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Photoacid generators are used as components of photocurable polymer formulations and chemically amplified photoresists
in microelectronics industry. In recent years, these compounds gained importance as components of various engineering
materials. The review presents the classification of photoacid generators and summarizes data on photochemical processes
giving photoacids. A special section is devoted to practical applications of photoacid generators and the current state of their

development.
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The following designations and abbreviations are used:
A — acceptor,
D — donor,
3D lithography — three-dimensional lithography,
ET — electron transfer,
EUYV lithography — extreme ultraviolet lithography,
GM (Goppert-Mayer) unit — a unit for two-photon
absorption, 1 GM = 1 x10—5° cm* s photon—1,
hv — quantum of light,
LED — light-emitting diode,
PAG — photoacid generator,
R—H — hydrogen atom donor,
TfO — trifluoromethanesulfonate (triflate),
d — two-photon absorption cross-section,
eémax — Mmolar absorption coefficient,
@ — fluorescence quantum yield,
&1+ — quantum yield of acid generation.

1. Introduction

Photoacid generators (PAGs) are compounds that produce
acids upon exposure to light

PAG vy H™* + photoproducts (1)

These compounds should be distinguished from gener-
ators of metastable acids, which reversibly release a proton
upon irradiation, with a lifetime of a few seconds to
hours.!-2

The efficiency of the photochemical generation of acid is
defined as the quantum yield ®@y+. For PAGs, this value is
calculated by Eqn (2)

number of generated acid molecules

Py = number of photons absorbed 2

by photoacid generator
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A photoacid generator should have absorption at the
excitation wavelength (generally in the UV region) and form
a strong acid with high quantum yield.

In the last three decades, PAGs have gained importance
as components of various engineering materials. As initia-
tors for cationic photopolymerization of a broad range of
vinyl monomers and cyclic compounds, PAGs are involved
in photocurable coatings, adhesives, printing inks, varnishes
and dental composites.? ¢ Photoacid generators have found
increasing use as components of chemically amplified pho-
toresists in microelectronic industry, for 3D printing 7 and
the construction of microfluidic systems.> 8

In the review published in 1996, Shirai and Tsunooka ®
consider PAGs for cationic polymerization. Recently, Mar-
tin et al.'® summarized the results of studies on PAGs
performed in the past two decades. They analyzed data on
the mechanisms of acid generation from PAGs obtained by
laser pulse photolysis and considered development of long-
wavelength sensitive PAGs. The present review focuses on
the most extensively used photoacid generators and pro-
vides examples of their practical applications. Besides,
approaches to the development of new PAGs are consid-
ered.

2. Classification of photoacid generators

Numerous diverse PAGs are classified into two groups —
ionic and non-ionic. Ionic PAGs are composed of a cation
and an anion. Onium (diaryliodonium and triarylsulfo-
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nium) salts containing BFy, SbFg, AsFy, PFg or RSO3
anions are the most widely used PAGs. Examples of
commercial ionic PAGs are presented above (structures
1-7). Salts with cations based on triarylselenonium and
arene ferrocene derivatives are also known;? however, these
salts have not been widely applied.

Diaryliodonium-based photoacid generators produce
acids with higher quantum yields compared to triarylsulfo-
nium salts. Hence, these PAGs are preferred when a high
rate of the process is required, for example, for the manu-
facturing of photocurable coatings, printing inks and self-
adhesive labels. On the other hand, high thermal stability of
triarylsulfonium salts is the major factor governing the
choice of PAGs for photoresists. Photoresists are subjected
to pre- and post-exposure bake, which may impair the
image quality in the case of insufficient thermal stability of
the onium salt. Besides, the photolysis of diphenyliodo-
nium-containing PAGs affords volatile iodo-substituted
aromatic photoproducts, which are deposited on the optics
of the equipment used for exposure of photoresists. The
photolysis of triphenylsulfonium-based PAGs is not accom-
panied by the formation of volatile photoproducts.!!

Numerous non-ionic compounds which generate car-
boxylic, sulfonic, phosphorus and hydrohalic acids upon
exposure to light are described in the literature. The most
important compounds of this class are sulfonic acid esters
that give strong acids when exposed to light. They include
iminosulfonates (8),'2~ 4 imidosulfonates (9) '?> and benzyl
sulfonates (10).'© Among benzyl sulfonates, only p-nitro-
and o-nitrobenzyl esters of sulfonic acids 11 produce acids
when exposed to light,'%-15 the photoacid generation by
these isomers occurs through different mechanisms (see
Section 3).

Non-ionic PAGs have higher solubility in organic sol-
vents and polymer films but they are thermally less stable
compared to onium salts.

Recently, Traven and Ivanov '® proposed a new type of
photoacid generators, dihydrohetarenes (in the presence of
polychloroalkanes), which can be assigned to non-ionic
compounds. As opposed to conventional PAGs, which
decompose and produce acids under light irradiation, dihy-
drohetarenes are polychloroalkanes dehydrogenated in the
presence of polychloroalkanes to release the acid (HCI).!”
In this group of compounds, 7-dialkylamino-3-(pyrazolin-3-
yl)coumarins, including their julolidine analogue 12
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(Scheme 1), are distinguished by high photoacid generation
rates and two-photon absorption.'® These compounds are
promising for optical data storage and application in bio-
chemical studies.

Me Scheme 1

3. Mechanism of photoacid generation

Photochemistry of the most common ionic PAGs, such as
diaryliodonium and triarylsulfonium salts, has been studied
in detail '°-20 and has general features. The photochemical
reaction mechanism for acid generation involves absorption
of a light quantum by a salt cation and degradation of the
resulting singlet excited state accompanied by the carbon—
iodine or carbon-sulfur bond cleavage in the case of
diaryliodonium and triarylsulfonium, respectively. The
bond cleavage occurs simultaneously by two mechanisms
(homolytic and heterolytic), resulting in the fragmentation
of the cationic part of PAGs to form free radicals, cations
and radical cations. The subsequent dark reactions between
these species and with the solvent afford a number of final
photolysis products. Both mechanisms involve the interac-
tion with a hydrogen donor (solvent) and the photoacid
generation from the anionic part of PAGs. Elementary steps
of the acid formation under light irradiation of diaryliodo-
nium and triarylsulfonium salts are presented in Schemes 2
and 3 (X~ is an anion).

