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ABSTRACT

Slow electrons (with energy below 10 eV) play an important role in nature and technology. For instance,
they are believed to initiate solubility change in extreme ultraviolet (EUV) resists. Depending on their
mobility, such secondary electrons can lead to image blur and degradation of patterning resolution.
Hence, it is important to characterize the transport of slow electrons by measuring parameters such as
the effective attenuation length (EAL). We present a technique that allows for prompt characterization
of EAL in polymer films. In this experiment, slow electrons are generated in a substrate upon absorption
of X-ray photons. The attenuation of electron flux by a polymer film is measured as a function of the film
thickness, allowing for the determination of EAL for slow electrons. We illustrate this method with poly
(hydroxy styrene) and poly (methyl metacrylate) films. Furthermore, we propose an improvement for
this technique that would enable the measurement of EAL as a function of electron kinetic energy.
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INTRODUCTION

Slow secondary electrons are produced by all types of ionizing radiation and initiate various
processes including chemical reactions. They could be used in fabrication of nanostructures and are
crucial in radiation biology.' Another area, where low kinetic energy electrons play an important role is
the field of extreme ultraviolet (EUV) lithography.* Upon absorption of an EUV photon, an energetic
primary electron is generated. The energy of the primary electron is deposited into the resist through
inelastic scattering. While elastic scattering changes the trajectory of the electron, inelastic scattering
additionally changes the energy of the electron. The electron-induced reactions, relevant to lithography,
include electron impact ionization, excitation, and electron attachment.>® These mechanisms may
result in scission of molecular bonds. Some of these processes, such as electron impact ionization or
dissociative ionization, might lead to emission of secondary electrons, whereas others, like (dissociative)
electron attachment, the intermolecular trapping, or solvation, will lead to removal of the interacting
electron.

In EUV lithography, only a small fraction of EUV (92 eV) photons will be absorbed by a resist film.
About 10-30% of EUV photons can be absorbed by a 30nm thick film, depending on film composition.”™
The remaining EUV radiation will be absorbed by a substrate or an underlayer below the resist film.
Absorption of an EUV photon by either of them will cause emission of a photoelectron. The emitted
electron can inelastically scatter and generate several slow secondary electrons. In light of the
multiplicative nature of slow electron generation, EUV resists should be tuned to capitalize the
abundance of slow electrons to initiate chemical transformations which eventually lead to pattern
formation. Therefore, it is very important to understand all processes initiated by electron-resist
interactions as well as the length scale on which the electrons can propagate upon ionization. This
length scale will ultimately define the resolution of EUV lithography.

Different techniques are used in EUV lithography to determine the role of low KE electrons in
electron induced chemistry and subsequent electron induced blur. For example interaction of 80 eV
electrons generated by an electron gun with a resist film and subsequent film thickness loss provides
information on the distance at which electrons cause solubility changing reactions in a resist film.%°
During EUV lithography numerous parameters, such as acid diffusion, secondary electron blur, and
optical aberrations contribute to image blur, making it hard to extract blur length caused only by
secondary electrons. Using modelling to analyze experimental results at 22 nm half pitch node it was
determined that total blur length is ~4 nm. That value is dominated by acid blur and indicates that
secondary electron blur should be well below that number.!!

For determination of the distances that electrons can travel, various direct experimental techniques
(such as low energy electron transmission or photo-injection)? or Monte Carlo simulations!? can be used.
One of the direct ways to determine the effective attenuation length (EAL) in organic films is the photo-
injection (also known as overlayer) technique.’* The overlayer technique is based on generation of
electrons in a substrate, which is coated by an organic film. The current, proportional to the number of
escaped electrons, is monitored as a function of the film thickness. This allows the determination of the
film thickness at which the number of electrons is attenuated by a factor of 1/e, also known as EAL.
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Many of these investigations use visible or UV light to emit valence electrons from a substrate.*** The
same technique was applied to core-shell nanoparticles, where the inorganic core was used to emit
electrons that penetrate through the organic shell .26

A modified version of the technique, utilizing X-ray radiation to determine EAL in polymer films is
shown in Fig. 1. X-ray radiation can be tuned to maximize absorption in a silicon substrate, leaving the
polymer film unchanged. Most of the electrons inside the film are injected from the silicon wafer
substrate. In the absence of the resist film, electrons, generated near the surface, can freely escape to
vacuum. In the presence of a resist film, the electrons will be injected into the polymer film. The injected
electrons can scatter via different inelastic processes described above, leading to reduction of the
number of escaped electrons. As the resist layer thickness increases, the number of electrons able to
escape into vacuum decreases.

