-
uations. The extent of planarization can be quantified by considering the initial
step height (zp) and the final effective step height after smoothing (z;) and de-
termining the normalized ratio: '

. . Zy —Z
Effective planarization = —2—

3)

Zy

which can be calculated for local and global features [2].

IPR2016-01376 Page 0057



Multilayer Resist Technology 571

T T Z /"z’—_\
A A A & Wm
Local feature 1\

Global feature planarization
(=100 pm pitch)

planarization

Figure 1 Polymeric planarization of local and global topography. The extent of pla-
narization can be determined from measurement of initial and final step heights (zp and z;).

Planarization can be accomplished by means of substrate overcoating (gen-
erally with an organic polymeric film), etch back processing, or polishing of a
topographic substrate to reduce step height. Techniques of chemical mechanical
polishing (CMP) are becoming widely accepted as alternatives to additive pla-
narization methods, reducing constraints on resist processing and requirements
for focal depth [3]. Methods of CMP can allow global planarization of both in-
sulator and conductor layers in multilevel metallization interconnect structures
and of both deep and shallow trench isolation materials. These techniques have
become a critical path for both logic and memory production and a number of
issues are receiving careful attention, including optimization of process tech-
niques, cleaning considerations, and defects.

1.8 Multilayer Resist Processes as Alternatives
to Conventional Resist Patterning

The appeal of multilayer resist processes and surface imaging resist (SIR) tech-
nology has increased because of the resolution enhancement they provide for
the current optical exposure tools, as well as the potential application for newer
exposure systems such as 193 nm or extreme ultraviolet (EUV, 13—40 nm). At
the shorter exposure wavelengths, conventionally developed resists are either
unavailable or lack sufficient performance. With surface or near-surface imag-
ing, photochemical modification necessary to effect the pattern transfer is re-
stricted to a thin upper portion of the resist layer. Ideally, the imaging layer
should be as thin and as planar as possible. In this way, maximum resolution
can be obtained and optimum use can be made of the entire available focus
range of the exposure tool. The resist image is free from the effects of device
topography and substrate reflection, an advantage that becomes increasingly
important as optical tools move to shorter wavelength sources where the re-
flectivity of many materials increases. In addition, the high CD tolerances de-
manded by advanced IC designs require high-performance patterning, which
multilayer and surface imaging resist systems can provide.
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1em WD1H

Figure 2 SEM micrograph of 0.35 um DRAM gate structures patterned over 0.6 pm
of topography using surface imaging techniques.

Multilayer techniques or single-layer surface imaging resist processes pro-
vide an advantage in application in which the substrate reflectivity is high or
topography is severe. Patterning of DRAM gates, such as the one pictured in
Fig. 2, often provides just such a challenging scenario. In this case, where
0.35-um gates were patterned over 0.6 um of topography, surface imaging re-
sist techniques ensured constant critical dimension control even over large step
heights. Particularly in instances in which the design dimensions challenge the
resolution capability of the exposure tool and the resist, near-surface or sur-
face imaging techniques can play an important role.

A large number of polymeric multilayer systems have been developed and
utilized for several decades. Multilayer schemes can be divided into four basic
categories, with some overlap in function. Specifically, approaches have al-
lowed planarization, reduction of reflection, contrast enhancement, and surface
imaging. These categories are not necessarily clearly divided, as a single mul-
tilayer approach can accomplish several objectives. Details of these approaches
will be explored in this chapter.

2 MULTILAYER PLANARIZING PROCESSES—
WET DEVELOPMENT APPROACHES

Various multilayer techniques have been introduced that employ polymeric pla-
narization layers to reduce substrate topography and allow the use of a thin top-
coated imaging resist layer, as depicted in Fig. 3 [4]. Methods have included a
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wet-processed thick planarization layer [5], a two-layer portable conformable
mask (PCM) [6], and a three-layer plasma transfer process [7]. The wet-processed
approach leads to isotropic dissolution of an underlying planarizing layer, lim-
iting application generally to non—integrated circuit use. The PCM process
employs a deep ultraviolet (DUV)-sensitive planarizing layer, typically
poly(methyl methacrylate), PMMA [8], or poly(dimethylgluterimide), PMGI
[9], and a DNQ/novolac imaging layer. Because the DNQ/novolac is highly ab-
sorbing at wavelengths below 300 nm, once imaged it acts as a surface contact
mask over the bottom resist layer. DUV flood exposure and development of the
bottom layer allow pattern transfer through the entire multilayer stack. This
technique can be limited by interfacial mixing of the two resist layers, which is
minimized when using PMGI materials. Poor contrast of the DUV planarizing
layer and reduced process control of this two-layer technique has limited reso-
lution, making sub-0.5 pm imaging difficult.

Variations on the multiple-resist approach have also been used for electron
beam T-gate fabrication [10, 11]. Three resist layers may be used to allow spe-
cific feature shaping through the depth of a resist stack. For example, a bottom
layer of PMMA is overcoated by a layer of a methyl methacrylate—methacrylic
acid copolymer (PMMA-MAA), followed by a top coat of PMMA. Exposure
and wet development lead to larger pattern widths in the more sensitive
PMMA-MAA layer, allowing the formation of T-shaped metal gate structures
through a subsequent additive liftoff process.

3 WET DEVELOPMENT/DRY PATTERN TRANSFER
APPROACHES TO MULTILAYERS

Anisotropic pattern transfer can allow significant improvement over the
isotropic processing of wet-etched multilayer approaches. Through the use of a
plasma reactive ion etch (RIE) pattern transfer process, near anisotropy can be
approached, allowing high-aspect ratio, fine feature resolution [12, 13]. The
three-layer schemed depicted in Fig. 3 makes use of a polymeric planarizing
layer (such as novolac resin or polyimide) and a thin intermediate etch stop
layer. This etch stop layer can be a spin-on organosilicon compound (spin on
glass), a low-temperature oxide, a silicon oxinitride, or a metallic layer, which
provide oxygen etch resistance. A thin resist imaging layer is coated over this
etch stop, exposed, and wet developed. Pattern transfer into the intermediate
etch-stop layer can be achieved with wet etch or dry plasma techniques with
suitable chemistry. Anisotropic pattern transfer through the thick polymeric pla-
narizing layer can be achieved via an oxygen RIE process. Variations on this
technique have been used for both optical and electron beam applications [14].

The importance of polymeric planarization approaches historically has de-
clined as single-layer resists and CMP techniques have steadily improved. As
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shorter wavelength exposure technologies are pursued, however, it is likely that
application of multilayer approaches will become more viable. A bilayer resist
technique that allows planarization, etch resistance, and reflection control with
a thin imaging layer has many attractive properties. Such schemes will be ad-
dressed in detail as silicon-containing resists and top-surface imaging tech-
niques are addressed.

4 RESIST REFLECTIVITY AND ANTIREFLECTIVE COATINGS

Reflection at resist/substrate interfaces has been a concern for many IC gener-
ations. The impact is most pronounced when using high-contrast resists, a re-
sult of increasing exposure thresholding effects. Shown in Fig. 4 is the effect
that varying resist film thickness has on feature size (CD swing curves) for an
i-line resist imaged over polysilicon and aluminum films. The reflectance from
a resist-polysilicon interface at 365 nm can be above 30% and at 248 nm above
38%. Resist over aluminum can produce reflectivity values of above 86% at
365 nm and above 88% at 248 nm. Interface reflectance can be determined
from a Fresnel relationship for two media at normal incidence as

2

R— n, —n, 4)

* x
n, +n1

0.70 -
0.65 -
0.60 -
0.55 -
0.50 -
0.45 -

0.40 -

Resist feature size (um)

polysilicon

0.35 - — - — - aluminum

0.30 $ t } { { t i | } { t { :
0.90 0.94 0.98 1.02 1.06 1.10 1.14 1.18

Resist thickness (um)

Figure 4 A CD swing curve showing the effect of resist thickness variation on re-
sist linewidth. Results for polysilicon and aluminum substrates are shown at 365 nm
using a resist with a refractive index of 1.7.
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Here n* is the complex refractive index or n-ik, where n is the real refractive
index and % is the extinction coefficient. For nonabsorbing materials, £ = 0 and
n* = n simplifying Eq. 4. For nonnormal incidence, a additional cos 6 term is
required, where O is the angle of incidence. Inspection of the optical constants
for materials in Table 1 gives an indication of the need to incorporate methods
of reflectance control.