* Scheme 3
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These schemes include only the transformations giving a
photoacid H* X —, where X~ is an anion of a strong acid
(BF;, SbFg, AsFg, PFg, RSO3). The quantum yields of
acid generation through photolysis of onium salts in sol-
ution are 0.5-0.7,2%-2! whereas these values in real resist
systems are lower (0.2—-0.3).2! Miscellaneous pathways of
transformations of primary radicals, which are produced
from an onium salt cation, are not shown in Schemes 2 and
3. Both diphenyliodonium and triphenylsulfonium produce
phenyl radicals and cations, which can react with the
starting compound, photoproducts, the solvent and oxygen
giving mixtures of photolysis products. For example, the
reaction of the phenyl radical with diphenyl sulfide (pro-
duced via photodestruction of triphenylsulfonium) affords
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some identified photoproducts, such as isomeric (phenyl-
thio)biphenyls 13a—¢.20

Under irradiation of non-ionic PAGs, such as iminosul-
fonates, N-hydroxyimidosulfonates and benzyl sulfonates,
acids are formed via homolytic N—O, C—0O and S—O
bond cleavage followed by the hydrogen abstraction from
the solvent by radicals.?>?3> The photoreaction occurs
through the singlet excited state of PAGs. The formation
of the major photolysis products in solutions of iminosul-
fonates is shown in Scheme 4.!2 The photochemical O — N
bond cleavage followed by the hydrogen abstraction from
the solvent or the polymer by the ArSO; radical gives
sulfonic acids. The process also involves the transformation
of iminium radicals. The reaction of iminium radicals with
oxygen predominates in the photolysis of these compounds
in a polymer matrix in air.

The homolysis of many non-ionic PAGs affords ArSO;
radicals. Besides, sulfonic acids are released through the
reaction of ArSO; with oxygen.?*25 This process with
imidosulfonates is shown in Scheme 5. Recently, Torti
et al.?® demonstrated that the photolysis of aryl tosylates
leads to homolytic ArO—S0,C¢HsMe-4 bond cleavage
accompanied by generation of ‘SO,CcHsMe radicals.
Apart from acids, such as 4-toluenesulfinic acid in deaer-
ated solutions or stronger 4-toluenesulfonic acid in the
presence of oxygen, the photolysis gave phenols and
photo-Fries rearrangement products. The laser flash pho-
tolysis study showed that the ArO—S bond cleavage occurs
through the singlet excited state. The photolysis of sub-
strates containing a nitro group involves the competitive
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intersystem crossing to the triplet excited state as the
predominant process, thereby suppressing the photoacid
generation.

The quantum yields of acid generation from imino- and
imidosulfonates vary from 0.23 to 0.46 depending on the
structure.14.22-24

The mechanism of acid generation in the photolysis of
o-nitrobenzyl sulfonates differs from that for other sulfonic
acid benzyl esters. It involves the intramolecular oxidation
of the C—H bond with a nitro group accompanied by the
reduction of the latter to the nitroso group (Scheme 6). The
quantum yields vary from 0.05 to 0.16 depending on the
nature of substituents at the benzene ring and the wave-
length of the excitation.!>

Nakashima et al.?” prepared non-ionic PAGs that gen-
erate acids via photoinduced cyclization. Scheme 7 presents
one of such processes. The quantum yield of acid generation
is high (0.47).28

Some aspects of the mechanism of photoacid generation
by (het)arylpyrazolines in the presence of perchloroalkanes
are considered by Traven er al.'” It was shown that oxygen
is not involved in the reaction, polar solvents speed up the
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rate of the reaction, and the reaction rate correlates with the
calculated first ionization potentials of pyrazolines. Based
on these results, the authors proposed the mechanism of
acid generation. It involves the formation of radical ions as
intermediates (Scheme 8).
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4. Photoacid generators for cationic
photopolymerization

4.1. History of the development of photoacid generators

and their application as initiators for cationic
photopolymerization

Photoacid generators were first proposed in the 1970s as
photoinitiators for cationic polymerization. Schlessinger 2°
found that Lewis acids (e.g., BF3) generated by the photol-
ysis of aryldiazonium salts can be used as photoinitiators
for cationic polymerization. Generally, the Lewis acid-
initiated cationic photopolymerization requires the presence
of cocatalysts (water, alcohols, ethers) that form complexes
with the catalyst. The reaction mechanism is exemplified in
Scheme 9 for the cationic photopolymerization of isobuty-
lene.

+ _ hv

BF3 + H:0 —> H*[BFsOH]~

Scheme 9

Initiation Me
|
H*[BF30H]~ + CH; =CMe; —> H*CHZ*C‘? [BF3OH]~

Chain propagation Me
l\‘/le
H*CHQ*C‘:Jr [BF30H]* + nCH,=—CMe, —>

Me I\‘/Ie
— H{CHZ—CMeZﬁCHZ—‘m [BF30H] -
Chain termination Me
l\‘/le
%ECHszMegﬂ»CHng‘)“' [BF;OH]- —>
Me
I\‘/Ie
—> CH, —CMe,——CH=—C + BF3-H>O
ST T !
e

The quantum yields of photodecomposition of aryldia-
zonium salts are rather high (they generally vary from 0.3
to 0.6).!"° However, the cationic photopolymerization ini-
tiated by this class of PAGs is not widely used because of
thermal instability of these compounds and the release of
molecular nitrogen in the course of the reaction, giving rise
to defects in films.!?

