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Abstract: Owing to the worldwide efforts, the develop-
ment of extreme ultraviolet (EUV) lithography has signifi-
cantly progressed during the past decade. The resolution
of chemically amplified resists has reached sub-16-nm
region. From the viewpoint of the extendibility of EUV
lithography, the development of resist materials capable
of resolving sub-10-nm is an urgent task. In this review, the
resist material options for EUV lithography are discussed
on the basis of the EUV sensitization mechanisms after
reviewing the problems for the sub-10-nm fabrication.

Keywords: extreme ultraviolet lithography; line edge
roughness; resist; sub-10-nm.

1 Introduction

The development of extreme ultraviolet (EUV) lithog-
raphy has been significantly progressed [1-3]. Although
the source power has been the most critical issue, it has
been rapidly improved in 2014. A 90-W source operation
in a fab site has been reported [4]. With the progress in
the development of EUV sources, the demand for the
improvement of resist performance became increasingly
strong. The resist materials were ranked second in the
focus area for the realization of EUV lithography issued
by the steering committee of EUV symposium in 2014.
The wavelength of the EUV exposure tool is 13.5 nm,
which is 1/14 of the wavelength of the current main-
stream exposure tool, the ArF excimer laser. A significant
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improvement in the resolution has been expected for EUV
lithography because of the reduction in the wavelength.
The resolution of EUV lithography with chemically ampli-
fied resist processes has already reached the sub-16-nm
region [5, 6]. The focus of the resist development is shift-
ing to the 11-nm half-pitch node. Also, a sub-10-nm (single
nano) half-pitch fabrication has recently attracted much
attention from the viewpoint of the extendibility of EUV
lithography.

A highly sensitive resist, called a chemically amplified
resist [7, 8], has been used in the high-volume production
of semiconductor devices. Even in the sub-10-nm high-
volume production, the mechanism of chemical amplifi-
cation is still attractive from the viewpoint of productivity.
However, the diffusion of acid molecules is a significant
concern, as is often pointed out [9, 10]. Also, the range of
secondary electrons is another concern for the radiation
capable of ionizing molecules, such as EUV radiation [11,
12]. Figure 1 shows the schematic drawing of chemically
amplified resist process. The role of resist materials is the
conversion of optical images to real binary images used for
device fabrication. On the other hand, the role of photons
is the transfer of the information recorded on a mask and
the energy required for the chemical change of resist mate-
rials. In the conversion process, the energy of photons is
absorbed by resist materials. Using the absorbed energy,
an acid image is generated through the decomposition
of acid generators (photosensitive compounds). With the
supply of thermal energy, the acids catalyze the deprotec-
tion of the resist polymer, the polar groups of which are
partially protected with nonpolar groups. A resist image
is obtained by developing the chemical image generated
through the acid-catalytic reaction. The resist perfor-
mance is basically determined by the efficiency of this
conversion process.

For the realization of sub-10-nm half-pitch fabrica-
tion, the stochastic effects such as line edge roughness
(LER) is a serious concern. It has been reported that LER is
expressed using the chemical gradient dm/dx as [13]

— fLER
LER~ o Wi, (1)
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Figure 1: Schematic drawing of chemically amplified resist process.

Here, x, f .., and m are the distance in the direction
vertical to line patterns, the proportionality constant
(development factor) and the normalized protected
unit concentration, respectively. The main factors that
determine the chemical gradient are the exposure dose
(sensitivity) [14], the optical image quality such as con-
trast [15] and half-pitch (resolution) [16], the absorption
coefficient of the resist [17], the quantum efficiency of
acid generation [17], and the effective reaction radius
for deprotection [18]. The effective reaction radius for
deprotection represents the efficiency of acid cata-
lytic chain reaction in chemically amplified resists.
The development factor is related to the dissolution
kinetics and morphology change during rinse and dry
processes, including the fluctuation of the number of
protected units connected to a polymer molecule [19].
Among these factors, it is well known that the relation-
ships between resolution, LER, and sensitivity are trade-
offs [20, 21]. These tradeoff relationships are the most
serious problems in the development of resist materi-
als. Also, these relationships indicate that the potential
performance of chemically amplified resists is mainly
determined by the absorption coefficient, the quantum
efficiency of acid generation, the effective reaction
radius for deprotection, and the development factor. In
other words, the increase in the efficiency of conversion
process is essentially required for the improvement of
resist performance. This is also true for the improve-
ment of resolution. A significant improvement in the
efficiency of conversion process is required for the reali-
zation of sub-10-nm fabrication.

