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Extreme Ultraviolet Lithography photoresists undergo chemical reactions initiated by
ionizing radiation. Understanding the decay pathways in the photoresist following
photoionization requires knowledge about the states and species that are generated during the
ultrafast primary and secondary ionization processes while the energy of the photons (92 eV)
is ultimately converted to heat and chemical reaction products. Here we use Total Electron
Yield spectroscopy to investigate the electron generation following excitation of the resist
with photons in the energy range from 5 to 150 eV. We estimate that each EUV photon gives
rise to 3 — 4 electrons. Changes in the material during irradiation lead to changes in the yield
of electrons, which is qualitatively explained by considering changes in the absorption
spectrum and density that are due to chemical change.
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1. Introduction

In the past few years, Extreme Ultraviolet
Lithography has made the transition from the
development stage to increasingly large-scale
production [1]. Further development of the
hardware follows a programmed route towards
higher numerical apertures [2], but for the chemical
software of photolithography, the photoresist, the
pathway for improvement is less obvious. The
chemically amplified resist (CAR) materials
originally developed for 193 nm photolithography
have been adapted for use with the 13.5 nm photon
source, but the limitations of this approach have
been pointed out: being organic polymer based,
CARs have low absorption cross sections at 13.5 nm
and their etch resistance may be insufficient when
used in the thin layers that are required in small-
sized patterns with a reasonably small aspect ratio
[3]. As an alternative, metal-containing materials
have been proposed, and they have been under
investigation for more than a decade now [4,5].

From a more fundamental perspective, the
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development of EUV photoresists is hampered by a
lack of knowledge and understanding of the
chemistry induced by the ionizing radiation used.
Photons with an energy of 92 eV cause the emission
of photoelectrons from valence and shallow-core
orbitals. These electrons, which may have kinetic
energies up to ~85 eV, can cause further ionizations,
generating a number of secondary electrons. It is
often stated that the electrons are responsible for
radiation induced chemistry, but a clear mechanistic
picture is available only in few cases [6—8]. From
the perspective of pattern fidelity, the secondary
electrons raise the same questions as acids in CAR:
to what extent do they blur the pattern projected in
the areal image?

In our research we have investigated tin-oxo
cages as a prototype material for EUV resist
application. These have been introduced in the field
by the Brainard group [9], and it has been suggested
that they form the basis of the photoresists
commercially developed by Inpria [10-12].

One aspect of the chemistry of these compounds
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(and related organotin compounds) is clear: any
form of activation, be it UV, XUV or EUV photons,
or electrons (even of low energy), leads to the
cleavage of  tin-carbon  bonds  [13-20].
Unfortunately, direct experimental evidence for the
molecular structure of the subsequent reaction
products is lacking. We have detected
photofragmentation products, which lost multiple
butyl groups from the original n-butyltin-oxo cages,
and proposed structures based on quantum-
chemical calculations [21]. It is likely that the cages
after loss of the alkyl groups cross-link to form
higher molecular weight chains or cross-linked
networks that are insoluble, but there is no
experimental evidence for the chemical nature of
the bonds between cages [11]. The main reason for
this is that available spectroscopic methods lack the
specificity and sensitivity to give the required
quantitative insight. The problem is aggravated by
the fact that only a relatively small conversion is
needed to achieve the solubility switching, and that
the spectroscopic signatures of the different bond
types do not change much when few of the carbon-
tin bonds are broken while most remain intact.

In previous work, we studied the photoelectron
spectrum of different tin-oxo cages with photon
energies in the range 60 — 150 eV, which showed
that the ratio of Sn(4d) electrons to valence
electrons has a maximum near a photon energy of
92 eV [22].
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Scheme 1. Molecular structure of the TinOAc
photoresist material investigated.

In the present work we describe Total Electron
Yield (TEY) measurements in which we scan the
photon energy over the much wider range from 5 to
150 eV and detect the total electron emission rate
(drain current) from the sample, which results from
the photoemission at the surface of the thin resist
film.[23]

By comparing the shape of this TEY spectrum to
the absorption spectrum, we obtain information on
the electron yield as a function of the photon energy.