The breakthrough in technology and application of
PAGe-initiated cationic photopolymerization was achieved
in 1980, when thermally quite stable diaryliodonium and
triarylsulfonium salts were proposed as photoacid genera-
tors. Numerous compounds of these classes were synthe-
sized. Photoacid generators with SbFg and PF¢ anions that
produce superacids are most commonly applied. Com-
pounds 1—4 are examples of this type of commercial photo-
initiators. Ionic PAGs (e.g., compounds 6 and 7) capable of
generating Bronsted acids (mainly trifluromethanesulfonic
acid) by the photolysis are also widely used in cationic
photopolymerization.

Properties of ionic PAGs depend on the nature of both
ions. The cationic part absorbs light and is responsible for
photochemistry. Hence, the structure of the cation should
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be optimized with respect to the following parameters: the
efficiency of absorption of excitation light, the quantum
yield of photoacid generation and thermal stability. The
nature of the anion is responsible for the strength and
diffusion of the photoacid, its initiating ability, polymer-
ization kinetics and the character of chain termination.

Photoacid generators are employed to initiate cationic
polymerization of various monomers, including compounds
of the vinyl series and compounds that undergo ring-open-
ing polymerization. The use of onium salts as photoinitia-
tors has resulted in an ever-increasing range of applications
of photopolymerizable materials in many engineering proc-
esses. Numerous PAGs were structurally modified to tailor
the solubility, reactivity and spectroscopic parameters for
different technologies and sources of radiation.

The photopolymerization of epoxy-modified silicones
intiated by PAGs 3 and 5 is an example of the large-scale
industrial use of PAGs with tailored solubility and reac-
tivity. This technology (Scheme 10) is employed to fabricate
carriers for self-adhesive labels.> Alkyl substituents at the
benzene rings of diphenyliodonium cations in these PAGs
significantly improve their solubility and compatibility with
silicone oligomers and polymers.> The B(CgFs); anion
(salt 5) is weakly coordinating. It is not prone to form ion
pairs, thereby accelerating photopolymerization3° and the
fabrication of silicone label carriers.3!

Recently, Narcross et al.3? reported the synthesis of
triarylsulfonium-based epoxide-functionalized PAGs
capable of participating in the cationic polymerization of
epoxides.

Torti et al.?3 proposed N-aryl sulfonimides 14 as photo-
initiators for cationic polymerization. Advantages of these
compounds are their easy accessibility (facile synthesis from
aniline derivatives) and the ability to generate photoacid in
an amount of 2 equiv. per equivalent of the starting photo-
initiator.

R Structure 14
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4.2. Current state of development of photoacid generators for
cationic photopolymerization

Diaryliodonium and triarylsulfonium salts containing sub-
stituted and unsubstituted phenyl groups generally absorb
light at 220—-350 nm. The spectral sensitivity of diaryliodo-
nium salts is low. For example, the simplest representative
of this series, diphenyliodonium, has an absorption
maximum at 227 nm. Trihenylsulfonium triflate has absorp-

tion maxima at 235nm [the molar extinction
coefficient (émax) = 18600 L mol—! cm—1], 267 nm
(émax = 3925 L mol~'em~1")  and 275nm  (émax =

2772 L mol—! em—").2! The recently fabricated long-lasting
and cost effective light-emitting diodes (LEDs) with a
wavelength from 365 to 470 nm are currently widely used
in apparatus for photocuring of polymers. This stimulated
research on the extension of the spectral sensitivity range of
onium salts to longer wavelengths. There are two main
approaches to solve this problem: the introduction of a
sensitizer into a formulation and the extension of the
spectral sensitivity of PAGs by means of structural mod-
ification.

The long-wavelength sensitization of PAGs occurs by an
intermolecular photoinduced electron transfer from the
sensitizer to PAG. Consequently, the sensitizer in the
excited state should reduce PAG, namely, the onium salt
cation. Here it should be taken into account that the
reduction potentials of diaryliodonium and triarylsulfo-
nium are ~ —5 and —28 kcal mol~!, respectively.’ Hence,
diaryliodonium PAGs are more easily long-wavelength
sensitized compared to triarylsulfonium PAGs.

The possibility of extending the sensitivity range of
conventional PAGs to longer wavelengths in the presence
of photosensitizers was demonstrated in several publica-
tions. Suzuki et al.3* reported the formation of trifluorome-

thanesulfonic acid upon  photodecomposition  of
Structures 15, 16
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N-hydroxynaphthalimide triflate (15) sensitized by pyrro-
methene dye 16 (Scheme 11). The electron transfer occurs
from the singlet excited state of the sensitizer. The triplet
state of the dye is not involved in the photoinduced electron
transfer to naphthalimide.

Thioxanthone derivative 17 sensitizes diphenyliodonium
hexafluorophosphate as PAG to LED radiation in the range
of 405-450 nm.33

(181~

Structure 17
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The spectral sensitivity range was extended directly for
PAGs. For this purpose, a m-conjugated system is intro-
duced into PAGs between an electron-donating site (gen-
erally di- or triphenylamino groups) and an electron-
withdrawing site, thereby stabilizing the intramolecular
photoinduced charge transfer. A series of D—n—A-type
PAGs (D is a donor, A is an acceptor, m is a system of
conjugated bonds), both ionic 337 and non-ionic,3%-3% were
synthesized. Compound 18 is an example of D—n— A-type
non-ionic PAGs.??

Yoo

18

Structure 18

)
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The absorption spectra of D —n— A-type sulfonium salts
well match with the emission spectrum of LEDs, the
appropriate photoacid being efficiently generated from
these salts under LED irradiation. The yield of the photo-
acid increases in the presence of strong electron-donating
groups, specific m-conjugated systems and electron-with-
drawing substituents.3°

Femto- and nanosecond laser flash photolysis was used
to kinetically and spectrally resolve all successive elemen-
tary steps of the photoinduced proton generation by
D —n—A-type sulfonium salts (Scheme 12). Waele er al.’’
confirmed that the mechanism of photoacid generation
involves the intramolecular photoinduced charge transfer
as the first step.

