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ABSTRACT

We measured the absolute ionic outgassing yield (AIOY) with a double-ion chamber method, charac-
terized the outgassed ion species, derived the relative extent of outgassing F*, CH3;* and C;Hs* ions,
determined the exposure rate constant for the formation of F* and CH3* with a quadrupole mass fil-
ter, and monitored the relative pressure rise with an ion gauge. These experiments were performed
with radiation at wavelength 13.5nm from the synchrotron beamline 08A1BM-LSGM at National Syn-
chrotron Radiation Research Center in Taiwan. Samples investigated included the round-robin resist,
poly(methylmethacrylate), and twelve underlayer materials. The photochemistry in the extreme ultra-
violet region of the fourteen samples is described according to the following results. The AIOY values, of
order 103, are proportional to the absorption coefficients of the samples. The extent of F* outgassing is
related directly to the extent of F photoabsorption by the samples. Outgassing of CH;* and C,Hs* ions
depends strongly on the type of polymer; the CHs* outgassing and relative pressure rise both depend on
a parameter related to photoabsorption at 13.5nm and the polymeric structure of the sample. Dill’s C
parameter for CHs* outgassing is identified to depend on the polymer type, whereas that for F* outgassing
depends on the fluorine-containing moiety. Reaction mechanisms of EUV photochemistry are proposed

according to the experimental results.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Resist outgassing has been attributed to a possible source
leading to extreme ultraviolet (EUV) optics contamination, subse-
quently hampering EUV lithography in high-volume manufactur-
ing (HMV). Sematech (Semiconductor manufacturing Technology,
USA) organized a benchmarking outgassing test on an EUV
model resist (round-robin resist) of ESCAP (environmentally sta-
ble chemical amplification positive resist) type, and showed that
the rate of outgassing determined in eight institutes differed
by four orders of magnitude involving use of three experi-
mental techniques—pressure rise, thermal desorption (TD)/gas
chromatograph (GC)/mass spectrometry (MS), and quadrupole
mass spectrometry (QMS) [1]. Researchers at SELETE (Semicon-
ductor leading edge technologies, Japan) who tried to determine
outgassing in quantity by the pressure rise method demonstrated a
factor two in measurement precision using two vacuum-chamber
systems and two light sources. The keys to achieving the experi-
mental precision included summing the pressure rises for a given
exposure dose and taking the pumping speed of each vacuum-
chamber into account [2-5]. Moreover, those researchers showed
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an order of magnitude reduction in differences between the
pressure rise and TD/GC-MS methods by considering the detec-
tion sensitivity of pressure ion gauge and collection efficiency
for various samples by TD as additional compensation factors
[5].

The effect of resist outgassing leading to contamination of
EUV optics is still debated. NIST (National institute of standards
and technology, USA) reported observable carbon contamination
on a TiO,-capped plate from several gaseous organic samples
with a rate of deposition that is describable with the molecu-
lar adsorption-desorption Temkin model [6]. ASML, a provider of
lithography systems, reported an improved vacuum as an effec-
tive means to decrease carbon contamination on optics under
HVM conditions, and suggested strict selection of materials to
mitigate contamination [7]. Sematech announced a halt of the
resist-outgassing test at their microexposure tool for conventional
PAG resists, because evidence is lacking that resist outgassing
produced optic contamination under conditions of low-power
exposure for EUV scanners [8].

Interestingly, most outgassing studies either examined hydro-
carbon outgassing to set the outgassing limit [8-11] or used the
detection method with TD/GC/MS or pressure rise [1-6,12-14],
which can detect only stable and neutral species. Among many
investigations of resist outgassing, reactive species such as F, HF,
CF,, CF,H and other F-containing radicals from PAG have been iden-
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tified qualitatively only a few times with the QMS method as minor
products [3,15-17].

We performed the first investigation of ionic outgassing on pho-
toacid generators (PAG), and identified reactive F*, CyF,* and CoHm*
as important ionic outgassed species [18]. The role of ionic out-
gassing on the EUV optic contamination has largely been neglected,
regardless of the fact that photons with energy 91.84eV (wave-
length 13.5 nm) ionize all materials with a quantum yield generally
close to or greater than unity; ion-molecule reactions proceed near
collision rates [19-23]; and that F-etch or F-assisted erosion or oxi-
dation are common reactions for etching wafers [24]. Researchers
at IMEC (an independent research center in nano-electronics and
nano-technology in Europe) first reported the importance of F-
contamination. In that study, carbon and fluorine contamination
were observed in a comparable amount on the surface of a witness
plate by using surface sensitive X-ray photoelectron spectroscopy
[25]. Contradicting an environmental concern seeking a decreased
use of perfluoroalkylsulfonate (PFAS) compounds [11], a strategy
to increase EUV resist sensitivity is to enhance photoabsorption
with additional fluorination of EUV photoresists. An incremental
fluorination has been demonstrated theoretically and experimen-
tally to be a feasible approach to improve the problems of resist
sensitivity/resolution/line-edge-roughness tradeoff without side-
wall degradation [17,26-28].

As outgassing of fluorine-containing neutral molecules has been
rarely reported; little work on ionic outgassing but dominant F* and
CxF,™ outgassing from photoacid generators, and the recent and
first observation of F-contamination by the witness plate method
inspire our detailed investigation of ionic outgassing. We deter-
mine the absolute ionic outgassing yield from two photoresists and
twelve underlayer materials upon irradiation at 13.5 nm. The out-
gassed ions are also characterized. Additionally, F*,CH3*,and CoHs*
outgassing are quantified to a relative extent, as well as a pressure
rise. Moreover, rate constants and Dill's C parameters leading to F*
and CH3* formation are determined. Based on the results of this
study, reaction mechanisms for EUV photochemistry are proposed.