Because the irradiation leads to chemical change,
the TEY changes during the measurement. Time
traces of the electron yield vs. exposure dose reveal
different responses in the low and high energy
ranges.

2. Experimental

The TinOAc photoresist was prepared as
described before [16]. Films with a thickness of ~20
nm were spin-coated on silicon substrates (2 x 2
cm?) from toluene solutions (10 mg/mL).

Total Electron Yield measurements (TEY) were
performed at the BEAR beamline of Synchrotron
Elettra, Trieste, Italy [24]. The polarization of the
synchrotron beam can be set, the wavelength
monochromatized and filtered to remove higher
orders contributions before being focused on the
sample. The drain current generated in the
refocusing mirror acts as continuous intensity
monitor. It is used to normalize the incoming
intensities and related signals among runs taken at
different times.

To cover the whole photon energy range of
interest (5 — 150 eV), two 1200 lines/mm gratings
were used differing in monochromator inclusion
angle. The photon beam was linearly polarized in
the horizontal synchrotron orbit plane impinging at
45° in s (TE) incidence. The vertical slit of the
monochromator in the dispersive plane was set to 50
um, to ensure a band pass <0.1 eV. The horizontal
slit width was 890 um. The spot size on the sample
was ~70 x 320 pum? (vertical x horizontal). A -5 V
bias was applied to the sample to maximize
emission current signal.

To determine the electron yield, the current from
the sample was measured. The TEY is obtained in
electrons per photons as the ratio of rate of emitted
electrons (derived from the drain current signal) to
the rate of impinging photons obtained from the
current signal of a calibrated photodiode inserted
into the photon beam at different instant of time,
then renormalizing the signals through the
corresponding monitor signals from the mirror.

Because the photoresist sample is inherently
radiation sensitive, for each photon energy a fresh
unexposed spot on the sample was selected.
Multiple acquisition is performed at each point to
follow the time evolution of the TEY. The TEY
spectrum presented in Fig.1 is composed of the data
in the first time interval. By monitoring the signal
over time, the effect of the radiation induced
chemical change was detected.
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3. Results and discussion
3.1. TEY spectrum

A representative Total Electron Yield spectrum of
TinOAc on silicon is shown in Figure 1.
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Fig. 1. TEY spectrum r)(Eph) of TinOAc (black)
plotted together with the absorption spectrum (red),
scaled to the same value at 20 eV, their ratio n/a (blue
dashed line) and a linear fit of the ratio vs. photon energy.
The grey area is the unbleachable part of the absorption,
the red area the bleachable part (see ref. [25]).

3.2. Time traces of the TEY

The TEY values shown in Fig. 1 were obtained
for each energy from 0.5 s of data acquisition and
~2 s of exposure at a fresh point on the sample. The
same spots were irradiated for 120 time intervals of
~2 s, which reveals the effect of the chemical change
of the resist film under the influence of the radiation
on the detected electron yield. As shown in Fig. 2,
in the low photon energy regime, an initial decrease
of the signal is observed, followed by a recovery. At
energies near 100 eV the signal increases from the
beginning of the irradiation.

3.3. Discussion

Spectral features. In fig. 1 the TEY spectrum of
TinOAc is shown together with the absorption
spectrum derived from the cross sections in the
CXRO database [26]. As we have recently shown,
this predicted spectrum is in very good agreement
with the experimental data obtained by absorption
and photobleaching experiments in the XUV range
[25,27].

The onset of the TEY spectrum occurs near 8 eV
constituting an indication of the value of the
ionization energy. At this energy -electrons
originating from the highest occupied molecular
orbitals (HOMO) can reach the vacuum level and be
emitted into vacuum.

T I I I |

0 10 20 30

0y X ®/a.u.

Fig. 2. Representative time traces of the TEY signal for

selected photon energies. The horizontal axis displays the

cumulative number of photons on the sample at the given

photon energy multiplied by the absorption cross section

att = 0. The length of the traces is limited by the photon

flux, which is low in the range <80 eV and peaks near
120 eV.
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Since the HOMO-LUMO gap is ~5 eV, the
electron affinity must be ~3 eV. In gas phase
photofragmentation experiments we found the onset
of ionization at 12 eV for the bare tin-oxo cage
dication, and at 10 eV for a tin-oxo dication
complexed with one monovalent counter-anion
[21]. The electrostatic effect of adding the second
counterion together with the dielectric effect of the
matrix is responsible for another 2 eV shift.