Recently, Sun et al.*? proposed non-ionic PAGs with a
long thiophene-containing conjugated system. An example
is  structure 19. Light-emitting diode irradiation

EtO

+ H* + PFg

CN

ET is electron transfer

Structure 19

(A =365-475 nm) of these PAGs leads to generation of
arylsulfonic acids with a good quantum yield.

The introduction of a chromophore with an appropriate
absorption spectrum into a PAG molecule is worth noting
among other approaches to the development of PAGs
spectrally adapted to LED sources. An example is the
development of non-ionic PAG 20 containing the thioxan-
thone ring.#!

Takahashi et al.*?> reported the synthesis of ferrocene-
based sulfonium salts 21 sensitive to visible light at
A = 436 nm.*?> The quantum yields of photoacid generation

Structures 20, 21
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are at most 0.1;*> however, these compounds are rare
examples of ferrocene derivatives behaving as PAGs.

The replacement of one of the benzene rings in an
iodonium salt with a coumarin-based chromophore (struc-
ture 22) leads to a shift of the long-wavelength absorption
band of PAGs to 350 nm.*> The same results can be
obtained by introducing bromo-substituted naphthalimide
into the diphenyliodonium cation (compound 23).4* Chro-
mophore-modified iodonium salts 22 and 23 initiate the
cationic photopolymerization under LED irradiation at
395 nm.

Structures 22, 23
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5. Photoacid generators for chemically amplified
photoresists

5.1. Characteristic features of photoacid generators for
photoresists

The development of PAGs for cationic photopolymeriza-
tion made it possible to subsequently fabricate chemically
amplified photoresists for modern microelectronics indus-
try.

Photoresists are light-sensitive polymer materials, the
physicochemical properties of which are changed upon
exposure to light. When a positive photoresist is exposed
to light, it becomes more soluble in the photoresist devel-
oper. After the development, the positive photoresist forms
a resist pattern on a substrate with a desired accuracy.
A negative pattern is created by a negative photoresist,
when the exposed areas become less soluble in the devel-
oper. The developed areas of the substrate are then sub-
jected to etching, metallization or any other treatment
required for semiconductor device fabrication.

Both positive and negative PAG-containing photoresists
are known. They function on the so-called chemical ampli-
fication principle proposed in 1982.4%-46 However, it took
more than ten years to design the first commercial photo-

But —@S + TfO~
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N Il ‘
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27 28

resist of this type. Currently, chemically amplified photo-
resists capture a large part of the market of these materials.

The term ‘chemical amplification’ arises from the fact
that each photochemically generated acid molecule acting
as a catalyst promotes numerous successive chemical trans-
formation events in the photoresist film, thereby signifi-
cantly increasing its sensitivity to actinic radiation. The
resist pattern formation includes the exposure, post-expo-
sure bake and development. During the exposure, the
photolysis of PAG that is present in the resist formulation
generates an acid. During the post-exposure bake, acid-
catalyzed transformations involving functional groups of
the polymer component, such as depolymerization, intra-
molecular dehydration, cross-linking, deprotection of acidic
groups and so on, lead to a change in the polarity of the
polymer and the chemical nature of its dissolution. The
typical number of catalytic cycles per molecule of the
resulting acid is ~1000. The subsequent development of
the latent image yields a positive or negative relief image
depending on the type of the photoresist and the developer.

Photoacid generators used in photoresists should meet
certain requirements. Thus, diphenyl[4-(phenylthio)phenyl]-
sulfonium hexafluoroantimonate (2), the most popular
PAG for cationic polymerization, is utilized as a photo-
initiator for cross-linking in the photoresist SU-8.47 How-
ever, PAGs containing SbFg or PFg anions generally dope
the substrate and, consequently, are little used in photo-
resists. Chemically amplified photoresists involve onium
salts of organic acids and non-ionic PAGs that generate
sulfonic acids (e.g., p-toluenesulfonic acid) or stronger
organofluorine acids (e.g., trifluoromethane- or perfluoro-
butanesulfonic acids) via photolysis. Let us refer to struc-
tures 24—29 as examples of commercially available PAGs
for photoresists.

When choosing PAGs for photoresists, consideration
should be given to numerous factors, such as the nature of
radiation, quantum efficiency of generation and the
strength of photoacid, the number of catalytic cycles,
solubility and compatibility with the polymer, thermal and
hydrolytic stability, the plasticizing effect, toxicity, the
diffusion rate in the polymer matrix, the effect on dissolu-
tion rate behaviour of the photoresist film, the cost, etc.
Chemically amplified photoresists are highly sensitive to
actinic radiation; nevertheless, it may be additionally
enhanced by introducing so-called acid amplifiers to the
formulation.*®-5! An acid amplifier is a compound that
undergoes acid-induced decomposition during post-expo-
sure bake, resulting in the formation of an additional

0 Structures 24—29
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Structures 30, 31
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amount of the acid. Compound 30 (Ref. 49) and polymer 31
(Ref. 51) can be mentioned as examples of acid amplifiers.

5.2. Classification and examples of chemically amplified
photoresists

Chemically amplified photoresists are classified according
to the mechanism of image formation based on the cross-
linking of a film-forming polymer, cationic polymerization
or deprotection of acidic groups.

In the first commercial chemically amplified photoresist,
the cross-linking of a film-forming polymer was used to
produce a negative image. This photoresist is a three-
component system composed of a novolac resin, PAG and
a cross-linking agent. The acid is generated from PAG
under irradiation and catalyzes the cross-linking of phenolic
resin under dark conditions at ~110 °C. The resulting 3D
structure is insoluble in an aqueous alkaline developer.
Scheme 13 shows the mechanism of these transformations
using PAG 28.52 In state-of-the-art resists, the photoacid-
catalyzed cross-linking of phenolic resin is the dominant
mechanism by which a negative image is formed. For
example, the domestic negative photoresist FN-16U
(Refs 53—55) and the photoresist AZ nLOF 2000 manufac-
tured by MicroChemicals are employed for the metalliza-
tion of a substrate by lift-off lithography.