2. Experiments

Light at 13.5nm was delivered from beamline 08A1BM-LSGM
at National Synchrotron Radiation Research Center. Fourteen sam-
ples here include polymethylmethacrylate (PMMA, (CsHgO>),); the
model EUV round-robin resist, which is denoted RRR in this study
and consists of 94% poly(4-hydroxystyrene-co-tert-butyl acrylate)
in 60-40 copolymerization, 5% di(tert-butylphenyl)iodonium-1-
perfluorobutanesulfonate, and 1% tetrabutylammonium hydrox-
ide; and twelve EUV underlayer materials (UL): three UL-polyesters
(UL-1A to -1C), three UL-novolacs (UL-2A to -2C), three
UL-PAG-attached-methacrylates (UL-3A to -3C), and three UL-
methacrylates (UL-4A to 4-C). The samples were provided by Nissan
Chemical Industries, Ltd. (NCI); the stated thickness of PMMA, RRR,
and the UL samples on wafers are 125, 125, and 30 nm, respectively.
Additional information about UL compositions is provided here
only as required, as this information is the intellectual property
of NCL

2.1. Absolute ionic outgassing yield

We use a double-ion chamber method to determine the abso-
lute ionic outgassing yield (AIOY) of PMMA, RRR, and UL materials
upon irradiation at 13.5nm. To our knowledge, this study is the
first to evaluate AIOY from a thin-film photoresist and UL sam-
ples at that wavelength. The details of the double-ion chamber
method that encloses a photoabsorption cell to determine abso-
lute photoabsorption and photoionization quantities of gaseous

40V

Fig. 1. Double-ion chamber apparatus for AIOY measurements.

samples are available elsewhere [19,29,30]. We applied the pho-
toabsorption cell/double-ion chamber method to characterize the
intensity of light at 13.5 nm and to determine the AIOY values of the
samples. The absolute photon intensity at 13.5 nm delivered from
the LSGM beamline is essential information to derive AIOY from
ionic outgassing, and was characterized on taking photoionization
of argon as a reference. Using the photoabsorption cell and Lam-
bert’s law, we derived the photoabsorption cross-section of argon,
Oabsar=1.39x 10718 cm? (1.39Mb), which agrees satisfactorily
with 1.35 Mb reported by Samson and Stolte [20]. With the double-
ion chamber, taking the absolute photoionization yield 1.065 [21],
we derived the photon intensity as 3.0+0.6 x 10'2 photonss!
between shifts in the same day as well as between experimental
runs conducted months apart, under beamline conditions typical
for this work: the entrance and exit slits of the LSGM beamline
monochromator were typically open at 200 and 200 pm.

Fig. 1 shows the double-ion chamber setup of this study for
the AIOY determination, as described briefly in the following. Two
guard electrodes (length 1cm) and two ion-collection electrodes
(length 17 cm) were set at ground potential with respect to a bias
+40V applied to a cylindrical electrode. This cylindrical electrode
collected electrons and repelled outgassed ions ejected from the
sample. The ion-collection electrodes collected ions, from which
the positive currents were recorded with two electrometers (Keith-
ley, M617); the guard electrodes ensured an even electric field in
the region of the double-ion-collection electrodes. Each sample for
the AIOY measurement was taped on the tip of a sample holder,
which was bolted to a push-pull longitudinal-motion vacuum com-
ponent. The sample was positioned normal to the incident light, and
the longitudinal axis of the cylindrical double-ion chamber coin-
cided with the path of the EUV light and the push-pull axis of the
sample. The taped sample was pushed from outside the double-ion
chamber into it and underneath the second ion electrode for the
ion collection. The efficiency of the ion collection was confirmed in
two ways. Firstly, the ion current from ionic outgassing showed no
observable position dependence within 1% variation through a 9-
cm push-pull travel distance underneath the second ion electrode.
Secondly, a bias voltage increased from +40 to +120 V resulting in an
increment <5% of the ion current. All AIOY values were determined
on pushing the tested sample underneath the middle of the second
ion-collection electrode. The first ion electrode collected spurious
ions for the background measurement.

The outgassed ion current measured with the second ion-
collection electrode was typically in a range 102 to 10104,
whereas the background current was of order 10-11 to 1012 A.
The vacuum conditions of the double-ion chamber, ~1 x 10> Pa,
also ensured that outgassed ions reached the ion-collection elec-
trode in a distance shorter than its mean free path. The EUV photon
flux was 0.88 mJcm~2s~! for an exposed area 0.5 x 0.1 cm? of the
sample. The exposure area was examined on an overly exposed
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sample with a profilometer (Veeco, Dektak 150); it was determined
as the area enclosing the full width at half maximum of the ablated
profile, and its uncertainty was estimated to be +30%. The aver-
age outgassing ion current below an accumulated exposure dose
<30 mJ cm~2 was converted into a number of charged particles per
seconds; this number was then compared with the determined
photon intensity; the AIOY value of a sample was thus determined
as follows:

izCS_l x Na

AIOY = 3
96, 500Cmol™ " x photonintensity

(1)

in which iy is the ion current through the second electrode after
subtraction of the background, N, is Avogadro’s constant of charged
particles per mole, one mole of singly charged particle is 96,500 C,
and the photon intensity delivered from the beamline is typ-
ically ~3 x 1012 photonss~!. The AIOY values of samples upon
irradiation at 13.5nm were verified at a fifth of that light inten-
sity by closing the entrance and exit slits of the LSGM beamline
to 50 wm x 100 wm; the equivalent photon intensity was then
~6 x 10" photons~1. The photon flux (mJcm=2s~1) is not a vari-
able for deriving AIOY, and it is needed to know the exposure time
needed for the AIOY data collection up to 30 mJcm—2.

