é\@my%
a ‘é Journal of Photopolymer $cience and Technology
Z § Volume 34, Number 1 (2021) 99 =103 ©2021SPST
\¥
Communication

Evolution of Secondary Electrons Emission During
EUV Exposure in Photoresists

Roberto Fallica’", Stefano Nannarone?, Nicola Mahne?, Andrea Marco MalvezziZ,
Andrea Berti, Danilo De Simone!

"' IMEC, Leuven, Belgium
2 CNR-IOM Trieste, Italy
*roberto.fallica@imec.be

Low energy electronic processes are key to chemical reactions during exposure of
photoresists in extreme ultraviolet lithography. To understand and optimize the functionality
of photoresists, it is of paramount important to assess the magnitude of the electron
distribution inside the material. While photoemission spectroscopy is being widely used,
vacuum barrier crossing and nonideal photoemissivity alter the measured spectra in a way
that prevents meaningful assessment of very low energy electrons. In this work we propose
a model to account for the physics of photoemission effects and to reliably estimate the
distribution from solid state matter. The model also provides a quantitative value for the
occupation function and density of state. We tested the model on the photoemission spectra
acquired on a prototype EUV photoresist and report here the results.
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1. Introduction

Recent experimental evidence indicates that
scattering processes involving electrons of very low
kinetic energy << 10 eV are the main driver for
chemical reactions in organic molecules [1].
Specific examples including electron scattering
studies on isolated molecules in gas phase [2,3] and
their role in desorption mechanisms [4] indicate
how electronic processes triggered by low energy (~
eV) electrons are at the base of most
lithographically relevant phenomena. For electron
attachment and dissociation where a molecule is
taken in the scattering process into an unstable
excited state with modified electronic and structural
configuration resulting in fragmentation and
desorption.

Low-energy electron-induced reactions have
substantial technological importance in Extreme
Ultra-Violet (EUV) optical lithography which uses
light beams with photons of energy well above the
ionization threshold and smaller wavelengths that
allow a jump in the high-resolution patterning of
thin organic polymer-based photoresist films.

Contrary to previous optical lithography
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technologies such as deep ultraviolet (DUV), in
EUV the amount of incident photons is about one
order of magnitude lower than it was when UV or
longer wavelength photons were used. As a result,
the exposure mechanism that leads to the
lithographic process is ascribed to the electron
cascade generated by the primary photoelectron
filling up the formerly empty electronic states in
absence of illumination more than the photoelectron
creation itself.

Photoresists (PR) for EUV lithography consist of,
as in previous technology, an organic polymer
backbone plus small percentages of photoacid
generator (PAG) and acid quencher to catalyze or
slow down the deprotection reaction, respectively.
These compounds are therefore known as
chemically amplified resists (CAR) since their
invention [5]. Due to the nature of EUV light and
electronic structure of photoresist material, photo-
absorption mostly involves electrons energetically
located in the valence band occupying molecular
orbitals involving atomic O, C and H states whose
excitation triggers the production of primary, high-
energy electrons [6].
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In case of PR made up of atomic species with
electron binding energies lower than photon
energies photo-electrons due to core level excitation
and related Auger electrons have to be added to this
scenario, a case which is not at issue here.

Owing to the electron mean free path of
photoelectrons, most of the kinetic energy and
momentum of primaries is transferred to PR through
multiple inelastic electron-electron scattering
events in sub-picosecond timescale, which generate
a substantially larger amount of electrons bond to
occupy low energy electronic states [8]. All this
experimental evidence leads to the conclusion that
low energy electrons are the main responsible in
starting chemical reactions in the photoresist at
variance with the early expectations. For
lithography engineers, the amount and distribution
of secondary electrons in photoresists during
exposure to EUV light is therefore key to assess the
efficiency of the litho process.

Though it is not yet entirely quantitatively
assessed the way these electronic processes translate
into lithographic performance (conventionally
described in terms of figures of merit such as
sensitivity, roughness, resolution [9], and
defectivity). Present contribution is devoted to the
presentation of an experimental method and the
model it stems from aims at establishing a protocol
to assess the total amount of low energy electron
production and their distribution among electronic
states inside the PR during light exposure.
Experimentally, the PR is exposed to the working
photon energy of hw =92 eV and the distribution in
kinetic energy of emitted electrons per incident
photon New(Ei) is measured in the region spanning
from the electron emission onset of secondary
electrons up to a few tens of eV. The New(Er
distribution is modeled in terms of PR parameters
and the figure of merit of the rate of production of
low energy electrons expressed by an out-of-
equilibrium occupation function f*(E), formerly
empty in absence of illumination.