2 Absorption (energy deposition on
resist material)

In the energy range of ionizing radiations such as EUV,
the energy of photons (or particles) is mainly absorbed
by resist polymers because the molecular selectivity of
photoabsorption is largely lost in this energy range and
because the resist polymer is the main constituent of the
resist. This fact means that an efficient reaction mecha-
nism for the sensitization of photosensitizers is required
for the development of highly sensitive resists even if the
energy of photons is not directly absorbed by the photo-
sensitizers. The energy deposited on the resist polymer
should be efficiently used for the acid generation in chem-
ically amplified resists. The reaction mechanism is later
explained. The increase in the absorption coefficient of
the polymer is anyway an effective method for the devel-
opment of high performance resists for ionizing radiation
[22]. This is a stark contrast to the resist design for deep UV
light. The absorption coefficient of current resist polymers
is approximately 4 um™ [23]. Although the increase in the
absorption coefficient is limited by the sidewall degrada-
tion (the increase in the angle of resist sidewall), there is
a significant room for the absorption enhancement [24].
A typical atomic element with large EUV-absorption cross
section is fluorine [25]. Figure 2 shows the effect of fluo-
rine content on acid concentration in resist films [26]. By
increasing the fluorine content, the acid concentration
near the film surface can be increased. Metal-containing
resists have recently attracted much attention from the
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Figure 2: Depth distribution of acid concentration generated in
resist films with an EUV exposure dose of 5 m) cm2. The numerical
values in % in the graph denote the percentage weight of fluorine
atoms per polymer molecule.

viewpoint of absorption enhancement [27, 28]. The metal-
containing resists also have an advantage in the etching
durability.

3 Radiation-induced reaction (acid
generation)

In chemically amplified EUV resists, the acids are gener-
ated through radiation-induced reactions. The energy of
EUV photons is mainly used for the ionization of polymer
molecules, that is, the charge separation between radical
cations (mainly polymer radical cations) and electrons. In
the acid generation processes, the electrons (negatively
charged species) are converted to the counteranions of
acids. On the other hand, the polymer radical cations
(positively charged species) are converted to the protons
of acids. The quantum efficiency of acid generation has
been evaluated to be 2-6 [29, 30].

3.1 Anion generation

Upon exposure to EUV radiation, the acid generators are
decomposed through the dissociative electron attachment
with thermalized electrons and produce the anions of
acids. Figure 3 shows the relationship between C, para-
meter and acid yield generated in poly(4-hydroxystyrene)
(PHS) films with 5 wt% acid-sensitive dye (Coumariné)
and 0.4 M acid generators [31]. The yield of anions corre-
sponds to that of acids in PHS films because the radical
cations of PHS are efficiently deprotonated [32]. C,, is a
parameter, which describes the reactivity of chemical
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Figure 3: Relationship between C,, parameter and acid yield gener-
ated in PHS films with 5 wt% acid-sensitive dye (Coumariné) and
0.4 m acid generators.