If the materials that make up the lithographic substrate are nonabsorbing or
possess low absorbance, reflectance values at each interface must be uniquely
considered to determine the net reflectance through the film stack. Figure 5
shows an example of a resist film over an SiO,/Si substrate. Here, the contri-
bution from the oxide-resist interface is low compared with the contribution
from the silicon underlying material. In this case, the thickness of the SiO, film
can be adjusted to minimize total reflectivity through destructive interference
(the use of quarter-wave approaches for inorganic antireflection materials will
be discussed in detail in Section 4.1).

Control of reflectivity at the resist-substrate interface to values near a few
percent is generally required for critical lithography levels, leading to the need
for some method of control. The situation becomes more critical as lithographic
methods incorporate shorter wavelength sources, a smaller spectral bandwidth,
and more transparent resists. Reduction of reflection to values below 1% will
probably be needed for next-generation lithography. Dye incorporation into a
resist can reduce the coherent interference effects but at the cost of exposure
throughput and sidewall angle, leading ultimately to resolution loss. Dyed re-
sists are therefore generally limited to noncritical reflective levels at which the
highest resolution is not necessary.

Instead of reducing reflection effects through modification of a resist materi-
al, methods that reduce reflectivity at resist interfaces can provide control with
minimal loss of resist performance. This can be accomplished through manipu-

Table 1 Optical Constants (n and k) for Several Materials at 436, 365, 248,

and 193 nm
193 248 365 436

n k n k n k n k
Silicon 0.960 2.88 1.58 3.60 6.41 2.62 4.79 0.175
SiO, 1.56 0.00 1.51 0.00 1.47 0.00 1.47 0.00
Si3Ny4 2.65 0.18 2.28 0.005 2.11 0.00 2.051 0.00
Aluminum 0.117 2.28 0.190 2.94 0.407 4.43 0.595 5.35
Polysilicon 0.970 2.10 1.69 2.76 3.90 2.66 4.46 1.60
DNQ/novolac 1.70 0.007 1.67 0.007
PHS CAR 1.76 0.007
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Figure 5 Reflection contribution at resist/oxide and oxide/silicon interfaces with in-
creasing silicon dioxide thickness at a 365 nm wavelength using a resist with n = 1.7
and k£ = 0.007. Minimum reflectivity occurs at quarter wave oxide thicknesses.

lation of thin-film optical properties and film thicknesses and by careful match-
ing of the optical properties of each layer in an entire resist/substrate stack.

4.1 Control of Reflectivity at the Resist-Substrate

Interface: Bottom Antireflective Coatings

To reduce the reflectivity at the interface between a resist layer and a substrate,
an intermediate film can be coated beneath the resist. This is known as a bottom
antireflective coating (BARC). Inspection of Eq. 4 suggests one approach where
the refractive index of this layer could be close to that of the resist at the ex-
posing wavelength. To reduce reflectivity, the film could then absorb radiation
incident from the resist film. Thin-film absorption (o) is related to the optical
extinction coefficient (k) as

4tk
o =— S)
A
and transmission through an absorbing film is
T = exp(—out) (6)

where T is transmission and ¢ is film thickness. A high extinction coefficient
may therefore be desirable, leading to high absorption and low transmission
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through the BARC layer. As k is increased, however, reflectivity at the re-
sist/BARC interface is increased, as seen also from Eq. 4. An extinction coef-
ficient value in the range of 0.25 to 1.2 may be reasonable, based on these
considerations and depending on resist material and film thickness demands.
Shown in Fig. 6 is a series of plots showing substrate reflectance versus BARC
thickness for real-index matched materials with extinction coefficient values
from 0.1 to 1.2. Since the BARC layer needs to accommodate pattern transfer
(using either a wet or dry plasma etching approach), minimum thickness values
are desirable. For these layer combinations, a BARC thickness between 500 and
800 produces a first reflectance minimum. These minima occur as reflectance
from the BARC-substrate interface interferes destructively with the reflection at
the resist-BARC interface. This interference repeats at intervals of A/2n which
can be explained by examining Fig. 7. Here, radiation passes twice through the
BARC layer with wavelength compression corresponding to its refractive
index (A/n;). Two passes through a quarter wave thickness (A/4n) results in a
half-wave phase shift directed toward the resist-BARC interface. This phase-
shifted wave will then interfere with the reflected wave at the resist. Complete
destruction will occur only if the amplitude values of the waves are identical,

0.90
0.80 -
0.70
0.60
0.50 A
0.40 -
0.30 -
0.20 -
0.10 - \\
0.00 4+ —4—SFE et s
(aw)
<r

Reflectivity

o @
~ ~ N N N [ap] (sp)
Index matched BARC thickness (nm)
Figure 6 Substrate reflectivity vs. bottom ARC thickness for real index matched

materials (n = 1.7 at 365 nm) and extinction coefficient values from 0.1 to 1.2. Thé best
performance for a thin BARC layer may be possible with & values near 0.8.
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Figure 7 Diagram of the principle of a quarter wave AR layer between two media.
A thickness of the AR coating is chosen to produce destructive interference between re-

flected components, R; and R;. The ideal refractive index is .Jnl* n; .

which is possible only if the reflectance at the resist-BARC interface is exactly
equal to the reflectance at the BARC-substrate interface or if:

. v *
Rpe = \/ R esist X R gypsirate (7)

This leads to a more complex route toward reflection reduction with a bottom
ARC using both absorption and interference considerations.

Reflection control and aspect ratio requirements need to be considered to de-
termine optimum ARC film thickness values. A first reflectance minimum cor-
responding to a relatively thin film may be chosen for fine feature pattern
transfer. If thicker layers can be tolerated, further reduction in reflectivity may
be achieved by increasing the BARC film thickness. There is an exponential
trend in reflection reduction with increasing thickness and BARC absorption.
As extinction coefficient values increase toward 0.8, reflection begins to in-
crease, and for values above 1.2, reflectivity below a few percentage becomes
difficult. Figures 8 and 9 are a series of contour plots of substrate reflectivity
for BARC films with extinction coefficient values from 0.0 to 0.9 and refrac-
tive index values from 1.8 to 2.7.

Organic BARCs

Organic bottom ARC materials have been used for some time, typically in the
form of spin-on polymeric materials [15]. These polymers contain highly ab-
sorbing dyes introduced at levels to deliver appropriate extinction coefficient
values. Several classes of materials can be used, depending to a large extent on
the pattern transfer requirements of a process [16—19]. Wet developable organic
BARCs based on partially cured polyamic acids (polyimide€ precursors) have
been utilized for large feature geometry. These materials, with refractive index
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Figure 8 Contour plots of substrate reflectivity (over silicon) at 248 nm as a func-
tion of bottom ARC thickness for materials with refractive indices between 1.8 and 2.7
and extinction coefficient values to 0.9. Central contour areas correspond to 0-2% re-
flectivity and 2% constant contours are shown. Results beyond 10% reflectivity are
shown in black [npes;:(248) = 1.75].

values near 1.7 and extinction coefficients near 0.3, are coated and partially
cured prior to resist application. Partial curing of the dyed polyamic acid al-
lows tailoring of the alkaline solubility of the layer to match that of exposed
resist. Bottom ARC materials made of dyed triazine derivatives have also been
introduced [17].

As shown in Fig. 10, exposure and development of an aqueous base—soluble
resist layer exposes the underlying BARC material, which is also base soluble
if cured appropriately. Materials have been formulated that provide a high de-
gree of bake latitude (as high as +20°C) [20] and exhibit a very low degree of
interfacial mixing. The inherent problem with this approach for antireflection is
the isotropy of wet pattern transfer. With no preferential direction for etching,
undercutting results to the full extent of the BARC thickness. As shown in Fig.
10, resist features are undercut by twice the BARC thickness, limiting applica-
tion of wet-developed organic materials to a resolution above 0.5 um.