2.2. Characterization of ionic outgassing

The experiment on ionic outgassing with the quadrupole mass
filter (QMS, EXTREL, 150-QC) method has been described in detail
elsewhere [18]. In the following text, we employ unit u instead of
u/z for simplicity, as there is no indication of multiple-charged out-
gassing. Notably, the filament ionizer of QMS was not turned on
in this study. Therefore, only direct ionic outgassing was measured
instead of neutral outgassing, which must be ionized by the ion-
izer for the following QMS detection. We characterized outgassed
ions qualitatively in the range 1-200 u; an observation of exposure
decay of outgassed ions made impracticable a quantitative charac-
terization in relation to beamtime. The decay of ionic outgassing is
described in Section 3.3.

We measured the relative extent of CHs*, F*, and Co;Hs* out-
gassing among samples by scanning through sample positions,
a means that ensured measurement of fresh samples; the expo-
sure dose was typically ~12 mJcm~2 per measurement point. The
relative extent of F* outgassing, which ion was observed as an
important product, was derived in such a way that UL-1A served
as the reference, and the other samples were taped between
two reference samples for comparison of signals. The relative
extents of CH3* and CoHs* outgassing were derived in the same
way.

When measuring ionic outgassing through the samples, we con-
currently recorded the increase of steady-state pressure from each
sample with an ion gauge (BA-type, Granville Philips). The exterior
electric field of a pressure gauge of this type is expected to pre-
vent ionic outgassing from reaching the collector electrode of the
gauge; in this way the pressure rise was correlated with neutral
outgassing from samples[18],and was measured relatively without
application of gas correction factors [31]. The pressure rise was not
of major interest in this work, but it provides additional information
to elucidate the outgassing phenomena.

2.3. Chemical kinetics of EUV photochemistry leading to ionic
outgassing

Ion intensities of F* and CHs* (in some cases also of C;Hs*) were
monitored with the QMS as a function of the exposure dose. First-
order exposure kinetics was applied to derive the rate coefficient,
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Fig. 2. (a) AIOY of RRR and UL-1A as a function of exposure dose. Under typical
beamline conditions, RRR (@) and UL-1A (4); decreased photon intensities, RRR (—)
and UL-1A (—). (b) Consistency of AIOY values determined under typical beamline
conditions and decreased photon intensities.

Dill’'s parameter C, for F* and CHs* outgassing in the following way:

I
In ( '°“~t> = —Cion x photon flux x t = —Cj,, x dose (2a)
IIon,O

Ion intensit
~ddose) Y = —Con (2b)

in which Ijon and lion; are the intensities of ions CH3* or F* at
exposure times 0 and t, respectively; Gy, as Cg+ and Cep,+ are the
Dill's C parameters for reactions leading to outgassing of CH3* or
F*, respectively. The decay of these intensities was conducted under
typical beamline conditions and with the photon flux decreased to
one quarter or one fifth of the typical values. The exposure rate coef-
ficient was evaluated for an exposure dose typically <40 mJ cm~2,
for which the first-order photochemical reaction is a satisfactory
approximation.

dIn

3. Results and discussion

Table 1 lists the results of ionic outgassing from PMMA, RRR, and
twelve UL samples. The table includes the AIOY value, the relative
extent of F*, CH3*, and C,Hs* outgassing, and the exposure rate
constant as Dill’s parameter C leading to F* and CH3* outgassing.

3.1. Absolute ionic outgassing yield (AIOY)

Fig. 2(a) shows two typical AIOY measurements. The ion cur-
rents from ionic outgassing of RRR and UL-1A measured with
the double-ion chamber method were converted to AIOY values
according to Eq. (1) under the typical beamline conditions and
decreased photon intensities. The AIOY value of each sample listed
in Table 1 is an average value measured with exposure dose less
than 30 mJ cm~2, for which AIOY remains roughly constant. Fig. 2(b)



Table 1

Summary of ionic outgassing results.

UL-methacrylate

UL-PAG-attached-methacrylate

UL-novolac

UL-polyester

Photoresist

Sample information

UL-1A UL-1B UL-1C UL-2A UL-2B UL-2C UL-3A UL-3B UL-3C UL-4A UL-4B UL-4C

RRR

PMMA

2.0°x1073 1.15x103 88x10*% 62x10*% 10x103 1.1x103

9.5%x 1074

9.7x107% 2.2°x1073 12x103 1.0°x103 88x10* 1.1°x103

8.8x 1074

Absolute ionic outgassing yield

(AIOY)

1.0+0.1

0.25+0.04 1.0+0.1

44+04

0.37 +£0.04 0.51+0.05 0.75+0.06 5.4+0.5 4.0+0.5

4.01+043 0.8+04 1+0.08 0.9+0.1 1.2+0.1

CH3*

Relative extent of ionic

outgassing
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6.0+0.1 38+05 3.1+£1.0 2.7+04 22+05
85+1.1 7.9+0.9

6.7+1.0

1.1+£0.2

0.57+0.09 0.44+0.07

29+0.6 22+04

1+0.10
1+0.16

0.49+0.06 2.9+0.6

0.02+0.01

CyHs*
F*

0.49+0.08 0.24+0.05 0.38+0.07

0.194+0.03 0.66+0.08 0.59+0.08 11.2+1.6

0.64+0.12 1.0+0.2

1.8+04

0.67 0.58 0.28 0.04 0.42 0.19

0.08

0.12 0.08 0.21

0.42

Relative pressure rise

0.49 0.53 0.56 0.58 0.61 0.60 0.57 0.3 0.32 0.34 0.58 0.36 0.41

0.20

Double-bond equivalents per

carbon atom

6.1x103 6.6x103 27x103 16x103 21x1073

6.0x 1073

6.1x103 30x103 40x103 36x103 18x1073

4.0x 1073

Cony

Rate constant (Dill's C

parameter) for ionic outgassing

incm? mJ-!