The strongest peak in the spectrum is found at
~15.5 eV. In this energy range, a high density of
electronically excited valence (o*) and Rydberg
states co-exists with ionized states. We tentatively
attribute the strong TEY signal to efficient
autoionization. Note that at hv <20 eV the CXRO
predictions are not reliable because the high-energy
valence transitions cannot be considered as purely
atomic transitions. Thus, the low-energy peak in the
TEY spectrum with its maximum at 15.5 eV should
not be compared with the CXRO spectrum.

Strong absorption giving rise to ionization from
the Sn(4d) level (binding energy ~29 eV) kicks in
around 50 eV and is responsible for the broad band
that extends up to ~100 eV.

Changes of TEY during exposure. As
mentioned in the introduction, the characteristic
radiation-induced chemical process in organotin-
oxo cages is the loss of the hydrocarbon substituents
due to breaking of the tin-carbon bonds. In a recent
study we found that broadband XUV irradiation
leads to a loss of 60-70% of the cleavable organic
groups (including acetate and water) [25,27]. This
leads to a decrease of the absorption, especially in
the low energy region. The bleachable and non-
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bleachable parts of the absorption are shown in Fig.
1. Without attempting a quantitative analysis, we
can use these spectral changes to tentatively account
for the evolution of the TEY n(Epn) with exposure.
At lower energies, 7 initially decreases due to the
chemical conversion. The decrease of the
absorption cross section is responsible for this, as a
smaller cross section means that photons penetrate
more deeply into the material, to depths where
photoelectrons cannot escape because of their
limited mean free path. Moving to higher energies
the photobleaching becomes less important because
of the smaller contribution of carbon to the
absorption (Fig. 1), and the effect of increased
density due to the loss of the butyl groups becomes
dominant. Around 105 eV the TEY signal increases
from the beginning of the exposure. When the
hydrocarbon fraction is reduced due to outgassing,
the photon absorption occurs on average more
closely to the surface, allowing more efficient
escape of the photoelectrons.

A more detailed quantitative analysis will be
presented in a future paper.

TEY spectrum and electron yield. Primary
photoelectrons with higher kinetic energies can
induce more secondary ionizations via inelastic
scattering. For example, Arumainayagam et al. state
that typically 40,000 electrons are produced per
MeV of radiation deposited [28]. In other words, the
average energy consumed per electron generated
amounts to ~25 eV. TEY measurements are
frequently used as an indirect semi-quantitative way
of measuring X-ray absorption spectra [23]. In that
case the total electron yield 7 is treated as
proportional to the absorption factor a(£pn) and the
photon energy Epn:

T](Eph) x O((Eph) X Epn (D

The absorption coefficient « is related to the cross
section o by the Lambert-Beer law o = ozp/M, in
which z is the film thickness, p the density and M
the molecular weight. For our analysis we use the
cross sections from the CXRO database [26] which
were recently shown to match very well with
experimental data in the XUV range 22 — 92 eV.[25]

The process of secondary electron generation has
been depicted as a cascade, in which a photoelectron
generates secondary electrons, which in turn
generate more electrons [29]. Based on our results
and discussions in the literature, however, it appears
more likely that the primary photoelectrons lose
energy by inelastic scattering in preferred quantities

that correspond to the plasmon energy [30], as
illustrated in Scheme 2.
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Scheme 2. Schematic representation of electron energy

loss following valence excitation in the EUV range.

Sketch of a typical Electron energy Loss Function (ELF),

qualitatively indicating the energies and relative cross

sections for the typical loss processes in molecular
materials.

Among chemists, plasmons are well known as
properties of metallic nanostructures, which give
rise to visible absorption and light scattering [31].
More generally, plasmons occur in all materials as
collective excitations of electrons. They are the
most effective sink for the kinetic energy of
clectrons, that is, the plasmon dominates the
electron energy loss function (ELF). Scheme 2
sketches the shape of a typical ELF for an organic
material [32-34]. At the lowest loss energies,
electrons can excite materials to higher vibrational
energy levels. Next, electronic excitations are
possible, and then in the range of 15 — 30 eV the
plasmon loss can occur. Because this has a high
cross section, electrons prefer to lose energy in
amounts corresponding to the plasmon energy. In
the low energy region additional loss mechanisms
may play a role which lead to electron-induced
reactions for example via dissociative electron
attachment  [35,36]. The excited plasmon
dissociates to an electron hole pair, thus generating
a low energy secondary electron [37].