Furthermore, it is worth to stress that the
distribution in kinetic energy and momentum of the
emitted electrons is deformed in energy, £, and
momentum caused by the PR-vacuum barrier height
%, resulting in a net energy change, and reduction of
the normal component of momentum and
consequent electron diffraction. Because of the
barrier cutoff, the low energy end of electron states
with energies lower than y is experimentally
inaccessible, a limitation which is overcome
performing a suitable extrapolation of the

occupation function obtained for the electron energy
above the barrier range. We believe that this
procedure provides a reliable estimation of the
energy distribution of electrons inside the
photoresist when the material is under illumination
in the light patterning phase of the
photolithographic  process. ~The  underlying
assumptions are discussed in light of the known
literature of photoemission from organic molecules
in the solid-state layers and some examples are
presented.

2. Experimental

Low energy electron emission yield studies of
EUYV photoresists were carried out by electron yield
spectroscopy at the CNR-IOM synchrotron
beamline BEAR [10] (Elettra, Trieste-Italy) using a
photon beam of EUV light (A=13.5 nm wavelength,
h®=91.9 eV) of = 200 pm? cross section area whose
intensity was calibrated by an absolute photodiode
AXUV-100. In this apparatus, samples were loaded
through an interlock onto a motorized stage located
in a vacuum chamber which had been evacuated at
a base pressure in the 10! mbar range for the entire
duration of the experiment. The distribution Ne.w(Ey)
in kinetic energy of electrons emitted from the
sample surface was measured using an
hemispherical electron analyzer with resolution AF
= 0.1 eV positioned in normal emission with the
light impinging at 45° in s-polarization incidence
During the measurement, the samples were also
biased to a voltage of -30 V (kinetic electrons
energy where obtained rescaling by 30 eV) to get an
almost parallel electron beam in the region of fly in
vacuum and then to maximize the electron
trajectories collected by the electron analyzer.
Kinetic energy distribution of emitted electrons was
then acquired in the very low energy range starting
from the secondary emission onset and covering a
kinetic energy range ~ 15 eV.

Photoresist samples consisted of a EUV-
patternable blend of polymer (82.7 wt.%) and
photoacid generator (PAG) (17.3 wt.%). The
polymer was poly(hydroxystyrene) (PHS) modified
with 50% t-Butyloxycarbonyl (tBOC) protecting
group, CisO3His. The PAG was a
triphenylsulfonium salt, C303H;7S,F9. Molecular
structures are shown in Figure 1.
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Fig. 1. Structure of the photoresist investigated,
consisting of a poly(hydroxystyrene) backbone with t-
Butyloxycarbonyl protecting groups (left) and a
triphenylsulfonium salt as photoacid generator (right).

The material was spin coated on blank silicon
wafers of 4” diameter, then baked at 100 °C for 60
s on a hot plate to remove the remaining solvent. By
tuning the spin coating speed, uniform film of 35 +
1 nm thickness was obtained by ellipsometry. The
silicon substrate was then cleaved into 2 x 2 cm?
dices and kept in low vacuum until their loading in
the vacuum chamber.

The measurement procedure consists of a first
measurement of sample in pristine condition
(‘unexposed’). Count rate was obtained sitting with
the light spot at a fixed surface point with an
acquisition time of 1s which resulted in ~ 2s of
illumination per kinetic energy point corresponding
to a dose ~ 1 mJ/cm? per kinetic energy point
resulting in a total dose ~ 10 mJ/cm? for 10 points.

Best effort was taken to minimize the sample
exposure which, according to the photon flux and
duration of the acquisition, is estimated to be ~ 0.7
mJ/cm? (much lower than the dose to clear and thus
negligible from the point of view of the chemical
changes induced). Afterwards, the sample was also
measured after having been exposed to increasing
amount of EUV light and comparable to the typical
dose-to-size for this class of photoresists.

3. Analytical model of outside versus inside
electron energy distribution
An essential account of the model is given here,

referring the reader to a future publication for details.

First, the model accounts for the crossing of the
vacuum barrier which makes the electron lose part
of their energy, £, and momentum component along
the normal to the surface, z, with subsequent
refraction. The zero of energy distribution inside the
material is taken as the bottom of the conduction
band or LUMO (Lowest Unoccupied Molecular
Orbital,) according to the terminology of solids or
molecular aggregates (similarly, valence band top is

reported as HOMO — Highest Occupied Molecular
Orbital). The vacuum level is taken as zero of
kinetic energy of electrons emitted in vacuo
according to the relation:

E=F K + X

The material is assumed to be in stationary
conditions at an out of equilibrium temperature 7°*.
The occupation of states by charge carriers is
described by an occupation function f*(7%*).