Dry etch compatible organic BARC materials can allow control of the etch
profile through use of plasma RIE methods of pattern transfer. The require-
ments then become one of resist to BARC etch selectivity to minimize resist
erosion and the accompanying loss in process and CD control. Initial candidate
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Figure 9 Contour plots of substrate reflectivity (over silicon) at 193 nm as a func-
tion of bottom ARC thickness for materials with refractive indices between 1.8 and 2.7
and extinction coefficient values to 0.9. Central contour areas correspond to 0-2% re-

flectivity and 2% constant contours are shown. Results beyond 10% reflectivity are
shown in black. Resist refractive index is 1.6.

materials for use as dry etch BARCs may be polymers that undergo efficient
scissioning with plasma exposure, leading to increased volatility. For instance,
dyed polyolefin sulfone materials (frequently employed as electron beam resists)
[21] could allow relatively high oxygen-based RIE etch selectivity to novolac or
polyhydroxystyrene (PHS) resist materials. Several dry-etch materials have been
introduced [22, 23] for use in 248 nm and i-line application. Figure 11 shows

Resist layer

Wet developed BARC Iayer

L A F P
% ‘5 aspect ratio /// ~1:2 aSpeCt y/
SUBSTRATE
o s

Figure 10 Process schematic for an aqueous base developed bottom ARC. Exposure
and development of a top resist layer allow development to continue through a suitably
baked AR film. Isotropic pattern transfer limits this approach.
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(b)

Figure 11 Comparison of reflective standing wave reduction through use of a dry
etch bottom ARC: (a) without a bottom ARC; (b) with a bottom ARC.

lithographic results and reduction of reflective standing wave effects with use
of a dry-etch BARC material.

A potential problem with spin-on organic BARC materials is their planariz-
ing nature. As seen in Figs. 8 and 9 control of film thickness to a few tens of
angstroms may be required for suppression of substrate reflectivity. If a poly-
meric material is spin coated over severe topography, film thickness can devi-
ate substantially from a targeted value. The film is generally not conformal,
which leads to significant variation in reflection reduction across a field. To in-
crease the conformal properties of a BARC layer, alternative deposition meth-
ods can be explored. Also, through elimination of the polymeric nature of the
BARC material, planarization can be further reduced. This leads to a class of
inorganic antireflective materials that can be coated using chemical vapor or
vacuum deposition methods.

Inorganic BARCS

Vapor-deposited ARC materials were first proposed for use over aluminum [24]
and have since been applied over a variety of reflective substrate layers. The op-
tical requirements for an inorganic layer are generally the same as for organic
films. This is, however, a more difficult task with inorganic dielectric materials
than it is with organic polymers as practical material choices are generally lim-
ited to those that allow process compatibility. The challenges for organic and in-
organic materials can therefore differ. For inorganic films, the flexibility of optical
constants is made possibly to some extent through material selection and varia-
tion in stoichiometry. Deposition thickness and uniformity can be controlled ac-
curately to the nanometer level and films are generally conformal to the
underlying topography. The choice between inorganic or organic BARC materi-
als therefore depends in part on the underlying substrate and processing that will
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be encountered. Titanium nitride [25], silicon nitride, silicon oxinitride [26],
amorphous carbon [27], tantalum silicide [28], and titanium tungsten oxide [29]
films have been used as inorganic antireflection layers at 365, 248, and 193 nm
[30]. Substrate-resist interaction effects for 248-nm chemically amplified resists
also need to be considered as candidates are evaluated, which may reduce the at-
tractiveness of some materials for some ARC applications [31].

For nonstoichiometric materials such as silicon oxinitride, modifications in
stoichiometry can be used to tailor optical properties. Traditionally, a chemical
compound is thought of as having a fixed atomic ratio and composition. A
wider range of properties is possible by relaxing this stoichiometric require-
ment. By controlling the ratios of material components during deposition, opti-
cal behavior can be modified. It is not immediately obvious that
nonstoichiometric composite films of metal, insulator, or semiconductor com-
binations will exhibit predictable optical properties. Through analysis of the
atomistic structure of materials and by relating optical material properties to
electrical properties, some conclusions can be drawn [32]. Optical constants can
be related to electrical properties by neglecting material structure and consider-
ing macroscopic material quantities only:

n® =%(q/sf+e§ +81) (8)

k? = %(\E{iez N 81) ©)

where €; and €, are real and imaginary dielectric constants, respectively. In
order to account for material structure, Drude analysis of optical and electrical
constants describes free electron or metallic behavior quite well in the visible
and infrared (IR) region [33]. Equations 10 and 11 are Drude equations for op-
tical and electrical constants, related to material plasma frequency (v;) and
damping frequency (Vv2).

2 2 vi
n?—k =g =1——11 10
! vi+v2 (10)
Inkc =g, =("—2)—;"—9 )
v Jvi+vi

To account for optical properties at shorter wavelengths, bound electron theory
needs to be utilized. For dieletric materials, no intraband transitions exist be-
cause of filled valence bands. Interband transitions are also limited in IR and
visible regions because of large band gap energies. Bound electron theory alone
is sufficient to describe classical dielectric behavior. Characterization of metal-
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lic and noninsulating materials in UV and visible regions requires use of both
free electron and bound electron theory. By assuming a given number of free
electrons and a given number of harmonic oscillators, optical properties over a
wide wavelength range can be described. Using bound electron or harmonic os-
cillator theory, relationships for optical and electrical constants can be deter-
mined from the following equations:

4me’mN, (Vi —Vv?)
41’ m® (Vi — v?)? +yV?
B 2e’N,yVv

4Pm* (vi —v?)? +yV?

g, =1+ (12)

£, (13)
where 7Y is the damping factor, N, is the number of oscillators, m is electron
mass, and e is electron charge. From this analysis, it can be shown that the
optical properties of a material can be described by metallic behavior combined
with dielectric behavior. Shown in Fig. 12 are plots of optical constants for a
metallic film using the Drude model for free electron motion and metallic-
dielectric composite films using combined free and bound electron models.
These results suggest that the optical properties of a composite material can
be modified by controlling the ratio of its components. It is expected, there-
fore, that the optical properties of nonstoichiometric materials would fall
somewhere between those of their stoichiometric elemental or compound
constituents.

Silicon nitride (Si3zN4) possesses optical constants that may be a good start-
ing point for use as an ARC at several wavelengths. Optical constant data for
silicon nitride, silicon dioxide (Si10;), and silicon at 436, 365, 248, and 193 nm
are contained in Table 1 [34]. By adjusting the deposition parameters during

(©)
(@) 1] (b) A 4

Optical constant
/
; L9

Wavelength

Figure 12 Plots of optical constants for a metallic film using the Drude model for
free electron motion and metallic-dielectric composite films using combined free and
bound electron models. (a) A metallic film; (b) a dielectric film; and (c) a dielectric com-
posite film with increasing metallic content.
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film formation (gas flow ratios for CVD and power, pressure, and gas flow for
sputtering, for instance), thin-film materials can be produced with optical prop-
erties defined by these constituents. Figure 13 shows the reflectivity at the sub-
strate interface for several 248 nm SiON ARC materials under a resist with a
refractive index of 1.76. Shown also in Fig. 14 are the optical constants (n and k)
for a variety of materials at 193 nm [35]. From these data together with com-
patibility and process requirements, potential ARC films for 193 nm can also
be identified.

An additional advantage from the use of inorganic ARCs is the ability to
grade the indices of materials to best match requirements of resist and sub-
strate layers [36]. This is possible through control of process parameters dur-
ing deposition. To achieve similar results with organic spin-on ARC:s,
multiple layers would be required. Pattern transfer for inorganic antireflective
layers can also result in higher selectivity to resist, made possible, for in-
stance, if fluorine-based etch chemistries are used. Shown in Fig. 15 is a com-
parison of pattern transfer processes through an organic spin-on ARC and an
inorganic ARC with high resist selectivity [37]. Minimum resist erosion dur-
ing the etch process with the inorganic material can result in an increase in
CD control. A major trade-off when using inorganic materials is the increased
complexity of deposition processes over spin coating. Process trends and Te-
quirements will probably lead to incorporation of both approaches for various
lithographic operations.

0.50
0.45 -
0.40 -
0.35 A
0.30 +
0.25 -
0.20 -
0.15
0.10 +
0.05
0.00

Reflectivity

SiON ARC layer thickness(nm)

Figure 13 Reflectivity at the resist/substrate interface for several 248 nm understoi-
chiometric SION ARC materials under a resist with a refractive index of 1.76. The un-
derlying substrate is polysilicon. Reflectivity for stoichiometric SiO; and Si3Ny are also
shown.
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Figure 14 A plot of the optical constants (z and k) for various materials at 193 nm.
A window of desirable ARC properties is shown, as also described in Figure 9. An
understoichiometric SiON film would also suffice for use at 193 nm, with properties
falling within the area defined by dashed lines.