compounds with presolvated electrons generated in a
solution. C_, of acid generators evaluated in tetrahydro-
furan solution represents the reactivity of acid generators
with the thermalized electrons before solvation. A small
value of C, indicates high reactivity. Figure 3 indicates
that C,, well correlates to the acid yield generated in
solid PHS films dispersed with acid generators. The acids
are efficiently generated in typical resist polymer films
despite the random energy deposition. A reason for the
efficient acid generation is that the thermalized electrons
react selectively with acid generators. The increase in
the reactivity of acid generators with thermalized elec-
trons is effective for the enhancement of resist sensitivity.
The quantum efficiency of acid generation in chemically
amplified EUV resists depends on the acid generator con-
centration [29, 30]. The quantum efficiency increases with
the acid generator concentration and shows the tendency
of saturation in the high concentration region of acid gen-
erators because its maximum value is basically limited by
the number of secondary electrons generated by single
EUV photon [29]. Beside the contribution to the acid gen-
eration, the acid generators play an important role in the
suppression of resolution blur by replacing the mobile
thermalized electrons with immobile anions [12]. The con-
centration of 0.2-0.3 mol dm? (approximately 10 wt% in a
TPS-Tf equivalent) is required to avoid a serious resolution
blur in chemically amplified EUV resists. This is a reason
why EUV resists require a higher concentration of acid gen-
erators than KrF and ArF resists [12]. With the reduction
in feature size, the increase in acid generator concentra-
tion is essentially required not only to meet the sensitivity
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requirement but also to meet the LER requirement, partic-
ularly, in the sub-10-nm resolution region [33]. However,
the increase in acid generator concentration is not an easy
task because an increase in acid generator concentra-
tion generally degrades the dissolution kinetics of resist
materials. Also, the increase in the concentration of small
molecules such as acid generators is likely to decrease the
activation energy for acid diffusion. The decrease in the
activation energy for acid diffusion leads to the decrease
in the effective reaction radius for deprotection. The seg-
regation of acid generators to the interfaces [34] and the
inhomogeneous distribution of acid generators due to
the aggregation are also problems. A polymer, to which
the acid generators are bound through a covalent bond,
is being developed to circumvent these problems [35-37].

3.2 Proton generation

Although the anions of acids are generated through the
reaction of acid generators with thermalized electrons,
the generation of protons is necessary for the acid gen-
eration. Upon the exposure to KrF or ArF excimer laser,
the protons are generated mainly from the acid generator
molecules [38]. However, the origin of the positive charge
of protons is that of radical cations generated through
the ionization in EUV resists. In the case of PHS, a typical
backbone polymer for chemically amplified EUV resists,
the protons are generated through the PHS radical cations.
Figure 4 shows the transient absorption spectra obtained
in the pulse radiolysis of 100 mM PHS-benzonitrile solu-
tion, monitored at the pulse end, and 200 and 400 ns
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Figure 4: Transient absorption spectra obtained in pulse radiolysis
of 100 mm PHS solution in benzonitrile. The sample was deaerated
by SF, bubbling before irradiation.
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after the electron pulse [39]. Note that the spectrum at the
pulse end largely overlapped with the transient absorp-
tion spectra of solvent intermediates. An absorption peak
observed at the wavelength of 390 nm at 200 and 400 ns
after the pulse is due to a phenoxyl radical of PHS [39, 40].
The decaying absorption from 400 to 550 nm is due to a
radical cation of PHS [39]. The protons are generated in
PHS films when the radical cation of PHS is decomposed
to the phenoxyl radical of PHS. The efficiency of deproto-
nation depends on the molecular structures. A hexafluo-
roalcohol is also an effective proton source [41]. The acid
generation mechanisms in the absence of an effective
proton source such as the phenol units of PHS have been
also investigated [42]. As an example of such case, the fol-
lowing mechanism has been reported for a triphenylsul-
fonium salt. The triphenylsulfonium salt is decomposed
through the dissociative electron attachment to generate
a diphenyl sulfide, a phenyl radical, and an anion. The
positive charge generated though the ionization is trans-
ferred to diphenyl sulfide. The radical cation of diphenyl
sulfide reacts with a phenyl radical to generate a proton.
Thus, a proton generation mechanism should be designed
in the chemically amplified EUV resists. The proton yield
has been estimated to be less than the anion yield in
current chemically amplified EUV resists because of the
inefficiency in the conversion process of radical cations to
protons. In other words, the proton yield has limited the
quantum efficiency [43]. The increase in proton genera-
tion efficiency is an important issue in the design of next-
generation materials [44].