- 69x103 49x103 58x103 73x103 7.0x103 35x103 39x10°
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Fig. 3. Correlation between AIOY and o,,s for PMMA, RRR, and twelve underlayer
samples.

illustrates the consistency of the AIOY values determined under
both beamline conditions for eight samples; a linear correlation
with a value R%2=0.99 and a systematic difference <6% for values
derived under two experimental conditions are obtained. This sys-
tematic difference represents the measurement precision of AIOY
with the double-ion chamber method over a short period of shifts
and two days, and is significantly less than the 20% uncertainty of
absolute photon intensities determined from shifts, days and runs;
the uncertainty of the AIOY values is thus considered to be +20%.

The samples with large AIOY values are UL-1A, 2.3 x 103 and
UL-3A, 2.2 x 10-3; UL-1A was the only sample of this work that
contained iodine to increase the effectiveness of EUV photoabsorp-
tion, whereas UL-3A is highly fluorinated. The AIOY values of other
samples are all of order 103, and show no dependence on film
thickness: PMMA 125 nm, RRR 125 nm, and UL 30 nm. Furthermore,
a satisfactory correlation exists between AIOY and the absorption
coefficient (ops in um~1) of the sample as shown in Fig. 3, in which
o,ps Of @ sample was taken from an EUV reflectometry measure-
ment [32]. As illustrated in Fig. 3, highly fluorinated UL-3A is the
only sample of which the AIOY value deviates significantly from the
linear correlation of AIOY with o ,; its exceptional AIOY value is
discussed further in Section 3.2.

The lack of thin-film thickness dependence for ionic outgassing
and a satisfactory correlation between AIOY and o, values sug-
gest a plausible photochemical mechanism that the ions can be
photochemical products from direct dissociative photoionization
that occurs on the surface. To estimate the depth at which ionic
outgassing can occur, we assume that the quantum yield is approx-
imated as unity for ionic outgassing at 13.5 nm, which is true for
inert gases and numerous simple organic compounds [21], such as
dimethyl ether and benzene [33,34]. With such an assumption, the
AIQOY value becomes proportional to o,,sD; D is the escape depth
of ions. The estimated escape depth of ions is then 0.17 +0.03 nm,
an average value derived from fourteen samples, which is consis-
tent in order of magnitude with a typical escape depth 0.3-0.4 nm
for ions [35]. The assumption of ionic outgassing mainly from the
surface is thus justified.

The equivalent ionic outgassing rate of RRR for an AIOY value
0f 9.7 x 1074 is 2.6 x 10'3 molecules s—! cm~2 under an EUV power
density at 0.4 W cm~2, which is a scaled EUV flux for benchmark-
ing resist outgassing [1]. In the latter case the outgassing rate was
reported to range from 3.5 x 10'3 to 7.8 x 1017 molecules s~ cm—2
among eight institutes with three methods, presumably involving
the detection of neutral species; the extent of that range implies
that the quantum yields of neutral outgassing vary from 103 to 30.
Can ionic and neutral outgassing be correlated, and what are the
branching ratios of these two production channels? We examine
these questions in the following sections.
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Fig. 4. Mass spectra of outgassed ions. Spectra are shifted by an additional unit for each successive sample. The spectra from bottom to top correspond to PMMA, RRR, UL-1A
to 1C, UL-2A to -2C, UL-3A to -3C, and UL-4A to -4C. (a) 1-101 u, with 1 u (H*) intensity demagnified to 1/10. (b) 101-200 u, with ion intensities magnified ten times.

3.2. Characterization of ionic outgassing

In addition to AIQY, the identities of outgassing ions are impor-
tant for a further consideration of their potential damage to EUV
optics. Fig. 4 shows mass spectra of the outgassed ions in the
range 1-200 u from PMMA, RRR, and UL samples upon irradiation
at 13.5nm. The relative intensity of ions across the mass range is
qualitative; the mass spectrum of each sample is nevertheless nor-
malized at 15u to its own relative extent of CH3* outgassing, a
quantity described later in this section.

For typical photoresist and UL materials containing hydrocar-
bons, fluorinated compositions or fluorine-containing photoacid
generators, we identify common outgassed ions including H* at
1u; F*, CF*, CF,*, and CF;* (F" and CiFy*) at 19, 31, 50, and 69u,
respectively; and CH3*, C;H3 5" and C3H357" (ChHm™) at 15, 27,
29, 39, 41, and 43y, respectively. CoF4* at 100 u has been identi-
fied previously in the PAG work as a characteristic species from the
C4F9 moiety, and is observable from RRR of its PAG portion and
most UL samples, which contain <0.5 mass% fluorinated additives.
Theimportance of F* and CxF,* outgassing from fluorine-containing
polymeric materials is thus indicated.