(a) (b)
Figure 15 A comparison of resist loss during pattern transfer to bottom ARC layers.

(a) Organic spin-on ARC; and (b) dielectric inorganic ARC. [From C. Bencher, C. Ngai,
B. Roman, S. Lian, and T. Vuong, Solid State Technol., 111, (1997).]
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4.2 Top Antireflective Approaches

The bottom antireflective approach leads to reflection reduction at the interface
between a resist material and the substrate. Reflection also occurs at the top of
the resist, at the resist-air interface, as shown in Fig. 16. This leads to a situa-
tion similar to that of a Fabry-Perot etalon. An expression for the reflective
swing ratio can be utilized to address reflection effects within an entire resist
film stack [38]:

Swing = 4,/R, R, exp(—0o.t) (14)

where R; is the reflectivity at the resist-air interface, R, is the reflection at the
resist-substrate interface, o is resist absorbance, and ¢ is resist thickness. Here
the swing is the ratio of the peak-to-valley change in intensity to the average in-
tensity, which is desired to be a minimum. A decrease in R, via a BARC layer
can be used to accomplish this, as ¢an an increase in absorption (through use of
a resist dye, for instance) or an increase in resist thickness. A reduction in R; is
also desirable, which can be addressed through the use of a top antireflective
coating (TARC) [39]. Because there is a mismatch between refractive indices of
the resist material and air, R; can be on the order of 7%. This can lead to resist
exposure and CD control problems, encountered as a result of internal re-
flectance via multiple interference effects, scattered light, and reflective standing
wave. An exposure tool alignment signal detection can also be degraded from top
surface reflection effects [40]. Like conventional AR coatings for optical appli-
cations TARC films are not absorbing materials but instead transparent thin-film
interference layers that utilize destructive interference to eliminate reflectance.
The ideal refractive index for such a film coated over a resist material is that
which produces equivalent reflectance of from the air and from the resist side of
the interface. This leads to an optimum index of

T\/R1 / / Air

Resist

absorbance(o) = _11‘ In(7)

P 7777

Figure 16 Diagram of reflection contribution from resist/substrate and resist/air
interfaces.
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T *
nAR e nair X n’rcsist (15)

If a film of this index is coated to a quarter-wave thickness (A/4narc), complete
destructive interference can occur. For i-line resist materials with a refractive
index of 1.70, an ideal TARC material would have an index of 1.30 and would
be coated at 700 A. Figure 17 shows the reduction in reflection for a quarter-
wave top AR layer when the refractive index is varied from 1.1 to 1.5. For re-
fractive index values below 1.3, there is a larger contribution to reflection from
the resist-TARC interface. At values above 1.3, the contribution from the air-
TARC interface is larger.

The refractive index and reflectance properties of several TARC materials
are given in Table 2. As the refractive index of a material approaches the ideal

value of [n* xn* . , the reflectances at the resist and air interfaces are equiv-
air TES1St

alent, allowing destructive interference at a quarter-wave thickness. Residual re-
flectances results as TARC indices deviate from the ideal. To achieve refractive
index values near the ideal 1.3, polyfluoroalkylpolyethers and polytetrafluoro-
ethylene-based materials cast in solvents that do not dissolve novolac resist
materials have been utilized at TARC layers [41, 42]. These fluorinated poly-
mers require removal with chlorofluorocarbons prior to development and have
been replaced by water-based and water-soluble materials to improve process
compatibility [43]. Although these materials do not possess a refractive index

0.06
----- n=1.1 A
0.05 + e —n-t2 B
n=13 i
—-—-n=14 g
0.04 -+ g e e

0.03

Reflectivity

0.02

0.01

0.00

40 45 50 55 60 65 70 75 80 85 90 95 100
TARC layer thickness (nm)
Figure 17 The reduction in surface reflection through use of a TARC material at

365 nm. Reflection can be eliminated through use of a quarter wave thickness (700 A)
of a material with a refractive index of 1.3.
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Table 2 Refractive Index and Reflectance Properties of Several TARC Candidates

Refractive  Departure  Quarter wave  Reflectance  Reflectance

index from thickness at air at resist

n(365nm) ideal at 365 nm interface interface
Polyvinyl alcohol 1.52, 0.32 600 A 4.26% 0.3%
Polyethylvinylether 1.46 0.16 625 A 3.5% 0.6%
Polyfluoroalkylpolyether 1.27 0.02 713 A 1.5% 2.0%
Aquatar [12] 1.41 0.11 647 A 2.9% 0.9%
Ideal* 1.30 s 702 A 1.8% 1.8%

*Assuming a resist refractive index of 1.70.

as close to the ideal values for use with DNQ/novolac resists at 436 and 365 nm,
(the refractive index is 1.41 at 365 nm), the reduced process complexity makes
them a more attractive choice over solvent-based systems. Figure 18 shows the
reflectivity of a resist film stack as resist film thickness is varied. Reflectivity
varies by over 20% for resist over polysilicon over one swing period. This is
reduced significantly with the addition of an water-soluble TAR coated to a
quarter-wave thickness. Exposure and focus latitude improvement has also been
demonstrated with these materials.

0.30

Resist

o2+ ) L_._._. Resist/TARC

0.20

0.15

Reflectivity

0.10

0.05

0.00
0.95 096 097 098 099 1.00 1.01 102 1.03 1.04 1.05

Resist layer thickness (um)

Figure 18 Reflective at the top surface of a resist material as a function of resist
thickness with and without a TARC. Results are for 365 nm and a polysilicon substrate.
The refractive index of the TARC is 1.41 and its thickness is 647 A.
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5 THE IMPACT OF NUMERICAL APERTURE
ON REFLECTANCE EFFECTS

In Egs. 4 and 14 the assumption of normal incidence is made. In projection
imaging, the incident angle of illumination is a function of the numerical aper-
ture (NA) of the optical system. Reflectance at an interface is a function of the
angle of incidence (in air) /y and the angle of refraction I, as

pd sin2(11~12)+tan2(]lﬁfz)
2| sin*(,+1,) tan’*(I,+1,)

(16)

The first term in this equation corresponds to the reflection that is polarized in
the plane of incidence and the second term corresponds to the reflection in the
perpendicular plane. The effective film thicknesses for resist, AR layers, and
underlying dielectric films are also scaled by the angle of incidence as 7 cos (0),
where t is the thickness of the film at normal incidence. Large angles of inci-
dence (with high-NA optics) have been shown to contribute to reducing the re-
flective swing ratio [44].

6 CONTRAST ENHANCEMENT MATERIALS

Resolution is generally limited in optical lithographic processes by the inabil-
ity of a resist material to adequately utilize a degraded aerial image. Optical im-
provement techniques including the use of lenses with a higher numerical
aperture, shorter wavelength exposure sources, modified illumination, or phase
shift masks can be employed to improve aerial image integrity through a suffi-
ciently large focal depth. In addition, the use of a thinner, higher contrast resist
over a low-reflective substrate can best record aerial images of limited modu-
lation. The concept of a contrast enhancement material (CEM) coated over a re-
sist allows an alternative to these approaches, making use of an intermediate
image capture step prior to image transfer into photoresist. Contrast enhance-
ment is based on the use of photobleachable materials that are opaque prior to
exposure but become transparent after photoabsorption [45—47]. The process is
illustrated in Fig. 19. Here, an aerial image of low modulation is incident on a
thin CEM layer coated over resist. During exposure of the CEM, its trans-
parency increases until the resist interface is reached, at which time resist
exposure begins. If the dynamic photobleaching rate of the CEM is low com-
pared with the exposure rate of the underlying resist, the CEM image becomes
an effective contact masking layer. This masking layer transfers the image into
the underlying resist. The net effect is to increase the effective contrast of the
resist process.

To be applicable for a microlithographic process, CEM materials must exhibit
optical absorbance values above 2 at thicknesses on the order of minimum fea-
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Figure 19 Schematic of a photobleachable CEM process. The CEM material acts as

a contact mask for exposure of an underlying resist.

ture sizes. Figure 20 shows the spectral characteristic of a 365-nm water-soluble
material consisting of an inert polymer film and an organic dye. Upon exposure,
photoisomerism of the organic-dye increases transparency near 365 nm. Several
materials have also been introduced for exposure wavelengths of 436, 365, and

248 nm [48-50].