The photoresist SU-8 (MicroChemicals) operates by the
cationic polymerization mechanism and is available as

formulations that cover a film thickness range from 2 to
300 um.*’” This photoresist is used for the creation of
microfluidic devices,>%>7 the fabrication of models by 3D
photolithography,*” pixel networks, printheads of jet print-
ers and so on. The SU-8 composite includes the epoxidized
Bisphenol A-based oligomer and diphenyl[4-(phenylthio)-
phenyl]sulfonium hexafluoroantimonate (2) (Scheme 14).
When exposed to light, PAG decomposes to form hexa-
fluoroantimonic acid, which protonates epoxy groups of the
oligomer. The protonated oxonium ions react with neutral
epoxy groups in a series of cross-linking reactions on
heating.*’

A number of proposed photoresists contain PAGs
directly inserted into a film-forming polymer and operate
by the cationic polymerization mechanism (Scheme 15).4

Chemically amplified positive photoresists for submi-
cron photolithography, where images are formed by KrF
and ArF excimer laser radiation (4 = 248 nm and 193 nm,
respectively),*> take a large part of the market of photo-
resists. Polymers of these photoresists contain protected
acidic groups (hydroxystyrene groups or carboxylic acid
moieties, e.g., a methacrylic acid moiety). The deprotection
of acidic groups changes the polarity of the polymer,
thereby providing high solubility contrast between the
exposed and unexposed areas. The development of these
areas in an aqueous alkaline solution produces a positive
image. Tertiary aliphatic or alicyclic ester moieties, the tert-
butoxycarbonyl group, ketal and acetal moieties are gen-
erally used as protecting groups. Upon irradiation, a PAG
in photoresist film generates an acid, and the latter catalyzes
the cleavage of acid-labile protected groups of the polymer,
generally at high temperature.

Molecular resists for next-generation lithography, EUV
lithography (extreme ultraviolet lithography) using radia-
tion at A = 13.5 nm, also operate by the chemical amplifi-
cation mechanism.>® The difference is that the acid is
generated upon interactions between PAGs and electrons,
which are produced by ionization of the photoresist mate-
rial (mainly, of the film-forming component), as opposed to
KrF or ArF excimer laser lithography, where the acid is
generated by direct absorption of a quantum of light by the
photogenerator.
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Scheme 17

The deprotection of protected groups in typical poly-
mers for photoresists sensitive to KrF and ArF excimer
laser radiation is shown in Schemes 16 and 17, respectively.

It should be noted that all commercial chemically
amplified photoresists contain a base component compris-
ing from 10 mol.% to 20 mol.% of PAGs.°® The base is
added to bind small amounts of the acid, generated during
storage, in the regions exposed to low doses of radiation and
also the acid that diffuses to unexposed regions. This
improves the contrast and resolution and increases the
storage time of the photoresist.

The base moiety may be a part of the photoacid
structure. Examples are photodegradable aminosulfonates,
e.g., compound 33, capable of generating free N-substituted
sulfamic acids.®! These compounds can be employed as
PAGs in photoresists with a low activation energy for
deprotection of protected groups.

Structure 33

5.3. Current trends in the development of photoacid
generators for photoresists

The currently used chemically amplified positive photo-
resists generally contain tertiary aliphatic or alicyclic ester
moieties as protected acidic groups of the polymer. The
cleavage of these groups requires high activation energy.
p-Toluenesulfonic acid, which is generated by a broad range
of available PAGs, proved to be insufficiently strong for
catalysis. The process occurs in the presence of stronger
acids, so-called superacids (e.g., hexafluoroantimonic and
hexafluorophosphoric acids) commonly used for photocur-
ing of polymers. However, it is highly undesirable to
introduce compounds containing boron, antimony or phos-
phorus atoms into the photoresist because these elements
are silicon-doping impurities. Hence, it was recognized that
the application of generators of strong fluorine-containing
alkyl(aryl)sulfonic acids, bis(fluoroalkylsulfonyl)imides 34
and tris(fluoroalkylsulfonyl)methides 35, which act as
superacids due to the strong effect of electron-withdrawing

perfluoroalkylsulfonyl groups, is a key factor for the devel-
opment of chemically amplified positive photoresists. Pho-
toacid generators capable of generating trifluoromethane-,
perfluorobutane-, perfluorohexane- and perfluorooctane-
sulfonic acids are described in a patent.%? In this series,
trifluoromethanesulfonic acid is the most easily accessible
one. A broad range of photoacid generators of this acid,
which differ in the nature of the cationic part (e.g., com-
pounds 6, 7 and 24), are available in the world market.

Structures 34, 35
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In chemically amplified photoresists, the photoacid
molecule diffuses into the photoresist film and catalyzes
hundreds of chemical transformations. The photoacid can
migrate from exposed to unexposed regions, thereby caus-
ing alteration of the feature size and line-edge roughness.®3
This alteration is not significant when fabricating features
with sizes >100 nm. However, in the case of smaller
features, the diffusion of small trifluoromethanesulfonic
acid significantly impairs the image quality. Different
approaches are proposed to retard photoacid diffusion.
The most evident one is to use PAGs that generate bulkier
acids.

A patent®> addresses photoacid generators that can
generate perfluoroalkylsulfonic acids (perfluorobutane-,
perfluorohexane- and perfluorooctanesulfonic acids) with
longer perfluoroalkyl groups compared to trifluorometha-
nesulfonic acid. Foreign manufacturers offer a variety of
photoacid generators of perfluorobutanesulfonic acid, in
particular triphenylsulfonium perfluorobutanesulfonate
(25) and bis(4-tert-butylphenyl)iodonium perfluorobutane-
sulfonate (26). It is worth noting that topological structures
with a 16 nm line and space width can be produced by EUV
nanolithography operating at 13.5 nm with molecular pho-
toresists based on photoacid generators of perfluorobuta-
nesulfonic acid.®*% Even bulkier perfluorooctanesulfo-
nates, e.g., bis(4-tert-butylphenyl)iodonium perfluoroocta-
nesulfonate (36), are not widely used. One of the factors
that limit the application of such photoacid generators of
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Structures 36, 37

perfluoroalkylsulfonic acids with long perfluoroalkyl
groups is their low solubility. This drawback can be over-
come either by modification of the cationic part of PAGs,%¢
making the product much more expensive, or by employing
mixtures with higher solubility (see, e.g., the patent©7), for
example, a mixture of ionic bis(4-tert-butylphenyl)iodo-
nium perfluorooctanesulfonate (36) and non-ionic norbor-
nenedicarboximide perfluorooctanesulfonate 37.