A unique ion CH,F* at 33u is identified from PAG-attached-
methacrylates of UL-3A, -3B and -3C, but it is not observed from
triflate or nonaflate of PAG [18], which contain no hydrogen within
their perfluoroalkylsulfonate portions. UL-3A contains a perfluo-
roalkyl moiety CgF17, and emits additional and abundant outgassed
ions CoFs* at 119 u and C3Fs* at 131 u. The C4Hg moiety is a com-
mon side chain of a copolymer backbone and its PAG of RRR, C4Hg™*

outgassing at 57 u, was an observable but weak species from PAG
found in the previous work [18]; it is significant here from the dom-
inant copolymer portion. lIodine is a major component of UL-1A
but counted for only 0.9 mass% in RRR; outgassed I* at 127 u was
observed from UL-1A and merely from RRR. Taking into account
that the QMS detection efficiency deteriorates monotonically as
a function of the ratio u/z, the I* outgassing from UL-1A is non-
negligible. Mass peaks at 105, 107, 109, and 111 u were identified
for UL-PAG-attached-methacrylates, UL-3A to -3C. The 105-111
features had been observed as major peaks from desorbed thiolate,
CgHsS, in a photoionization study of self assembled monolayers
[36]. The PAG portion of UL-PAG-attached-methacrylates can be
unambiguously attributed to 105-111 u outgassing. We were not
able to assign possible outgassing sources in two cases due to the
lack of detailed chemical information: UL-1B at 121 u and UL-4B
(containing no CgHsS according to NCI's information) at 105-111 u.

RRR contains ~95 mass% hydrocarbon, but the overall F* and
CxFy" intensity is approximately one quarter of the overall ion
intensity in the range 2-200 u. In contrast, in the previous work on
RRR the side-chain cleavage leading to formation of isobutene and
isobutane amounts to 90% of the outgassing fromits t-butyl acrylate
moiety [1]. PMMA liberates H* and C,H,* with no detectable pro-
duction of carboxyl-containing ions, but previous reports showed
that CO, at44 uand C;H40; at 60 u are important outgassed species
[37,38]. The PMMA and RRR results clearly indicate that outgassed
neutral and ion species can differ markedly; in an investigation of
contamination one must examine outgassing of both types quali-
tatively and quantitatively.
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Our previous work on the ionic outgassing of PAG showed a
satisfactory correlation between the extent of F* outgassing and
the ratio of F photoabsorption to the overall photoabsorption (Rg)
of the sample material; we argued there that the extent of F*
outgassing is governed by F photoabsorption [18]. We tested this
F-photoabsorption argument further in the present work, with Rg
values obtained from

fluorine photoabsorption  xpog

E XiOj

i

"~ overall photoabsorption

(3)

in which xg and x; are the number fractions of Fand element i within
a sample, and of and o; are atomic photoabsorption cross-sections
at 13.5 nm for F and element i, respectively. The o value of each ele-
ment was obtained from information provided at the CXRO website
[39].

Fig. 5(a) shows the extent of F* outgassing as a function of Rg for
fourteen samples: the Rg values of only RRR, UL-3A, UL-3B, and 3C
are significant; the Rg values of UL samples with fluorine-containing
additives are intentionally set to zero, as they contain <0.5 mass%
fluorinated additives with no information of chemical composition.
PMMA, UL-1B, UL-4A to -4C are free of fluorine; their extents of
F* outgassing are 0.36 +£0.27, an average value that represents the
level of measurement errors at 19 u. The figure includes values of
two other UL samples, which were not targeted samples of this
work but contain appropriate Rg values to make the correlation
more evident. With R2=0.97, a satisfactory correlation between
the relative extent of F* outgassing and Ry is confirmed. Accord-
ing to reaction mechanisms for EUV photochemistry proposed in
Section 3.3, the extent of F* outgassing is expect to be appropri-
ately correlated with o, x Rg. Fig. 5(b)illustrates the F* outgassing
—03ps X Rp correlation; again a correlation as satisfactory as that
shown in Fig. 5(a) is obtained.
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Fig. 6 depicts the correlation of CH3* and C;Hs* outgassing
as a function of o,ps x Rc,h,,, in which Rc,y,, of each sample is

derived similarly to Eq. (3) from (xcoc +XHGH)/Z(X,~O’,~). No lin-

1

ear correlation between CH;* or C;H5* outgassing and o5 x Re,hy,
(or Rc,h,,,» not shown) is found, but some intriguing behaviors
are observed in both figures. Firstly, PMMA and UL-PAG-attached-
methacrylates (UL-3A to -3C), which contain a methylmethacrylate
or methacrylate backbone, possess the least ratios of hydrocar-
bon photoabsorption, but they liberate CH3;* most abundantly in
outgassing. Secondly, polyesters UL-1A to 1-C exhibit a similar
extent of CH3* outgassing, and likewise novolacs UL-2A to -2C and
methacrylates UL-4A to -4C of CH3* and C,Hs™* outgassing. UL-2A
to -2C and UL-4A to -4C show a weak correlation between CH3*
outgassing and 0,5 x Rc,n,,- Thirdly, the overall trend of CH3* and
CoHs* outgassing is negatively dependent on the o, x Rc,1,, and
Rc,h,, values.

These phenomena shown in Fig. 6 indicate that hydrocarbon
outgassing depends on the polymer type. The key to a satisfac-
tory correlation for CH3* outgassing is to equate hydrocarbon
proportions appropriately. Some polymer type might possess a
greater proportion of aliphatic than aromatic composition, so lib-
erating CH3* and CyHs* outgassing to a greater extent without
double-bond scission. We attempt to establish a relevant correla-
tion from the above arguments, and obtain an improved correlation
between CH3* outgassing of the fourteen samples and their respec-
tive [o,ps/(double-bond equivalent per carbon atom)] number, as
shown in Fig. 7(a). The double-bond equivalent per carbon atom
(BDEPC) is calculated with

2><NC+2_NH/F

DBEPC =
2Nc

(4)
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Fig. 7. (a) Correlation between CHs* outgassing and o ,,s/DBEPC and (b) correlation
between pressure rise and o,,s/DBEPC. Same symbol definitions as in Fig. 6.

in which Nc and Ny are the numbers of carbon and (hydro-
gen+fluorine) atoms of the molecular formula of the sample,
respectively. The DBEPC number defines the effective multiple-
bonding characteristic of an average carbon atom. As the formulae
of the fourteen samples are confidential, only the resulting values
are shownin Fig. 7. Notably, the o4, value of UL-1A does not include
iodine photoabsorption, which accounts for >50% of its EUV pho-
toabsorption and liberates I* outgassing as shown in Fig. 4. The DBE
and Ohnishi numbers are two common metrics for estimating the
etch resistance of photoresists [40], and they represent the alkyl
or aryl nature of the sample; the greater is the DBEPC number and
the smaller is the Ohnishi number, the greater is the aryl nature of
the sample. The Onishi number had been used analogously to cor-
relate outgassing of four EUV model resists [41], but we found no
correlation between CH3* outgassing and the Ohnishi number.