The simple cartoon in figure 1 demonstrates that the number of electrons transmitted through a
polymer film decreases as the distance from the substrate-polymer interface increases. The rate of
decrease is defined by electron EAL, the distance at which the original number of electrons is attenuated
by a factor of 1/e. The EAL, as well as inelastic mean free path (IMFP) — the average distance electrons
travel between inelastic collisions — are also very important in surface science in general and in X-ray
photoelectron spectroscopy in particular. These parameters define surface sensitivity of the technique.
Hence comprehensive research of electron IMFP in different materials has been performed.?’~% Initially
it was found that most materials, possess similar IMFP for the same electron kinetic energy (KE).
Because of this similarity, the curve that outlines the dependence of IMFP as a function of electron KE is

IM

sometimes regarded as a “universal” curve.?! The curve displays the minimal IMFP around 0.7 nm for 20-
50 eV electrons. Increase or decrease of KE from that value leads to growth of the IMFP. Thus electron
with KE of 10 eV have IMFP of ~1.5 nm, 5 eV electrons can migrate on average 3 nm, whereas 1 eV
electrons can travel about 100 nm between inelastic collisions.?! However, its universality becomes
more debatable at low energies. Slow electrons are reported to have smaller IMFP values than what the

“universal” curve suggests and those values are material dependent.?272¢
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Silicon wafer
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Figure 1. Scheme of the substrate-overlayer technique used to determine EAL. Absorption of X-ray
photons by a silicon wafer (polymer is transparent for X-rays in this scheme) leads to electron emission
from the substrate. With increase of polymer layer thickness, fewer electrons can reach the surface and
escape from the polymer layer. Electrons injected in the polymer can scatter elastically, generate
secondary electrons after inelastic scattering, or attach to a molecule.

To further elucidate the behavior of slow electrons, we decided to measure EAL, which defines the
attenuation of the electron flux as they travel in a resist. This quantity is more applicable than IMFP to
characterize image blur, because it accounts for both inelastic and elastic scattering processes, making it
independent of initial and final trajectory of the electrons. EAL might be similar to IMFP if elastic
scattering is weak, but for low KE electrons, elastic scattering, capable of changing electron trajectory, is
prominent so EAL could be significantly smaller than IMFP.2>?’

A modified version of the technique is based on attenuation of substrate’s soft X-ray photoelectron
peaks by polymer films and leads to determination of EAL at a particular electron KE. Such experiments
were conducted to determine the attenuation length of photoelectrons in self-assembled monolayers of
n-alkanethiols.?®2?° The hydrocarbon films of different thickness, defined by the number of monolayers,
were grown on a gold substrate and attenuation of gold photoelectron peaks emitted from the
substrate allowed for determination of EAL. The obtained EAL varied from 0.7 nm for KE =50 eV up to
4.2 nm for KE = 1402 eV.?®? Another study looked at how the attenuation length changes as a result of
fluorination.® Despite the higher scattering cross-section of fluorine atoms the segmentally fluorinated
alkanethiolate films had EALs identical to that of non-fluorinated hydrocarbon film. This was rationalized
by the fact that the fluorinated segments of the film are less densely packed, therefore the net
scattering properties of the fluorinated film is equal to that of hydrocarbon film with higher packing
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density of weaker scattering atoms. A similar approach with a film deposited on a gold substrate was
used to characterize EAL in other hydrocarbons, including PMMA3! or in graphene films grown on SiC
substrate.3? While most of the previous research was performed using high KE electrons, for EUV
lithography it would be important to investigate EAL of low KE (KE < 80 eV) electrons.

This paper discusses a technique developed to determine the EAL of slow electrons in polymer
films. Although the method does not provide the KE dependence of the EAL, it does present an easy way
to determine realistic EAL in different materials, which enables prompt resist characterization. The
technique was tested using poly (hydroxy styrene) (PHS) and poly (methyl metacrylate) (PMMA),
materials commonly used as the polymer matrix for resists.