The physical parameters in the model are the
position of the quasi-Fermi level inside the gap, Er,
the electronic affinity, y, and the temperature 7* of
the electron gas in the conduction band which is as
first trial entry assumed as a free electron gas with a
density of states g(E) o« VE, as supported by
previous theoretical result [11].

The New(Ey) distribution of emitted electrons
results modeled through an integral on the z-
coordinate normal to the surface on the portion of
light excited and out of equilibrium portion of
material of a combination of functions describing
the light attenuation, electron transport to the
surface and barrier crossing at its turn integrated on
the polar angle between electron momentum and
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Fig. 2. Plot of the functions involved in the analytical
model for photoemission. HOMO: highest occupied
molecular orbital and top of the valence band. LUMO:
lowest unoccupied molecular orbital and bottom of the
conduction band. HOMO and LUMO are separated by a
bandgap. Vacuum level is aligned to the electronic
affinity y (i.e., the barrier for photoemission). £ is the
energy of carriers inside the material. Ej is the kinetic
energy of photoemitted photoelectrons. The electronic
distribution inside the material, N;,(E) is determined by
density of states (DOS) and occupation function (f*(£),
not shown). The distribution of photoemitted electrons is
Nexd Er) and it is a function of internal distribution in the
photoresist Ni,(E) and of the photoemission model PE.
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surface normal with the rate of emission at a given
kinetic energy band weighted by the occupation
function f*. The functions involved in the model are
depicted Fig. 2. It should be noted that the model
does not require the modeling of the dynamics of the
cascade of secondary electrons being just devoted to
inferring from the experimental secondary emission
at what extent the low electron energy levels in the
material become occupied through the electron
cascade mechanism.

4. Results

The experimental distribution New(Er) of
photoelectrons emitted from a polymer + PAG
photoresist film as a function of the kinetic energy
Ek is shown in Fig. 3a. The spectrum presents the
typical overall shape of secondary electron emission
with a slowly decaying tail for Ex >4 eV and a peak
approaching the kinetic energy zero. The electron
affinity in model calculation is assumed to be y = 2
eV and as a result the LUMO and band gap are
highlighted at Ex < - y.

As entry value for the quasi-Fermi level, the work
using a linear assumption behavior of material work
function using the value Ep = —2.5eV with
respect to the LUMO level. Using a minimization
routine to fit to the experimental Neu(Er), the
temperature 7* of the electron gas was found to be
T* = 15073 K. However, we could not find a
satisfactory fit in the very low kinetic energy portion
of the spectrum as evidenced by comparing the fit
function dashed line in Figure 3a with experiment.
This disagreement can be ascribed to a deviation of
the density of states from that of the free electron
gas because of the presence of localized molecular
orbital(s) close to the vacuum level. The large
electron mean free path of low E electrons can also
be responsible of overweighting the contribution of
emission from low energy states or even from
substrate. This effect, ignored in the model, might
imply an electron yield higher that PR.

Under the hypothesis of localized molecular
orbital(s), an additional term J(E) to the density of
states g(£) can be introduced to take this extra
emission into account. The f*(E) function presented
here is obtained with this correction to the free
electron gas density of states. This calls for specific
theoretical calculations of density of states of empty
orbitals in this energy range to validate or reject this
kind of hypothesis.

In summary, the fitting function in the thermal
approximation seems to be able to provide insight
into the occupation of states in the conduction band

close to energy bottom in the region from LUMO up
to a few eV above vacuum level. Provided the g(E)
from theory or experiment, the amount of the
electronic states of the photoresist that are occupied
during the stationary exposure to the EUV beam can
be estimated, as shown in Figure 3b.
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Fig. 3. (a) Experimental photoemission data (black
squares) and model fitting (dashed blue line). (b) Total
density of states (dark blue line), occupation function
f*(E) (dashed yellow line) and resulting occupied states
in the conduction band of the photoresist (shaded light
blue area). The quasi-Fermi level is located at Er = -2.5
eV, and the vacuum level is located at £ =y =2 eV. The
highlighted region below £ = 0 eV (LUMO) is the
bandgap.

5. Conclusions

In this work we present an analytical model to
determine the inner distribution of electrons in a
material during exposure to EUV light from the
experimental secondary electron distribution in
kinetic energy close to the emission onset. Our
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approach gives insight into the occupation of low
energy electronic states in the region spanning from
the LUMO and extrapolated data and up to states in
the vacuum level region.

Although there are aspects to understand and
refine, we believe that this method shows promising
validity and represents an example of how one can
experimentally determine and monitor the
distribution of very low energy electrons generated
in a photoresist under stationary EUV radiation
exposure conditions in the photoresist which have
energies below the vacuum threshold, i.e., that
cannot be measured experimentally. This model
provides for the first time a complete picture of very
low energy electrons, which are relevant for
lithographic purposes.
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