A correlation between the structural metric DBEPC of polymers
and neutral outgassing is also found. Fig. 7(b) illustrates the pres-
sure rise from fourteen samples of different polymer types, and
shows again a linear correlation with o ,,s/BDEPC. Furthermore, the
pressure rise clearly separates into two groups, photoresists and UL
samples: the amount of pressure rise from photoresists has a slope
similar to that from UL samples but is shifted to greater values. This
figure reveals that the pressure rise depends on thickness. For the
pressure rise representing the extent of neutral outgassing, as this
study posits, the thin-film thickness dependency for neutral out-
gassing makes the same hypothesis as that proposed previously,
but based on the results of two samples [25]. Other authors sug-
gested the mitigation of outgassing on adding aromatic structure
to the resist design [37,41,42]; in Fig. 7 we show here quantitatively
that the C,Hp,* outgassing and pressure rise are linearly correlated
with the o ,,/DBEPC structural metric.

Among samples measured as shown in Figs. 5 and 7 and
listed in Table 1, the UL-novolacs samples are the most stable
underlayer material being evaluated, whereas the PMMA and UL-
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Fig. 8. Natural-logarithmic decays of F* and CH3;* outgassing (I;o, ) of (a) RRR and (b)
UL-3A, as a function of exposure dose. Under typical beamline conditions for CH3*
(@) and F* (#), and at a fifth of the photon flux for CH3* (O) and F* ().

PAG-attached-methacrylate are highly reactive upon irradiation at
13.5nm, and UL-3A is the least stable. The AOIY of each sample
includes F* outgassing dependent on o, x Rg, CH3* (and CpHp,*)
outgassing dependent on polymer type and more specifically on
0abs/DBEPC; in summary of the AOIY value, H* outgassing or other
ionic outgassing not examined here might be important to bestow
consistency among AIOY, F*, and C;Hy,;,* values. For example, UL-
1A has the greatest AIOY value but a moderate extent of F* and
CnHp* outgassing; although only a qualitative conclusion can be
drawn according to Fig. 4, H* outgassing of UL-1A is more than five
times that of most samples, and it also liberates non-negligible I*
in the outgassing; both H* and I* outgassing can be part of its high
AIQY value. In contrast, the unexpectedly large AIOY value of UL-
3A illustrated in Fig. 3 remains for discussion. The H* outgassing
of UL-3A to -3C is similar to that of other samples, and its F* and
CH3* outgassing conform to the o,,s x Rp and o, x DBEPC pre-
dictions. The dissimilarity of UL-3A from the other samples is that
the photoabsorption by the perfluoroalkyl portion of the sample
amounts to >60% of its overall photoabsorption. Breakage of a sin-
gle bond in a given polymeric resin might not produce outgassing,
but each bond breakage of the long-chain CgF;7 moiety of UL-3A can
immediately liberate CxF,* in outgassing. Fig. 4 shows that C;F4*
outgassing is important when taking the QMS detection efficiency
into account, and C,F4* outgassing can be the major contribution
to the unexpectedly large AIOY value of UL-3A.

3.3. First-order exposure kinetics for ionic outgassing

While measuring the relative extent of F* outgassing, we
observed a significant decay of F* outgassing as a function of
the accumulated dose. Fig. 8(a) and (b) shows natural-logarithmic
decays of F* and CH3* outgassing as a function of the exposure
dose <30 mJ/cm~2 for RRR and UL-3A, respectively. Fig. 7(a) and (b)
includes measurements under typical beamline conditions and a
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fifth of the photon flux. Table 1 lists the resulting first-order expo-
sure rate coefficients Cp+ and Cyy, + of the fourteen samples derived
according to Eq. (2). The experimental uncertainty of Dill’s C values
listed in Table 1 is typically <+40%. R? of the linear fit to Eq. (2) is
invariably >0.9 and generally >0.97, which demonstrates a minor
contribution to the experimental uncertainty. The photon flux is
the major source of uncertainty; it contains the uncertainties of
the photon intensity, 20%, and the definition of the exposed area,
<35%.

The resulting values of G+ and Cgyy,+ listed in Table 1 indicate
EUV photochemical behaviors described as follows:

(A) Gg+ # Cepyt- Cpr > Cyy,+ s obtained for most samples, and
Cp: < Cc1-l3+ for the UL-PAG-attached-methacrylate samples.

(B) The Cgy,+ values for the same polymer type are sim-
ilar witflin experimental uncertainty. Examples include
3.0-3.6 x 1073, 6.0-6.6x 1073, and 1.6-2.7 x 103 mJ~1 cm?
for UL-polyesters, UL-PAG-attached-methacrylates, and UL-
methacrylate, respectively. (The rate coefficients of UL-
novolacs leading to CH3* outgassing are among the smallest;
only CCH3+ of UL-2A was measured.) Furthermore, Dill’'s C
parameters pertaining to CH3* and C,Hs* outgassing are the
same within experimental uncertainty for the few samples
measured. Fig. 9 depicts the natural-logarithmic decays of CHz*
and C,Hs* outgassing from PMMA, RRR, and UL-PAG-attached-
methacrylates as a function of exposure dose. The outgassed
CH3* and CyHs* fragments presumably emanate from the t-
butyl portion, MMA unit and MA unit of the corresponding
sample.