EXPERIMENTAL METHODS

The electrical scheme of the experiment is shown in Fig. 2. Polymer films of different thickness are
coated on Si substrates (2 in Fig. 2) and attached to a metal sample holder (1). The sample is illuminated
by 200 eV photons from the Advanced Light Source (ALS) at Berkeley Lab. As will be discussed below,
the photons almost entirely transmit through the thin (1 — 30 nm) films and are absorbed by the Si
substrate. The substrate emits electrons with a continuous distribution dominated by low KE electrons.
The electrons penetrate through the film and are collected by the positively-biased ring electrode, which
is parallel to the sample surface (3). The current generated by the escaped electrons is detected by an
ammeter (5). To reduce sample damage and rate of surface charging interfering with the results, the
sample stage (1) is moving during the measurement. The current values are measured continuously
during the sample movement, allowing for current collection from a fresh, unexposed sample area. The
experimental setup is located inside of a vacuum chamber, kept at pressure below 10 Torr during
measurement. The chamber is directly connected to a beamline which delivers X-ray radiation.

Thin film samples of PHS and PMMA of different thickness are prepared by spin coating polymer
solutions in propylene glycol methyl ether acetate on 100 mm silicon wafers. For each thickness, a
different wafer is used. The spin coated wafers are baked for 60 s at 130 C and then cleaved into 10 by
15 mm chips, used for measurement. Thickness of so prepared films is determined by a J.A. Woollam Co.
M-2000 spectroscopic ellipsometer.
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Figure 2. Electrical scheme of the experiment. (1) Metal sample holder with seven silicon wafer chips (2)
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coated by polymer films of various thickness. (3) Ring electrode collecting emitted electrons. (4) Positive
bias between the ring and ammeter (5). (6) Ground. hv denotes X-ray beam.

RESULTS AND DISCUSSION

We hypothesize that the experimental technique is sensitive to the electrons emitted from the
substrate. To achieve that, the energy of X-ray radiation was chosen so that polymers (usually consisting
of carbon, hydrogen, and oxygen) are mostly transparent, whereas the substrate efficiently absorbs the
X-ray photons. EUV resists may absorb a significant fraction of EUV photons, making EUV photon energy
not optimal for this measurement. Indeed, the photoabsorption cross-section of carbon at the EUV
energy is about two times higher than that of silicon (see Table 1),3®* meaning that a significant fraction
of EUV radiation will be absorbed in the polymer film, significantly complicating the analysis. The
situation is drastically different at photon energy of 200 eV. The photo-absorption cross-sections of
hydrocarbon materials are small, whereas the cross-section of silicon is large (Table 1) because the
photon energy is above Si 2p edge. In this case most of the 200 eV photons will pass through the thin
polymer film and will be promptly absorbed by the silicon substrate. Half of the photons reaching the
surface of silicon will be absorbed in the first 44 nm of the substrate.

Table 1. Photo-absorption cross-section of carbon, oxygen, hydrogen, and silicon at photon energies of
92 eV and 200 eV.

Element Cross-section at 92 eV, Mb Cross-section at 200 eV, Mb
Carbon 0.58 0.10
Oxygen 2.10 0.38
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Hydrogen 0.02 0.002

Silicon 0.34 3.13

To demonstrate the applicability of the technique, PHS (CsHgO) and PMMA (CsHgO,) were chosen as
polymer samples. Their properties at 92 eV and 200 eV are summarized in Table 2. The amount of
photons absorbed by a 30 nm film is drastically different at those energies. Thus, at 92 eV both PHS and
PMMA films absorb 11.5-14.6 % of EUV photons, while at 200 eV they absorb only 2.1-2.7 % of photons,
depending on the material. The remaining 97 % of 200 eV radiation is absorbed by the silicon substrate.

Table 2. Absorption cross-sections of PHS and PMMA, as well as fractions of absorbed radiation by 30
nm film of these materials at photon energies of 92 eV and 200 eV.