However, high chemical stability of perfluoroalkylsul-
fonic acids is a more serious problem than low solubility.
For this reason, perfluorooctane-containing sulfonate and
its salts are included in the list of restricted chemicals under
Annex B of the Stockholm Convention on Persistent
Organic Pollutants (production and use of chemicals in

Annex B should be eliminated, except for ‘acceptable
purposes’).%8  All perfluoroalkylsulfonic acids and their
derivatives containing five or more carbon atoms are non-
biodegradable and, due to high hydrophobicity, can accu-
mulate in living organisms and the environment.

The problem of chemical stability of perfluoroalkylsul-
fonic acids has forced researchers to look for biodegradable
PAGs as components of photoresists in a series of partially
fluorinated alkylsulfonic acids. The optimization of the
alkyl moiety in compounds containing the CF, group in
the o position to the sulfo group, with retaining the strength
of the acid, makes it possible to enhance the solubility of
PAGs. The structures of such photoacid generators (com-
pounds 38—47) are given in Table 1.

The covalent grafting of PAGs to film-forming polymers
can also be employed to limit the photoacid diffusion. The
most commonly used photoacid generators are ionic onium
salts. These salts can be bound to a polymer through either
a cation or anion. The grafting of a cation gives a little
effect 7879 because an acid generated upon exposure is not
bound to the polymer and is prone to diffusion, like in the
case of free PAG. The incorporation of the anionic part of
PAG into a polymer not only prevents photoacid diffu-
sion 89-81 but also offers many other advantages, for exam-
ple, eliminates segregation of PAG in photoresist
formulations, reduces outgassing giving rise to defects in
films 82 and also reduces swelling.®3

Structures 48 (Ref. 81) and 49 (Ref. 84) are examples of
covalent grafting of the PAG anion to a film-forming
polymer. The quantum yields of acid generation by photo-
acid generators incorporated into a film-forming polymer
are high (0.5-0.8).8°

Table 1. Structures of photoacid generators of biodegradable partially fluorinated sulfonic acids 38 —47.

Com- Cation Anion

pound

oo,

eWe
9

a0
QO

R L
41 @/&S
! “o-s Fr
4 /©/\©\ 0 F
But B F OMe

Ref. || Com- Cation Anion Ref.
pound
Me Me 9 FF
e
6 43 s 0 ¢1 2 fF 73

44 o ! o FF 74
F F OMe
70 (¢}

F
||
T s S o S 7s
O
o
F
v F
ARG ES
S I
F

46 (e} A o 76
0
O
N OWE
+ OF
0—Ss 77

T




N.A.Kuznetsova, G.V.Malkov, B.G.Gribov
Russ. Chem. Rev., 2020, 89 (2) 173—-190

185

Structures 48, 49
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The covalent grafting of PAGs to a polymer signifi-
cantly improves the properties of the photoresist, making it
possible to achieve 15—20 nm resolution using electron-
beam lithography or extreme ultraviolet photolithogra-
phy.81.86.87

Polymer 50 is characterized by accessibility and excep-
tionally high resolution under exposure to KrF laser pulses
(4 = 248 nm).88

Structure 50

Apart from the anion size, intermolecular interactions
play a very important role in controlling photoacid diffu-
sion.%3-89 To utilize this principle, Kang et al.°® synthesized
hydroxyl-containing PAG CF;CH(OH)CF,SO;H™*. The
acid diffusion is restricted due to hydrogen bonding with
other components of the photoresist. Besides, this PAG has
such advantages as biodegradability and the facile method
of synthesis.

The addition of weak (e.g., carboxylic) acids was also
proposed to inhibit photoacid diffusion. It was assumed
that a salt exchange between weak and strong photoacids
limits acid diffusion in the photoresist film.?!

6. Miscellaneous applications of photoacid
generators

In recent years, new applications of photoacid generators
were developed, including stereolithography, two-photon
data recording and biochemical assays.

6.1. Stereolithography and two-photon 3D lithography
Stereolithography is a 3D prototyping technique for the
layer-by-layer fabrication of 3D structures from liquid
photopolymerizable composites upon exposure to laser
light. Stereolithography mainly utilizes conventional,
including PAG-containing, negative photoresists used in
semiconductor industry. The application of the photoresist
SU-8 in stereolithography is mentioned in Section 5.2. The
development of specific PAGs is required for 3D laser
lithography based on two-photon polymerization to fabri-
cate nanoscale structures (3D printing).8

In two-photon lithography, the chain polymerization of
components of a liquid formulation is triggered only by the
simultaneous absorption of two light quanta by PAGs. This
unlikely process can take place exclusively at the centre of
the focused laser beam or at the intersection of two laser
beams in a nanometre-scale volume, where the highest
photon density is achieved. The photoacid generation proc-
ess considered in this Section should be distinguished from
the photoacid generation by sequential (rather than simul-
taneous) absorption of two light quanta — by the main and
intermediate states of PAGs.?>%3 It is worth noting that
both one- and two-photon excitation give the same excited
state, which is a transient state in the photochemical
reaction yielding acid. However, the efficiency of the two-
photon process is determined, apart from @+, by the two-
photon absorption cross-section () at the operating wave-
length.