(C) The Cg+ values of the same fluorine-containing compositions
are similar within the experimental uncertainty, even when
the fluorine-containing portions are added to polymers of
other types. UL-polyester and UL-novolac samples contain
the same fluorine-containing additives, <0.5 mass%, and the
derived Cp+ values are similar in the range 0.0049+0.0015
to 0.0077 +0.0017 mJ~! cm?2. In contrast, another PAG moiety
shows an altered rate of depletion for F* outgassing. The Cp+ val-
ues are RRR (0.011 4+ 0.0035), UL-3A (0.0070+0.0017), UL-3B
(0.0035 +0.0008) and UL-3C (0.0039 + 0.0008) m]~! cm?; the
exposure rate of a factor two among them is experimentally
significant. The lengths of carbon chains of the perfluoroalkyl-
sulfonate moiety for RRR and the average length for UL-PAG-
attached-methacrylates are in the order RRR~UL-3A>UL-
3B>UL-3C. The longer is the perfluoroalkyl carbon chain, the
greater is the rate of reaction.

We suggest that Cp+ + CCH3+; the Cqy.+ values are similar for
the same polymer type, and the Cp+ values for the same fluorine-
containing compositions are similar. The UL-methacrylate samples
(UL-4A to -4C) are remarkable: the DBEPC values varies from 0.36
to 0.58, which is a significant modification of their bonding char-
acteristics, but the portion leading to CH3* outgassing from each
sample behaves similarly. These results hint that the kinetics of
EUV exposure can differ from those of DUV, which have been used
to describe DUV exposure. The reaction mechanisms of DUV photo-
chemistry include a photoexcitation-deactivation pre-equilibrium
reaction followed by a reaction generating photoacid [43]. DUV
light excites a particular valence state mainly at the PAG site; the
excitation efficiency can thus vary significantly when the same PAG
alters its formulation from blended to attached to the polymeric
structure [44]. An EUV excitation involves the excitation of an elec-
tron from a core level of an atom in the sample with little concern for
the valence state. A reaction mechanism for EUV photochemistry
is thus proposed to account for the ionic outgassing and pressure
rise behavior observed in this work. The reaction mechanisms are
analogous to DUV, but take the atomic or moiety contribution into
account as follows:

Mjﬂ]\/[]’f (5a)

My M (5b)
Kk

M;‘L2>Pj+ (50)
kﬁ;utral

ML (5d)

in which at any given exposure duration t, M; is a reactive }j’ moi-
ety containing particular atomic elements or a moiety within the
sample; Mj* denotes the photoactivated transient species of ‘j’; P;r
refers to the outgassed ion; and P; represents the neutral fragment.
M; is PAG or a fluorinated additive within the samples leading to
F* outgassing, whereas it is a particular portion within a poly-
mer producing ChHpn* outgassing. The rate coefficients k;q, kj_1,
and (k;2 + kj‘.’fz’“tra') refer to the forward excitation reaction by pho-
toabsorption, the reverse deactivation reactions, and the product
formation of ionic Pj+ and neutral Pj, respectively. Applying the

steady-state approximation to [Mj*], we obtain a rate equation of
the product formation:

div;]  d((P{ 1+ [P]) ki 1k; 2 [M;
_divg] AL J :ka[M’f]:M (6a)
dt dt ’ J (kj’,‘l + kj,Z)
[M;] = [Mj]oef[(qukj,z)/(kj,fﬁkj.z)]t (6b)

in which [Mj]o is the initial concentration of the reactive species on

the surface producing outgassing, and k; j = (kjf2 + k;‘g““al). For the

ionic outgassing experiment, the observed intensities of CH3*and

F* are proportional to the instantaneous rate of ion formation; thus,
d[PjJr] ~ kjjk]T2[Mj]oe*[(kj,lkj.z)/(kj‘—lJrkj,z)]f

Ion intensit; = 7a
T, K1+ Ko (78)

d In(ionintensity) ki 1kj» (7b)

dt kjﬁ] +kj’2

Eq. (7b) can be reformulated to the standard equation for the expo-

sure rate, and then combined with Eq. (6a) to obtain

d In(ionintensity) d In([M;]
d(dose) " d(dose)

(k; 1/photon flux)k; »
p— b B} - _ C 8
(ki1 +K;2) i (8)

The derived Dill C parameter is proportional to the rate of EUV
photoexcitation and a partition factor of the rate of product for-
mation over the overall deactivation rates, i.e. the quantum yield
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for overall outgassing; it does not depend on the concentration of
the reactive compositions. Eq. (8) thus explains the observation
Ce+ # CCH3+. as F* and CH3* are products of separate ‘j’ moieties
within a sample. The implication of Eq. (8) supports an observation
that various samples of a same polymeric type have a similar Ceny
value, so the same fluorinated additives added to various samples
show a similar G+ value.

The correlation between the relative extent of F* outgassing and
0 .psRE as shown in Fig. 5 is also explicable with Eq. (7a), which pre-
dicts the relative F* outgassing among fresh samples (t ~ 0) depends
on kj,lkjfz[Mj]O/(k“ + k; 2). This quantity is further decomposable
into the quantumyield (@) of the reaction, @ = k;&/(’ﬁ',l +k;j »),and
the F photoabsorption, kj;[M;lo=0F[Flp=0,,sRr. We reasonably
assume that k;, k;_1, and kjf’fz values are constant for EUV pho-
tochemical reactions of F-containing portions in separate samples,
and kﬁ;“”al is negligible for the reason that most neutral outgassing
experiments showed no F-containing outgassing or its presence
as a minor product. According to the above arguments, the quan-
tum yield of F* outgassing is constant, and the relative extent of F*
outgassing is then simply proportional o4, x R.