N TRANSMISSION (%)

50 unbleached o /\ -

300 340 380
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Figure 20 Transmission characteristics of a water soluble CEM material for use at

365 nm.
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7 SILICON-CONTAINING RESISTS FOR MULTILAYER
AND SURFACE IMAGING RESIST APPLICATIONS

Multilayer resist techniques have long been used to ease requirements for resist
performance [51-56]. This goal is achieved by using physically distinct layers
to separate the imaging function from the etch resistance, planarization, and re-
flection suppression functions. Trilevel resists have demonstrated enhanced res-
olution compared with single-layer resist processing. The trade-off for this
resolution, however, is additional processing difficulty as the deposition and pat-
terning of three layers must now be simultaneously controlled. Although excel-
lent results have been obtained, the processing complexity has been the major
obstacle for the widespread application to production of integrated circuits.

An obvious simplification of the original multilayer technique is to incorpo-
rate the patterning and etch resistance into one layer and require only one ad-
ditional layer for planarization. Eliminating the middle layer requires that the
top layer have sufficient etch resistance and that there are no detrimental inter-
actions between the top and bottom resist layers. The use of resists containing
organosilicon and organometallic polymers on top of a thick organic planariz-
ing layer has been reported [57]. The top resist layer is developed using stan-
dard wet development techniques and the image is transferred to the bottom
resist layer with an oxygen plasma etch. A refractory oxide, which is highly
etch resistant, is formed in the top resist layer during the oxygen plasma etch
[58,59]. Taylor et al. [60,61] demonstrated the selective introduction of silicon
into the resist polymer following exposure of the resist. During the oxygen
plasma development, a protective SiO, coating is formed on the polymer sur-
face that is resistant to etching [62].

7.1 Bilayer Process with Silicon-Containing Resists

Silicon-containing resists for use in bilayer imaging processes are an ideal choice
because of the compatibility with silicon semiconductor processing [63—65].
Many variants of silicon-containing polymers for use as resists were developed;
however, early polymers required organic solvents for development and did not
possess either sufficient resolution or sensitivity [66,67]. Addition of fluorescence
quenchers improved the photosensitivity for polysilanes by a factor of 5, although
development of the sub-0.5 mm features patterned with a 0.35 NA, 248-nm step-
per was still performed in an organic sclvent [68]. For aqueous development of
silicon-containing resists, loss of resolution is often observed because the silicon-
containing groups that are incorporated in the resists interfere with the develop-
ment process by significantly altering the resist hydrophilicity.
Silicon-containing bilayer resists have received renewed attention for use at
an exposure wavelength of 193 nm. A silicon-containing bilayer process capa-

IPR2016-01376 Page 0079




Multilayer Resist Technology 593

ble of imaging 0.175-nm equal lines and spaces with a 193-nm, 0.5 NA step-
per has been demonstrated [69]. This silicon-enriched methacrylate-based top
imaging layer can be developed in standard tetramethylammonium hydroxide
solution. Interestingly, the top imaging layer is relatively thick (2500 A), sug-
gesting that even finer resolution could be achieved if a thinner imaging layer
could be used.

Si-CARL Process

A variation of the silicon-containing bilayer scheme known as Si-CARL (silicon
chemical amplification of resist lines) [70,71] is illustrated in Fig. 21. Si-CARL
is a typical bilayer process in that a thin imaging layer is applied on top of a
thick planarizing layer. A strongly cross-linked novolak resist film of sufficient
thickness to suppress substrate reflections and standing waves is used as the
bottom layer. The top resist contains an anhydride, which is converted via acid-
catalyzed hydrolysis to a soluble carboxylic acid . The Si-CARL process in-
corporates silicon into the resist after the top film has been exposed and

.__L ‘L ,:.hv =¢' i Mask
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Figure 21 Iilustration of the Si-CARL process. (a) Exposure of top resist; (b) aque-
ous development of top layer; (c) silylation of top pattern resulting in linewidth increase;
(d) dry etch transfer of image to bottom layer.
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developed. An amino-containing siloxane such as bis-diaminoalkyl-oligo-
dimethylsiloxane reacts chemically with the anhydride and provides the etch
resistance for the top resist layer during the subsequent plasma etching of the
bottom layer.

The silicon incorporation in the Si-CARL process is typically performed in
solution using conventional track equipment, but the dry development step is
carried out using a plasma reactor. The bifunctional oligomers used for silicon
delivery, so-called CARL reagents, have a reactive amine group at each end of
the chain and incorporate multiple silicon atoms at each binding site in the re-
sist polymer. These diamines can also react with different polymer chains to
cause cross-linking in the resist polymer. A very high silicon content in the re-
sist, up to 20-30% (by weight), can be achieved. After inclusion of these
oligomers, the additional organic material incorporated in the resist is responsi-
ble for the swelling (i.e., amplification) of the original resist pattern. This in-
crease in film thickness is reportedly linear in silylation time and does not
appear to be inhibited by increasing cross-linking. In addition, the correspond-
ing line width increase is independent of feature size [72]. Depending on the
time during which the resist is exposed to the CARL reagent, the resulting pat-
tern can be either the same size as the mask dimensions or the space can be re-
duced beyond the design size. Thus, depending on dose and aqueous silylation
time, it is possible to introduce a process bias to pattern subresolution spaces.
Interestingly, no observed pattern deformation or distortion has been reported
with this process [72]. It is important to note that in the Si-CARL process the
entire surface of the developed resist feature incorporates silicon and therefore
is resistant to sizing changes during the plasma patterning of the bottom layer
of resist. Very high aspect ratio patterns have been demonstrated with these
methods [70].

A top surface imaging variant of this process, called simply Top-CARL, can
be implemented as a single-layer process in which exposure to the CARL
reagents and selective silicon uptake occur in the exposed area before develop-
ment has taken place [70]. However, the Si-CARL bilayer process has a larger
process latitude and greater etch resistance. Changes in the photoactive com-
pound and matrix resin have been used to tailor the CARL and Si-CARL process
for g-line, i-line, 248-nm, 193-nm lithography and e-beam lithography. Both pos-
itive and negative tone systems have been developed [73].

The Si-CARL process has the advantages of a bilayer technique (topographic
invariance, reflection suppression, enhanced resolution) and can allow the opti-
cal exposure tools to operate in a more linear sizing regime. This can be ad-
vantageous for levels such as contacts, which are notoriously difficult to
pattern. Another advantage of the Si-CARL process is the use of an aqueous-
based, room temperature silylation scheme that can be performed on a conven-
tional resist development track.
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Other Bilayer Techniques Involving Silicon Incorporation

The silicon-added bilayer resist or SABRE process [74] is very similar to the
Si-CARL technique except that silicon is introduced into the patterned top layer
using a gas-phase process. In the SABRE process, conventional novolac-based
g-line resists are silylated using bifunctional silylating agents to prevent resist
flow and deformation. A major drawback of the SABRE process is that the sil-
icon incorporation step is extremely slow, reportedly requiring 5 to 90 minutes,
depending on the silylating agent [74].

The difficulties in formulating a single-layer resist with sufficient transparency
and etch selectivity for patterning at 193 nm and even shorter wavelengths have
intensified investigations of various bilayer schemes, particularly those involving
introduction of silicon into the resist after it has been exposed. A bilayer ap-
proach has been demonstrated that incorporates silicon after exposure of the top
resist layer by DUV (248 nm) or extreme ultraviolet (EUV; 13.5 nm) wave-
lengths [75,76]. As illustrated in Fig. 22, cross-linking induced by the photogen-
erated acid and the subsequent postexposure bake provides differential silicon
permeability in the exposed and unexposed areas of the imaging layer. Silicon is
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Figure 22 A silylated bilayer approach for using chemically amplified resists. (a) Ex-
posure and generation of photoacid; (b) post-exposure bake and cross-linking of exposed
resist; (c) silicon incorporation into unexposed resist; and (d) dry etch transfer of image.
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preferentially incorporated in the unexposed resist from a gas-phase reagent after
the exposure and bake steps. As with the Si-CARL process, some increase in re-
sist volume accompanies the silicon incorporation. Further improvements in the
process are achieved by introducing small amount of a difunctional disilane to
control the resist swelling and to improve both the selectivity of the silicon in-
clusion step and process resolution [75]. Exposure to an oxygen-containing
plasma for the all dry development step produces an etch resist silicon oxide
mask in the unexposed regions resulting in a positive tone pattern.