Commercially available PAGs have a low effective two-
photon absorption cross-section in the near-IR region,
which is employed in femtosecond laser-induced two-pho-
ton polymerization.®* This entailed the development of new
approaches for photoinitiated acid generation. One of these
approaches is based on infrared sensitization of conven-
tional PAGs using dyes with a higher effective two-photon
absorption cross-section. In these systems, the intermolecu-
lar electron transfer occurs from the excited state of the
sensitizing dye, which is generated by two-photon absorp-
tion, to PAG. The electron transfer induces the decomposi-
tion of PAG giving acid. Examples of such sensitizers are
dyes 51 and 52.9°

Another approach is based on the development of PAGs
with high 0 at a femtosecond laser excitation wavelength
(A = 780 nm). Such compounds should absorb light with a
wavelength two times shorter (~390 nm) than the laser
excitation wavelength. The intramolecular charge transfer is
known as the driving force for two-photon absorption,”®
which requires the presence of electron-donating and elec-
tron-withdrawing moieties in the molecule and a coplanar
conjugated system between them. Therefore, PAGs sensitive
to long-wavelength two-photon excitation were designed
using bipolar D—n— A push-pull systems and symmetrical
A-n—A, D-n-D and D-n—-A-n—-D chromophores.
Symmetrical structures belong to quadrupolar systems
composed of two branches with intramolecular charge
transfer from the periphery to the centre (or vice versa).
These compounds have higher absorption coefficients and
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approximately two times higher values of 0 compared to
one-branch analogues.

Steidl et al.®7 synthesized symmetrical PAG 53, which
contains electron-withdrawing groups at the terminal ben-
zene rings responsible for polarization of the molecule. This
compound has a satisfactory two-photon absorption cross-
section. When combined with IR sensitizer 54, PAG 53
initiates two-photon cationic polymerization of a negative
photoresist.

A series of A—m— A compounds containing diphenylsul-
fonium and nitro groups as acceptors were synthesized in
order to prepare two-photon PAGs based on styryl-sub-
stituted fluorene.’® The photoacid quantum yields of these
PAGs are from 0.01 to 0.3 (for compound 55),%8 the yields
being increased with increasing length of the conjugated
system.

The design of D—n—D-type PAG 56 exhibiting the
highest two-photon sensitivity was reported.®® 100

Unsymmetrical bipolar D—n— A molecules hold prom-
ise as compounds with a high two-photon absorption cross-
section.®® The synthesis of such PAGs was described.!0!, 102
Compounds 57 and 58 exhibited high two-photon photo-
acid generation efficiency.

Jin et al.'93 synthesized a series of two-photon D —n— A-
type PAGs (compounds 59—62) with a conjugated system of
different length consisting of a chain of benzene rings (from
one to four). Compound 60 is characterized by a significant
red shift (by 52 nm) of the long-wavelength absorption
band compared to compound 59, whereas a further increase

in the number of benzene rings in the conjugated system
leads to a modest long-wavelength shift of the band (by 5
and 2 nm for analogues 61 and 62, respectively). Com-
pounds 60—62 absorb in the 350 nm region corresponding
to the LED emission spectrum. The photoacid quantum
yields for PAGs 60 and 61 have unprecedented values (0.69
and 0.73, respectively).!°3 Compounds 5962 exhibit high
efficiency as cationic photoinitiators of polymerization and
also have a high two-photon absorption cross-section at
>700 nm. Therefore, these compounds hold promise in 3D
printing of microstructures. As expected, an increase in the
length of the conjugated system in the series of compounds
59-61 leads to an increase in the two-photon absorption
cross-section. However, the latter value is somewhat lower
when using PAG 62 apparently due to the deviation from
coplanarity as a result of rotation of the benzene rings with
respect to each other.

Wu er al'* synthesized A-n—D-n—A-type com-
pounds 63 and 64. These compounds have high
cross-sections (0 = 745 and 816 GM, where 1 GM =
1x 10739 cm* s photon—") 14 characteristic of branched
structures. However, compound 63 generates acid with
moderate quantum yield (0.40) in acetonitrile, whereas
&+ for para-substituted isomer 64 is low (0.004).104
Hence, the latter compound cannot be used for this pur-
pose. Meanwhile, meta-analogue 63 shows efficiency as a
photoinitiator of two-photon polymerization of epoxides
induced by light at 1 = 780 nm.
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Structures 59— 64
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6.2. Use of photoacid generators in materials for fluorescence Scheme 18

readout-based 3D optical data storage systems

Photoacid generators are components of materials proposed
for archival storage in optical memory devices, including
3D optical memory elements for ROM (read only memory)
devices.

The construction of 3D optical memory for archival
storage applications requires the development of a light-
sensitive recording medium with non-destructive readout.
Recording media with fluorescence readout,'> which are
based on irreversible photochemical transformations of
organic compounds into products with high fluorescence
quantum yield (®g), are of great interest for the develop-
ment of these materials. In most of such media, colourless
leuco compounds (precursors) are transformed into col-
oured fluorescent dyes in the presence of an acid generated
from PAG at sites exposed to a particular radiation
dose.196-108 Photoacid generators used for this purpose
should have high @4+ and should be thermally stable and
readily soluble in a polymer matrix. In the case of two-
photon 3D optical recording, suitable for ultrahigh density
recording, PAGs also should have high ¢ at the recording
wavelength.

Rentzepis and co-workers 106107 ytilized conventional
PAGs (sulfonium salts, 1-nitro-2-naphthaldehyde) for the
development of recording media for 3D optical data storage
with fluorescence readout. Photoacid generators and a
precursor of a fluorescent dye (generally rhodamine) were
immobilized in a polymethacrylate matrix. The one- or two-
photon excitation of a photoacid generator produces acid,
which reacts with the precursor, resulting in its transforma-
tion into the fluorescent form. Scheme 18 shows trans-
formations involved in the archival data recording in the
material developed by Rentzepis and co-workers 197 based
on sulfonium salt and the methoxy derivative of the laser
dye rhodamine 700 as the precursor. Data were recorded
using two-photon excitation with a picosecond laser pulse at

532+532 nm
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A = 532 nm. The system is characterized by high sensitivity.
The data can be stored on a disc for years without changes.