When the ELF of a material is known, it is
possible to simulate the decay of photoelectrons
based on first principles, without any other
experimental input.[30] Unfortunately, the electron
energy loss function of the tin-oxo cage materials is
unknown. An estimation of the plasmon energy,
however, is provided by equation (2) [31].

E, =h |2 )

p €oMe

In equation 2, n is the density of valence electrons,
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e the electron charge, & the dielectric permittivity
constant and m. the electron mass. For
poly(methylmethacrylate), equation 2 predicts E, =
22 eV, in good agreement with experiment (£, = 21
eV) [33]. For TinOAc, we find E, = 27 eV, due to
the higher valence electron density.

Although the proportionality in equation (1) is
likely to break down at low energies, it is still
interesting to consider its implications by
comparing the measured TEY spectrum with the
absorption spectrum. Considering that it takes Epyn
>8 eV to liberate an electron from TinOAc, we
assume that E,, >20 eV is required to generate an
electron that has enough energy to give rise to a
secondary ionization with an appreciable
probability. In Fig. 1 we plot the ratio 77/, scaled to
na =1 at 20 eV, vs. Ey and fit a straight line
according to eq. 1. The slope is 0.03 e/eV, and the
value of 7/a at 92 eV is ~3. This corresponds to an
average energy loss of ~27 eV per electron
generated. This result depends on the details of the
assumption made. For example, setting the onset of
secondary electron generation at 25 eV gives a slope
01 0.038 and a yield of 3.7 electrons at 92 eV. As can
be seen in Fig. 1, the ratio 7/ vs. Eyn deviates
substantially from a straight line. We plan to analyze
these data in more detail in future work.

The above analysis applies to the wvalence
electrons, which are emitted with a kinetic energy
mostly in the range 75 — 85 eV [22]. Electrons
originating from Sn(4d) orbitals will have a lower
kinetic energy, and thus generate fewer secondary
electrons. In this case, however, the hole created in
the Sn(4d) level is likely filled via an Auger process
that releases another low energy electron [38].

The TEY spectrum reveals the yields of electrons
that escape from the material. This would be
proportional to electrons generated inside the
material if the mean free path (MFP) of all electrons
is the same. Examples in the literature suggest that
the MFP is only a few nm but increasing with
decreasing kinetic energy in the range <100 eV.
Especially below the plasmon energy, the scattering
cross sections are smaller.

Finally, another challenge not yet met is to relate

the electron yield to the chemical reaction efficiency.

In principle a thermalized electron hole pair could
give rise to more than one Sn-C bond splitting.
Moreover, the inelastic scattering of the electrons
can lead to the formation of chemically reactive
electronically excited states [15,21], in addition to
low energy electrons. On the other hand, several
electron-hole pairs created in a small volume in the
material can readily undergo recombination, and
even after Sn-C bond cleavage, bond recombination

is not unlikely, because the butyl radical cannot
easily diffuse through the matrix. To investigate
these ultrafast processes, time-resolved experiments
are required.

4. Conclusion

Total Electron Yield spectra of thin films of an n-
butyltin-oxo cage compound were studied in the
photon energy range of 5 — 150 eV. The results
suggest that at the EUV energy of 92 eV, 3 to 4
electrons could be generated. During exposure,
hydrocarbon material is outgassed, which leads to
opposing effects on the TEY: a decrease due to a
decreasing absorption coefficient, an increase due to
an increase of the density. In photon energy ranges
where the contribution of the hydrocarbon fraction
to the absorption is high, the decrease dominates;
when the absorption by the tin-oxo core is relatively
stronger, the TEY increases with conversion.

Our results are consistent with electron mean free
paths of a few nm, but more work is needed to
quantify the distances travelled by the primary and
secondary photoelectrons.
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