The silylated bilayer system depicted in Fig. 22 employs chemical amplifi-
cation, which, because of the low exposure dose requirements, is compatible
with the limitations for the present 193-nm and EUV exposure tools. The dif-
ficulty with these systems is providing sufficient silicon incorporation into the
resist while maintaining adequate contrast between the exposed and unexposed
portion of the resist [76].

The use of unique materials as top imaging layers is also being explored. For
instance, a bilayer process has been developed in which an imaging layer is
formed by plasma-enhanced chemical vapor deposition (PECVD) from tetra-
methylsilane deposited on a PECVD planarizing layer. The PECVD process al-
lows a very thin conformal top imaging layer to be applied [77].

Although the bilayer processes show some of the advantages of surface
imaging, they are limited primarily by process complexity. Not only are two
separate resist applications necessary, but also in most schemes both conven-
tional wet development and dry development equipment is needed. This com-
plexity generally translates into higher final costs that have kept many systems
from becoming widely adopted. Defect and particle generation and problems
with pinholes in the top imaging and barrier layers are additional problems with
multilayer techniques [78,79]. With the notable exception of the Si-CARL and
CARL processes, bilayer approaches are generally viewed as a method for ex-
tending the exposure tool capability and for research applications but not as
manufacturable processes.

8 SILYLATION-BASED PROCESSES
FOR SURFACE IMAGING

Instead of applying two distinct layers for patterning, the concept of selectively
Incorporating an inorganic or organometallic substance into either the exposed or
unexposed regions of a single resist layer was demonstrated by Taylor et al.
[60,61]. Effectively, silicon-containing bilayer was achieved post patterning by
the reaction of SiCly with the photochemically altered resist, a process termed
gas-phase functionalization. In a similar vein, MacDonald et al. [80,81] used pho-
togenerated OH reactive groups in the exposed photoresist to react with a silicon-
containing amine to achieve silicon incorporation into the resist polymer.
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Selective diffusion of silicon into the imaged resist gained widespread atten-
tion with the DESIRE process introduced by Roland and co-workers [82,83].
Many derivative processes were later developed and given suitable acronyms
such as PRIME [84], SUPER [85], and SAHR [86]. All are single-layer pattern-
ing techniques that depend on preferential incorporation of a silicon-containing
compound into the photoresist after the exposure step. Silicon incorporation in the
resist was initially achieved by diffusion from the gas phase; however, Shaw
et al. [87] introduced the use of a wet silylation process to produced an etch-
resistant top resist layer. LaTulipe et al. [88,89] also used a liquid silylation
process for surface imaging of a novolac resist. Silicon functionalization of a
single-layer resist after exposure offers the attractive potential of simplifying
both the resist processing sequence and the resist formulations. Although the
various techniques differ in the exact mechanism of creating the contrast be-
tween the areas of silicon incorporation and silicon exclusion, many of the
general characteristics are similar. Therefore, a detailed consideration of one
of these schemes will serve to illustrate the major process parameters and con-
cerns for this type of process.

8.1 The Desire Process

DESIRE, which is an acronym for diffusion-enhanced silylated resist, was the
first commercialized surface imaging process [90-92]. Formulated originally
for g-line exposure (436 nm), the technique is readily adaptable for I-line (365
nm) [93] as well as DUV (248 nm) [94,95] exposure. The DESIRE process, il-
lustrated schematically in Fig. 23, consists of four interdependent steps: (1) ex-
posure and formation of the latent image, (2) presilylation bake, (3) formation
of silylated image, and (4) dry etch transfer of the pattern. Successful pattern-
ing of the resist will depend on having optimized parameters for all four steps.

The Exposure Step

During the exposure step, the photoactive compound, a naphthoquinone diazide,
undergoes photochemical decomposition. Since the unexposed photoactive
compound is a diffusion inhibitor, the exposed resist is more susceptible to sil-
icon diffusion. The exposure dose and shape of the projected image to a large
degree determine the ultimate depth and lateral dispersion of the silicon incor-
poration into the resist.

The Presilylation Bake

The presilylation bake (step 2, Fig. 23) is extremely important for selective in-
corporation of the silicon into the exposed regions. During this high-temperature
bake, phenol ester formation by the unexposed photoactive compound forms a
cross-linked and hence less permeable resist [91]. This thermally induced cross-
linking of the unexposed resist in conjunction with the photochemical decom-
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Figure 23 Schematic illustration of the DESIRE surface imaging process. (a) Ex-
posure; (b) presilylation bake and cross-linking; (c) silicon incorporation; and (d) oxygen
plasma development.

position ‘of the sensitizer in the exposed area leads to preferential silicon
incorporation into the exposed areas. The temperature and duration of the
presilylation bake and the silicon exposure steps are important for defining
the contrast between the exposed and unexposed region [96].

Silicon Incorporation Step: Vapor Phase Silylation

Incorporation of silicon is typically performed by vapor-phase introduction of a
suitable silicon-containing reagent such as hexamethyldisilazane (HMDS). The
mechanism for diffusion of the gas-phase silylation agent has been widely in-
vestigated. The unexposed naphthoquinone diazide can act as a diffusion in-
hibitor for HMDS in a phenolic resin, while the exposed naphthoquinone
diazide will increase the diffusion rate [97,98]. Generally, the resin must pro-
vide sufficient binding sites and the diffusion of the silicon must allow 8—10%
silicon incorporation, by weight, to provide sufficient etch selectivity [91].
Thermal cross-linking of the resist, initiated by the presilylation bake, contin-
ues during the silylation bake and determines the permeability of the silicon de-
livery agent and, hence, selectivity. The presilylation and silylation bake
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parameters of temperature and time are sensitive controls for silicon incorpora-
tion. In addition, the chemical structure of the silylation agent will influence the
diffusion rate and the total amount of silicon introduced into the resist. Early
versions of the resist for the DESIRE process exhibited pattern deformation due
to the volume change upon inclusion of the silylating agent in the resist.
Changes in the resist polymer and optimization of the silylating agent have
eliminated this problem [99,100].

Although HMDS is the most readily available silylating agent in semicon-
ductor purity and was used most often for silylation processes, interesting al-
ternative silylation agents have been investigated [93]. Small silylating agents
such as dimethylsilyl dimethylamine (DMSDMA) and tetramethyldisilazane
(TMDS) require relatively low temperatures (80-120°C), but silylating agents
containing bulky groups such as 1,3-diisobutyl-1,1,2,2,-tetramethyldisilazane
proved too bulky to provide sufficient silylation. For the smaller silicon deliv-
ery agents, it is important to decouple the presilylation bake from the silylation
in order to obtain sufficient cross-linking and selectivity. Polyfunctional silylat-
ing agents have proved to be very attractive in certain applications [74,101].

Liquid-Phase Silylation

Although the silylating agent is usually introduced in the gas phase, liquid-
phase silylation processes for DESIRE have been reported [102]. Liquid-phase
silylation is carried out using a three-component system containing an inert
carrier solvent (xylene), a diffusion promoter (N-methylpyrrolidone or propyl-
eneglycol monomethyl ether acetate), and a silylating agent. Hexamethylcy-
clotrisilazane (HMCTS), a trifunctional cyclic amine, is generally used as the
silylation agent [87,89,103], although monofunctional silylating agents such as
bis(dimethylamino)dimethylsilane have also been used [102]. HMCTS induces
cross-linking of the resin, which can reduce the silicon diffusion rate and
ultimately limit the total silicon uptake. However, the cross-linking is benefi-
cial because it prevents lateral swelling and pattern deformation as well as
out-diffusion of silicon, problems that occur under certain conditions with gas-
phase silylation [99,100,104].