The research team headed by Traven'?? patented a
similar light-sensitive polymer material with fluorescence
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readout. In this material, a pyrazoline—chloroalkane sys-
tem with a copolymer of methyl methacrylate and 2,2,2-
trichloroethyl methacrylate (polymer matrix) as chloroal-
kane serves as PAG. Scheme 19 gives an example of data
recording, involving the lactone ring opening and the
formation of highly fluorescent rhodamine B initiated by
the acid that is generated by the pyrazoline—chloroalkane
system under irradiation.

Yanez et al.''° used both PAG and a dye (Scheme 20),
which were developed for two-photon excitation, for data
recording with fluorescence readout. Compound 55 gener-
ates acid with @+ = 0.40. The data were recorded using
two-photon excitation of PAG with laser irradiation at
A =710 nm (3710 nm is 240 GM for compound 55).110
Upon protonation with photoacid, dye 65 is transformed
into 66, which has high @r (0.86) and 6 at the readout
wavelength (dg60 nm = 132 GM).!19 This enables both one-
and two-photon readout. The two-photon readout has
advantages over the one-photon process since it provides
better data readout over the whole volume of the 3D
recording medium. The maximum recording storage density
is ca. 1.8 x 1013 bit cm—3 (Ref. 110).

Scheme 20

6.3. Use of photoacid generators in biology

Recently, three two-photon PAGs were tested as agents for
photodynamic therapy of malignant tumours.!!! As
opposed to conventional photodynamic therapy, where
cytotoxic singlet oxygen is generated by a sensitizer, the
cancer cell death in the proposed approach is induced by
means of a pH imbalance caused by the acid generated by
two-photon PAG. The long-wavelength radiation employed
for two-photon excitation penetrates more deeply into
tissues, which is important for therapy of cancer. Another
advantage of utilization of PAGs in photodynamic therapy
is that necrosis is independent of the presence of oxygen in
tumour tissues.

In assays, HCT 116 adenocarcinoma cells were incu-
bated overnight in phosphate buffer containing solubilized
PAG. The photoacid generator was found to accumulate in
tumour cells. Then the cell culture was irradiated with

femtosecond laser pulses at A = 710 nm, and the cell viabil-
ity was evaluated. The best results were obtained for PAG
55. Thus, lysosomal pH in cells decreased to <4.5, resulting
in necrotic cell death. It should be noted that the cell death
was not observed in the presence of compound 55 without
irradiation or upon irradiation in the absence of compound
55. Fadhel et al.''> modified compound 55 with polyethy-
lene glycol and grafted it to aminopropylated silica nano-
particles. The viability of HCT 116 cells was approximately
halved after incubation with these agents and irradiation,
the efficiency of silica-grafted PAG 55 being higher than
that of ungrafted PAG. Therefore, sulfonium-based PAGs
were first demonstrated to be promising agents for photo-
dynamic therapy.

Photoacid generators are increasingly used in biology.
For example, the sectioning of the cell monolayer was
performed by irradiating the monolayer on a PAG-modified
polymer substrate. After cell death caused by pH imbalance
in lines exposed to a certain rather low dose, sectioned
monolayers of cells that remained viable with a size corre-
sponding to the projected grid pattern are collected.!!?
Photodegradable membranes for drug encapsulation and
delivery were fabricated based on polymers grafted with
PAGs.!"* Free PAGs are extensively used to study the
response of various biochemical processes to changes in
pH.'5- 118 For example, Kohse et al.''® used the intra-
molecular photorearrangement of 2-nitrobenzaldehyde to
2-nitrosobenzoic acid accompanied by proton release and
pH change (Scheme 21) to activate acid phosphatase. It is
suggested that this process can be applied to control the
activity of other enzymes.

Scheme 21

7. Conclusion

Currently, PAGs are utilized as important components of
many engineering materials. They also serve as components
of photocurable polymer composites and chemically ampli-
fied photoresists and are applied in other fields.

Available PAGs used as photoinitiators for cationic
photopolymerization generally meet the needs of modern
photocuring technologies for polymers. The development of
new PAGs for these purposes is aimed to extend their
spectral sensitivity range to longer wavelengths correspond-
ing to radiation of new cost-effective light sources — light-
emitting diodes (LED).

Photoacid generators of trifluoromethanesulfonic acid
are utilized in chemically amplified photoresists with a
resolution >100 nm. These PAGs are made by many
foreign manufacturers. Photoacid generators of commer-
cially available perfluorobutanesulfonic acid are generally
suitable for photoresists with a resolution up to 20 nm (for
EUV lithography). The development of new PAGs is
performed along two lines of research. The first approach
is based on the creation of photoacid generators with the
general formula RCF,SO;H™, in which the R group
ensures solubility of PAGs in solvents for photoresists, low
diffusion in a film-forming polymer and biodegradability.
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There are several approaches to the fabrication of such
structures. However, their synthetic accessibility is still an
open issue. Another approach is based on the grafting of
PAGs to film-forming polymers. Here a number of prob-
lems remain to be solved. In particular, it is unknown how
PAGs grafted to the polymer influence the morphology of
the photoresist. Despite the fact that this type of photo-
resists is not used in practice, many manufacturers initiated
research and development work in this field.

Compounds that not only have high acid quantum yield
and other properties depending on the specific features of
their application, but also have a high two-photon absorp-
tion cross-section are required to realize the full potential of
PAGs in two-photon 3D photolithography.

The new field of application of PAGs is their use in
biology and medicine, for example, for the suppression of
cancer cell growth and studies of the response of biochem-
ical processes to changes in pH.

Evidently, the development of innovative materials
which tailor the spectroscopic properties, solubility and
reactivity for state-of-the-art technologies will give rise to
new fields of application of PAGs in the nearest future.
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