4 Acid catalytic chain reaction

The efficiency of acid catalytic chain reaction in chemi-
cally amplified resists is expressed using an effective reac-
tion radius for deprotection. The effective reaction radius
corresponds to the efficiency of deprotection per unit acid
diffusion length. We have investigated the effective reac-
tion radius for deprotection in state-of-the-art resists on
the basis of sensitization and reaction mechanisms of
chemically amplified EUV resists. The effective reaction
radius for deprotection was 0.06-0.16 nm [19, 45-48].
The effective reaction radius should be increased for the
improvement of resist performance because the chemical
gradient increases with the effective reaction radius for
deprotection. However, the fluctuation of protected unit
distribution expressed by the standard deviation of the
number of protected units connected to a polymer mol-
ecule after PEB also increases by increasing the effective
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reaction radius [49]. The effective reaction radius of 0.4 nm
is a reasonable target of the resist development [49]. The
effective reaction radius for deprotection can be increased
by decreasing the activation energy for deprotection and/
or by increasing the activation energy for acid diffusion.
For the increase in the activation energy for acid diffusion,
the increase in anion size, anion-matrix interaction, and
polymer T, is a general measure.

5 Termination of chemical reaction

In the early stage of development, chemically amplified
resists did not contain quenchers; therefore, the resolution
blur caused by the acid diffusion has been a significant
concern [9, 10]. By adding basic compounds, called quench-
ers, the acid catalytic chain reactions induced in chemi-
cally amplified resists have been controlled. Initially, it was
reported that the addition of quenchers improves the stabil-
ity of resist performance in the presence of the airborne basic
compounds [50, 51]. Later, it was reported that the addition
of quenchers improves the resolution [52-54]. Since then,
quenchers have been used to enhance the resolution.

The effects of the efficiency of neutralization on the
resist performance were investigated using a simula-
tion on the basis of the reaction mechanisms of chemi-
cally amplified resists. Figure 5 shows the exposure dose
dependence of LER estimated from the chemical gradient
[55]. With the increase in the effective reaction radius for
neutralization, LER decreased. To obtain the same LER
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Figure 5: Exposure dose dependence of LER. LER was estimated
from the chemical gradient. The proportionality constant between
LER and chemical gradient was assumed to be 0.2. The effective
reaction radius for neutralization (R ;) was changed from 0.02 to
0.04, 0.06, 0.08, 0.1, 0.2, 0.3, 0.4, and 0.5 nm. The quencher con-
centration, PEB time, and dissolution point were optimized for each
exposure dose to maximize the chemical gradient at the intended
boundary.

T. Kozawa: Resist material options for EUV == 315

obtained using the resist with a 0.5-nm effective reaction
radius upon exposure to 10 mJ cm?, the required exposure
dose was 14.9 mJ cm? for the resist with a 0.1-nm effective
reaction radius. Similarly, to obtain the same LER obtained
using the resist with a 0.5-nm effective reaction radius
upon exposure to 15 mJ cm?, the required exposure dose
was 25.2 mJ cm? for the resist with a 0.1-nm effective reac-
tion radius. This indicates that the efficiency of quenchers
is important not only for the resolution enhancement and
LER reduction but also for the sensitivity improvement.
The efficiency of the termination of chain reaction strongly
affects the resist performance for the resist, which utilizes
the chemical amplification mechanism. The high perfor-
mance of chemically amplified resists owes the high effi-
ciency of acid-base neutralization [55]. Because the acid
catalytic chain reaction is not the only solution for chemi-
cal amplification, the other mechanisms such as radical
chain reaction [56] can be considered. In such case, we
have to simultaneously consider the efficient termination
mechanism equivalent to the acid-base neutralization.