Unlike gas-phase silylation, the liquid-phase silicon uptake exhibits a non-
linear response to exposure dose. There is a threshold behavior with exposure
dose that should favor a more selective silylation process. The amount of sili-
con incorporated into the film for liquid-phase silylation (~25%) is much higher
than in the gas-phase process (~10%). Hence, the dry etch selectivity of these
films is also higher [105]. The reason for the higher silicon content in the lig-
uid silylation systems is not certain. Because the amount of observed silicon
added to the resist corresponds to an average of two silicon atoms for each OH
group, it is proposed that some polymerization, perhaps growth of polysiloxane
chains on the phenolic OH group, occurs [105].
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Liquid silylation techniques have been applied to other surface imaging tech-
niques [88,89 ] and hold promise for improved silylation processes. For imple-
mentation in device manufacturing, an aqueous-based solution such as that used
for the CARL process is much preferred to a xylene-based system from the
standpoint of compatibility with existing resist processes and environmental
concerns.

Dry Etch Development

Dry etch pattern transfer in the DESIRE process involves the use of an O,
plasma to remove the unprotected resist while forming an etch-resistant silicon
oxide covering in the silicon-containing areas. The dry development etch is
generally carried out in a high-density plasma containing either pure oxygen or
oxygen and a fluorocarbon gas [106]. Anisotropy of the etch is ensured by
using very low pressures and by applying a DC bias to the wafer. Etch condi-
tions must maintain a balance between the chemical component of the etch and
physical sputtering. If care is taken to minimize the isotropic components of the
etch, the resultant resist profile will depend to a large extent on the silylated
profile.

Successful pattern definition during dry development involves a combination
of etching of any unprotected resist and sputtering away of the silylating region
[107—-109]. For understanding the etch process, models that assume some com-
petition between SiO, formation and sputtering of the film by ion bombardment
can be applied [110,111]. Evidence for formation of a silicon oxide hard mask
in the silylated regions comes from x-ray photoelectron spectroscopy (XPS) in-
vestigations of silylated resist samples before and after plasma exposure, which
reveal that the silicon content of the surface does not change appreciably while
there is a dramatic increase in the oxygen level. Both carbon and silicon XPS
peaks are shifted to higher energy, indicating extensive oxidation [86]. For the
unprotected resist, the etching mechanism involves both chemical and ion-
induced etching. Clearly, oxygen atomic concentration, ion flux, and energy are
important parameters for the etch. In addition, the glass transition temperature
for the silylated resist polymer (7,) has been shown to be important [112].
At higher temperatures silicon diffuses out of the exposed, silylated region,
thus preventing adequate hard mask formation. This is confirmed by silicon
profiling studies and correlates with a dramatic decrease in the observed etch
selectivity (initially silylated vs. unsilylated areas) with increasing wafer tem-
perature during plasma development. Improvements in etch anisotropy with the
use of very low temperatures (—=70°C) [113,114] and SO, in the plasma have
been reported [115,116].

Initial attempts at dry development of silylated resists were plagued by se-
vere problems with residue between patterned features and with line edge
roughness. Residue, sometimes referred to as ‘“‘grass,” can arise from two
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sources: unintentional masking of resist during the plasma etch due to unwanted
silicon incorporation in these areas and sputtering and redeposition of materi-
als. Residue caused by unintentional silylation is usually distributed equally
throughout the pattern, in some instances appearing in greater abundance in
large open areas. In contrast to this, residue from sputtering and redeposition 1s
located almost exclusively between features that should be very well resolved
by the exposure tool. An example of severe grass formation caused by parasitic
silylation is illustrated in Fig. 24.

Residue resulting from unintentional silicon incorporation can be minimized
by optimizing the silylation and bake conditions to improve the selectivity of
the silylation step. This usually involves changes in the bake time, temperature,
pressure, or silylating agent. Alternatively, the dry development step can take
care of the unwanted silicon inclusion by extending the over-etch time (i.e.,
overdevelopment) or by introducing an initial nonselective etch step to remove a
certain amount of resist uniformly from the wafer. The latter step, often referred
to as a “descum,” involves the use of a fluorine-containing plasma or a high-
energy ion bombardment step [117,118]. Usually, an initial step with low selec-
tivity for silylated resists is followed by a second, more selective, etch [106]. A
two-step oxygen etch, in which the initial step has a high ion energy, can also be
used [117]. The disadvantage of either alteration of the dry development step is
loss of resist thickness in the final pattern. This requires a thicker hard mask,

pAA3 15KV K15,008 IPm WD135

Figure 24 Examples of residue caused by unintentional silicon incorporation into
exposed resist areas.
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which usually translates into higher required exposure doses and longer process-
ing times. Residue resulting from sputtering of the hard mask is eliminated by
reducing the ion bombardment energy in the plasma development step.

Edge roughness for the dry developed resist can be a serious concern, par-
ticularly as the dimension of the line edge roughness become a significant per-
centage of the line width dimension. Extreme edge roughness is observed if the
silicon content is insufficient to withstand the plasma dry development and
breakdown of the etch mask occurs. The resist line roughness will most likely
transfer into the underlying substrate during the subsequent etch step, causing
variations in the pattern sizing. Severe edge roughness as illustrated in Fig. 25
can be caused by insufficient silicon hard mask protection of the underlying re-
sist, low selectivity in the dry development etch, or both. Therefore, the silyla-
tion conditions and the dry etch parameters must be optimized in concert to
minimize the line roughness.

Hard mask breakdown can also be observed when there is a lack of contrast
in the exposed image. This can happen near the resolution limit of the exposure
tool or if the exposed image is severely defocused. Edge roughness is of spe-
cial concern at 193 nm and shorter exposure wavelengths due to very shallow
absorption depth of the resist coupled with the small targeted line widths. Stain-
ing techniques that decorate the silylated resist profiles have verified the shal-
low silylated layer for these exposure wavelengths [75]. Any thinning of the
silylated image near the edges of the silylated profile will result in an increase
in line edge roughness. Shown in Fig. 26 is a section of a silylated grating pat-

Pefy 20KV X30,000  1vm WO1S

Figure 25 Line edge roughness resulting from hardmask breakdown during dry de-
velopment of the resist.
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Figure 26 Silylated profiles (raised resist) which have been delineated using a short
plasma etch.

tern that has been subjected to an oxygen plasma for a time sufficient to deco-
rate the silylated areas but not completely etch the resist features. The oxygen
etch has delineated the depth and lateral profile for the silylated regions [119].
It is interesting to note that along the edges of the silylated regions, some
roughness is visible. The line edge roughness can be minimized by increasing
the depth of silicon incorporation at the feature edges or by removing the thin-
ner outer portions of the silicon hard mask during the dry development etch.
The latter solution leads to changes in critical dimension with over-etch and is
not a good solution from the point of view of process control. Although there
is speculation that the molecular weight distribution of the resist could also in-
fluence the edge roughness, there have been no studies published to support this
assertion.

8.2 The Prime Process

A variation of the DESIRE process for positive-tone images, called positive
resist image by dry etching (PRIME), was developed by workers at LETI
[84,120,121]. The PRIME process uses the same resist as the DESIRE process
and differs only in the addition of a second near-UV flood exposure step
(Fig. 27). Like a classical image reversal scheme, the PRIME process involves
an initial exposure with DUV or e-beam followed by flood exposure at near-
UV wavelengths to produce a positive-tone image. During the initial exposure,
reaction of the photoactive compound results in cross-linking of the resist. For
DUV exposure, only the top 300 A of the resist is cross-linked, whereas the en-
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Figure 27 Schematic representation of the PRIME process. (a) DUV exposure; (b)
NUYV flood exposure; (c) presilylation bake and crosslinking; (d) silicon incorporation;
and (e) oxygen plasma development.

tire resist thickness is cross-linked upon e-beam exposure. Degradation of the
photoactive compound during the subsequent near-UV flood exposure increases
the diffusion rate of the silylation agent in the previously unexposed areas. Sily-
lation and dry development are performed in a manner similar to that in the
DESIRE process, the end result being a positive-tone image. A major difficul-
ty with the PRIME process is the high energies required for both the cross-
linking step (400 mJ/cm? at 248 nm and 300 mC/cm? for e-beam at 50 keV)
and the flood exposure (1-2 J/cm?). Although some work with more sensitive
resist formulations has been reported [122], this still remains a serious concern.

8.3 The SAHR Process

The silylated acid hardened resist (SAHR) process (Fig. 28) is a positive-tone
single-layer process that relies on photoinitiated, acid-catalyzed cross-linking.
In the SAHR process, DUV-induced acid generation in the imaging layer causes
cross-linking in the exposed region during the postexposure bake step and ren-
ders these areas impermeable and unreactive to silylamines [123]. With gas-
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Figure 28 Silylated acid hardened resist process (SAHR). (a) Exposure and gener-
ation of photoacid; (b) post-exposure bake and crosslinking of exposed resist; (c) silicon
incorporation into unexposed resist; and (d) dry etch transfer of image.

phase silylation, the unexposed resist incorporates 10—-12% silicon by weight,
which is adequate to protect the underlying resist during the final plasma
development.