A valid relation between not only CH3* outgassing but also the
pressure rise and o,,s/DBEPC in Fig. 7(a) and (b) is qualitatively
elucidated as follows. The product CHs* (and C;H;p+ with the same
Dill Cas shown in Fig. 9) and neutral outgassing are likely generated
in a concerted way; outgassing of both kinds described with Egs.

ki
(5¢) and (5d) then results from one reaction path, M;.‘L2>Pj+ +P;;
and Eq. (7a) becomes reformulated as follows:

d[PJ] _ kjalquZIMj]O

Pressurerise =
dt (ij +kj72)

(7a')

The quantum yield (@) is implied to be the same, and is @ =
ki 2/(k; 1 +k; ) for a polymer of a given type that contains a partic-
ular hydrocarbon moiety to liberate C,Hp,* and neutral outgassing.
The extent of CyHp* and neutral outgassing from a fresh sample
thus depends on k;;[M;]o among samples of the same polymer
type; the polymeric samples contain mainly hydrocarbons, and k; ;
is thus proportional to the overall o ,4; the BDEPC value is an metric
inversely proportional to the relative amount of [M;]o. For polymers
of various types the DBEPC parameter serves as the metric to predict
the polymer’s lability, thus affecting k; _; and k;, and the quantum
yield to CyHp,* and neutral outgassing.

The only comparable Dill C value is the rate coefficient for the
acid generation of RRR, reported as 0.144 mJ~! cm? by a base “stan-
dard addition” method [45]. We derived 0.011 £0.0035 m]~! cm?
and 0.0061 +0.0027 m]~! cm? for RRR upon irradiation at 13.5 nm
leading to F* and CH3* outgassing, respectively. The AIOY value
of RRR varied insignificantly for an accumulated dose up to
30mJ cm—2 as shown in Fig. 2(a), and a preliminary measurement
of the rate coefficient for H* outgassing indicates that its value is
smaller than that of CH3*; both rate constants are thus expected to
be smaller than C+ and Cgy, +. We measured directly the deple-
tion of reactive species, and3 there is no experimental evidence
to indicate that our Dill C parameter is underestimated. The rate
coefficient for the formation of photoacids by EUV light involves
reactions of photoionization within the polymer matrix as the first
photochemical event, and subsequent reactions by secondary elec-
trons; furthermore, the standard addition method to derive the Dill
C parameter measured the dose to clear Ey of tested films after
post-exposure baking (PEB) for resists containing known and var-
ied amounts of base quenchers [46]. Greater than ten times the
difference in the Dill C parameter between the directly measured
ionic outgassing reactions in this work and multiple steps for pho-
toacid formation in previous work might be ascribed partly to an
additional gain by reactions of secondary electrons [26], or catalytic

gain of photoacid before the acid—base quencher neutralization;
this effect is expected to be present but has not been addressed by
the standard addition method.

4. Conclusion

We here report the first measurement of the absolute ionic
outgassing yield (AIOQY) for the PMMA, round-robin resist, and
twelve underlayer materials. The AIOY values for these samples
are all of order 103, which means their rate of ionic out-
gassing is of order 1013 molecules cm~2s~! @ 0.4Wcm—2, and
is 2.6 x 10'3 moleculess—! cm~2 for the round-robin resist. The
linear correlation between AIOY and absorption coefficient (o,ps)
of samples with no dependence on film thickness indicates that
ionic outgassing occurs on the surface; the derived escape depth
forions is 0.17 £ 0.03 nm, a result consistent with a sub-nm escape
depth for ions [35].

H*, F*, C4Fy*, and C,H;,* outgassing are characterized as major
outgassed ions from fourteen tested samples; other characteri-
zation results include CFH,* from UL-PAG-attached-methacrylate
samples, C4Hg* outgassing from the t-C4Hg moiety, and I*
outgassing from iodine-containing compounds. This work and pre-
vious PAG work demonstrate unambiguously that F* outgassing is
important and directly correlated with the ratio of fluorine pho-
toabsorption in the overall photoabsorption of the sample (R
and o,,sRE). This F* outgassing study and new evidence of F-
contamination on EUV optics [25] raise concern of the worsening
contamination caused by the increment of fluorination in order
to enhance the resist sensitivity [17,27,28]. The relative extents
of CH3* (CoHs*) outgassing and pressure rise depend on the poly-
mer type, and their values correlate well with a new metric defined
here as (0 ,,s/DBEPC); the double-bond equivalent per carbon atom
indicates the lability of the sample to liberate C,H;;,* outgassing. A
highly fluorinated sample UL-3A emits the most abundant amount
of F* and C;H;;,* outgassing, and a comparable amount of CyF4*
from its CgF;7 moiety; the additional C;F4* outgassing results in
AIQY value being larger than expected.

We determined the rate coefficient for EUV photochemical
reactions generating F* and CH3* (CoHs*) outgassing, and conclude
as follows: Cp+ # CCH3+, CCH3+ values for the same polymer type are
similar, and Cg+ values for the same fluorine-containing compo-
sitions are similar. Reaction mechanisms for EUV photochemistry
are proposed to elucidate most results of this work. The Dill param-
eters Cg+ and Cgyy,+ of the round-robin resist are 0.011+0.0035
and 0.0061 +0.0027 m]~! cm?, respectively. Both values are less
than a tenth of 0.144mJ ! cm? determined by a base standard
addition method [45]; the discrepancy might arise from additional
reactions due to secondary electrons or an additional catalytic
gain of photoacid before the acid-base quencher neutralization in
previous work.
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