6 Development and rinse

The proportionality constant f, . (development factor) in
eq. (1) has been estimated to be 0.14-0.31 for state-of-the-
art resists [19, 45-48]. The development factor is related to
the fluctuation of the solubility of the polymer molecule.
Figure 6 shows the distribution of protected units at half
the height of resist patterns after PEB and the correspond-
ing SEM image [19]. The line marked ‘Average’ represents
the average protected unit concentration after PEB. The
dotted line marked ‘o’ represents the standard deviation
of the number of protected units connected to a polymer
molecule after PEB, normalized by the initial number of
protected units per polymer molecule before PEB. The
lines marked ‘Ave.+0.28 ¢’ are the protected unit concen-
trations after adding 0.28 ¢ to and subtracting 0.28 ¢ from
the average protected unit concentration, respectively. The
double-sided arrows represent LER, evaluated from the
SEM image shown in Figure 6. The vertical dashed lines
represent the boundaries between lines and spaces, also
evaluated from the SEM image. The horizontal dashed
line is the estimated threshold of protected unit concen-
tration for the dissolution of resist polymer. The protected
unit concentration fluctuates with the standard deviation
shown in the graph, which depended on the position in
the horizontal direction vertical to the line pattern. The
+0.28 o fluctuation corresponds to LER in the case of the
resist shown in Figure 6. The fluctuation in the protected
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Figure 6: Distribution of protected units at half the height of resist
patterns. The protected units of the polymer before PEB were
randomly distributed. The vertical axis represents the number of
protected units per polymer normalized by its initial value. The
half-pitch was 23 nm. The exposure dose was 16.0 mJ cm™. o was
normalized by the initial number of protected units per polymer. The
experimental line width and LER and an SEM image are also shown.

unit concentration causes a shift in the crossing point of
the latent image with the dissolution threshold. Thus, the
proportionality constant f,  in eq. (1) increases with the
protected unit fluctuation ¢ and with the factor of +0.28
(dissolution factor). The dissolution factor is considered to
depend on the size of dissolution unit (e.g. the molecular
size and the degree of aggregation) and dissolution kinet-
ics. However, their details are still unknown. Because such
relationship was evaluated using 2.38 wt% tetramethyl-
ammonium hydroxide (TMAH) aqueous solution, the pos-
sibility of the reduction of f, .. or dissolution factor cannot
be excluded. Recently, the direct observation method of
development and rinse processes was enabled using a
high-speed AFM [57, 58]. The details of development and
rinse processes are currently being investigated.

7 Summary

The performance of chemically amplified resists has signif-
icantly improved during the past decade despite the trade-
off relationships among resolution, LER, and sensitivity.
The resolution has reached sub-16-nm half-pitch region.
However, the tradeoff relationships are still the most
serious problem for the development of resist technology
capable of resolving sub-10-nm features. The strategy of
material design is the enhancement of chemical gradi-
ent [the denominator of the right-hand side of eq. (1)].
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The chemical gradient can be enhanced by increasing
resist absorption, the quantum efficiency of acid genera-
tion, and the effective reaction radius for deprotection.
The reduction in LER through the improvement of resist
process after PEB basically corresponds to the reduction
in [the numerator of the right-hand side of eq. (1)]. f, .,

LER
can be reduced by decreasing the protected unit fluctua-

tion and the dissolution factor. Because the details of the
dissolution factor are still unknown, understanding of the
dissolution mechanisms from the narrow region is par-
ticularly important in the next-generation resist materials.
The chemically amplified resists are still the most promis-
ing materials for sub-10-nm fabrication owing to the effi-
cient termination mechanism of the chemical reaction.
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