The chemically amplified resists used in the SAHR process require much
lower exposure doses (5—30 mJ/cm? for DUV exposures) compared with the
novolac resists for the DESIRE process. The original SAHR process suffers
from severe limitations with respect to its practical implementation. The first is
the variation of silicon penetration depth with feature size in which the larger
features exhibit a much deeper silylation depth. This size-dependent variation
of the silylated profiles make it difficult to control line width and maintain pat-
tern sizing linearity. The differential silicon incorporation cannot be explained
simply by decreased optical contrast, as this effect is observed at feature sizes
much larger than the resolution limit of the exposure tool. A plausible explana-
tion is that the interfacial tension per unit volume becomes much larger as the
patterned dimensions shrink, causing this sizing dependence [124]. An addi-
tional problem with the SAHR process is the resist flow during silylation. In-
corporation of silyl groups into the resist film causes resist swelling and
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interferes with the hydrogen bonding, thus lowering the T, of the resist film. As
a consequence, during the silylation process the silylated resist overflows into
the exposed (cross-linked) regions. This parasitic silicon incorporation degrades
the silylation process contrast and requires extra processing steps to minimize
the effect. Exposure of the resist to a bifunctional silane such as bis(dimethy-
lamino)dimethylsilane prior to treatment with the silylating agent significantly
diminishes the amount of silicon in the exposed areas by creating a thin cross-
linked skin on the resist surface [124]. Alternatively, an aqueous development
step prior to the silylation step eliminates both the flow problem and the size
dependence of the silicon penetration depth. Surface depressions in the unex-
posed areas are created by this development step and are refilled by the swollen
silylated material. However, this predevelopment step removes ~4000 A of re-
sist and requires thicker initial resist coatings.

Today, modified SAHR processes are being used with e-beam as well as
shorter wavelength (193 and 13.5 nm) exposure tools [101,114,125-127].
For these shorter wavelength exposures the cross-linking is facile due to the
high photon energy. A number of patterning techniques have exploited this
fact to create differential diffusion rates of a silicon-containing reagent
to achieve surface imaging at 193 nm [125,128] or 13—40 nm (extreme
UV) [129]. For many of the 193-nm surface imaging techniques being ex-
plored, photochemical cross-linking, unaided by chemical amplification, is
used [128].

8.4 Other Surface Imaging Techniques

Investigations targeted at developing surface imaging processes for high-
resolution applications are yielding some interesting results. For example,
work using plasma deposition of organosilicon shows promise for a single-
layer and bilayer process [130—132]. An all dry patterning process involving
the polymerization of methylsilane has demonstrated encouraging results with
this thin conformal imaging layer [132]. In addition, non-silicon-containing
single-layer and bilayer processes are being investigated. Near-surface imag-
ing using metal plating to define an etch-resistant mask has also been demon-
strated [133—135]. In this process, a substrate surface is treated with an
organosilane and exposed to DUV 248 nm) radiation. This exposure modifies
the wettability of the substrate surface and reactivity of the surface film. Sub-
sequent treatment with a Pb/Sn catalyst followed by electroless copper and
nickel metallization yields films several hundred angstroms thick in unexposed
regions. This positive image can then be used as a plasma etch mask. The ul-
trathin films resulting from this process can lead to significant improvement in
focal depth and resolution.
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9 USE OF ALTERNATIVE PATTERN TECHNOLOGY
IN MANUFACTURING

Surface imaging has traditionally been used to extend the capabilities of the
current generation of optical lithography tools while allowing time for the
newer tools to mature. Surface imaging or near-surface imaging techniques
using bilayer approaches have found limited usage outside the research envi-
ronment. There are, however, a few exceptions. [73,136,137] The DESIRE
process was transferred to a pilot line at Texas Instruments and used in the early
production and qualification of a 16-MB DRAM device [136]. The challenging
topography and high reflectivity of the metal level necessitated the use of sur-
face imaging resists. The DESIRE process was eventually replaced by a process
using conventionally developed resist; however, use of an antireflective coating
(ARC) and enhanced planarization techniques were necessary to achieve per-
formance comparable to that of the DESIRE process. It is of interest to note
that the measured defect levels and yield for the DESIRE process were com-
parable to those of the optimized ARC/conventional resist process [138]. As
mentioned earlier, the CARL process has been used successfully at Seimens for
manufacturing for a few [73].

Antireflective coatings, both top and bottom layer films, are necessary for
many current IC applications and are employed in numerous manufacturing
lines. The manufacturing issues for nonconventional resist techniques such as
surface imaging or bilayer resist imaging have been discussed by several au-
thors [78,138,139]. However, the ultimate selection of a photoresist process,
whether conventional single-layer resist processing or one of the alternative
processes we have discussed, will depend on the achievable patterning resolu-
tion and process latitude, robustness toward subsequent etching steps, line
width control, ease of integration into current fabrication environments, yield,
and ultimately cost.

9.1 Advantages and Disadvantages of Multilayer
and Surface Imaging Techniques

Multilayer resist techniques and surface imaging processes are more compli-
cated than conventional, single-layer, aqueous-developed resist techniques but
have unique advantages. The improved depth of focus and resolution, insensi-
tivity to topography, and ability to work with multiple stepper generations and
wavelengths may, in certain applications, make them worth the added compli-
cations. The all dry process allows very high aspect ratio resist patterning.
Among the alternative methods for providing enhanced patterning capabilities
such as bilayer and trilayer processes [54,55,67], the single-layer surface imag-
ing resist techniques are somewhat simpler from a processing standpoint.
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The advantages outlined above must be weighed against the additional com-
plexity of these alternative process. Nontraditional equipment is required for
many of these techniques. For silylation-based processes, a silylation tool and
a plasma etcher are required. Although the use of organic antireflective coatings
has introduced etch processes into many formerly conventional patterning tech-
niques, the silylation step has no equivalent in the conventionally developed re-
sist process. The higher exposure dose requirement for some alternative
techniques translates into lower throughput and higher costs. As with any
plasma process, there are concerns about damage and defects caused by the dry
development plasma processing [140]. As device dimensions become smaller,
additional concerns about the dry development etch arise. For instance, edge
roughness dimensions become a larger fraction of the line width and must be
minimized. Damage mechanisms that may not have been detected with larger
design sizes may become more important with the smaller device designs.
Working close to or below the intended resolution of the stepper, as is often the
case for many of the multilayer and surface imaging techniques, often increases
the proximity effects. To minimize the proximity effects, the dry development
must be carefully optimized. Still of major concern is that no manufacturing
equipment set is available for many of these alternative processes.

9.2 Prognosis for Multilayer and Surface
Imaging Technologies

Multilayer and surface imaging techniques will probably play an important
role in future lithography development. These processes are easily applied to
numerous exposure tools including 193 nm, e-beam, and EUV exposure sys-
tems. This is especially important for the development of new exposure tools
where the resists are problematic [128,141]. Fortunately, many aspects of the
process are the same across different wavelengths, so the experience gained
with a tool set of one generation is readily adapted to the next-generation
exposure tool.

More variations are being added to the repertoire of available surface imag-
ing or thin-film patterning processes. Both positive and negative tone silylated
surface imaging resists are now available [89,90,101]. Novel silylating agents
are also being explored [102,101]. Improvements in the multilayer resist
processes, particularly for application to 193 nm and EUV exposure, are ongo-
ing. Optical enhancement techniques such as modified illumination and phase
shifting of reticles are complementary to near-surface and surface imaging re-
sist techniques and can further extend the process capabilities. Surface imaging
resist processing has become more widely known in the semiconductor indus-
try. The equipment necessary for processing is becoming commercially avail-
able [142], and some of the nontraditional steps are becoming more familiar to
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the lithographer because organic antireflective layers also require dry etching.
In addition, the cost of implementing surface imaging or multilayer resist
processes can compare favorably with that of conventional processing if the
cost of additional processes to compensate for the deficiencies of single-layer
resist (e.g., antireflective coatings, etch hard masks) is considered.
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