Polymer Cross-section at Cross-section at Absorbed 92 eV Absorbed 200
92 eV, Mb 200 eV, Mb radiation, % eV radiation, %
PHS 7.02 1.21 11.5 2.1
PMMA 7.37 1.29 14.6 2.7

After absorption of the 200 eV photon, most of the electrons emitted by the substrate are low KE
secondary electrons. This is a known experimental fact observed in a range of different materials. 33’
We measured photoelectron spectra of bare silicon substrate using a retarding field photoelectron
spectrometer to demonstrate the presence of slow secondary electrons. The spectra measured at
photon energy of 200 eV and 92 eV are shown in Fig. 3a and b, correspondingly. Both spectra illustrate
that most of the electrons emitted by a silicon wafer have a continuous distribution dominated by slow
electrons, peaking around 2 eV. A similar distribution was observed by Henke et al. for different
semiconductors and insulators.® The origin of the observed electron distribution is explained as follows:
the absorption of a photon leads to emission of a photo- and, plausibly, an Auger electron. These
electrons may scatter inelastically (via electron impact ionization process), loose part of their initial KE
and generate additional low KE electrons. Several of such inelastic scattering events will decrease the
initial KE of photoelectrons to a minimum, observed in the experimental spectra. Henke et al. developed
a model, characterizing the shape of the SE distribution:
_Ex
(Ex+E4)%”’

I(Ex) =k (1)

where [ is the energy dependent intensity, k is a fitting coefficient, Ex is electron kinetic energy, and Ex is
the electron affinity. The experimental spectra are fit to the model and the results are shown in figure 3
by red lines. While the fit is not perfect, the model works well to predict that majority of emitted
electrons will be the slow secondary electrons.
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Figure 3. X-ray photoelectron spectra of silicon wafer collected at photon energy of (a) 200 eV and (b) 92
eV. Insets demonstrate the scaled up high KE electron signal. Red lines depict fit of low KE secondary
electron signal with equation (1). SE: secondary electrons, VE: valence electrons.

Figure 3 also contains a weak signal generated by high KE electrons. While Si valence electrons (3s
and 3p) are not resolved at 200 eV (Fig. 3a) they are slightly visible at 92 eV (Fig. 3b).3%*° The
photoelectron spectrum measured at photon energy of 200 eV also demonstrates a Si 2p photoelectron
peak around KE of 90 eV. The Si 2p peak is relatively sharp because the electrons originate from a core
level of Si. It is instructive to compare the number of low KE electrons to that of high KE electrons. At
photon energy of 200 eV, the low KE electrons (with KE < 20 eV) comprise 71 % of all emitted electrons,
whereas at 92 eV they comprise 81 %. Similar distribution of electrons will be observed in a polymer film
after absorption of EUV photons and it represents a typical electron energy distribution after several
inelastic collisions. Therefore, the continuous electron distribution of low KE electrons, emitted by Si
substrate after absorption of 200 eV photons can be used to characterize the EAL of polymer films.
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Example of the data collected using the designed experimental scheme (Fig. 2) is shown in Fig. 4a.
The data, collected for PHS films of six different thicknesses and a bare Si substrate, have a step-like
structure, where regions of constant signal intensity correspond to electron emission from samples.
Current spikes between samples are due to electron emission from the metal sample holder. It is
apparent that the current emitted by a clean Si substrate has the largest value among all data points.
This happens because PHS film of any thickness will attenuate the number of electrons emitted by a Si
substrate. As the thickness of the film increases, the number of transmitted electrons becomes smaller.
That is apparent in Fig. 4a: the 3.3 nm thick film significantly attenuates the number of electrons emitted
by a Si wafer; after transmission through the film, the current diminishes from 4.9 to 2.3. An increase in
the PHS film thickness to 5.1 nm further diminishes the current to 1.1. The PHS film thickness above 7.7
nm does not cause significant change, with the current converging to the value of 0.6.
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Figure 4. (a) Electron yield measurement as a function of sample position. Signal, originated from PHS
films of different thickness (shown in black), is labeled with the corresponding thickness. Current spikes
(shown in gray) between samples are due to electron emission from the metal sample holder. (b)
Normalized electron yield for PHS and PMMA (black and red symbols) fit with exponential decay
functions (black and red lines). Error bars are determined from intensity variations between five
consecutive measurements. (c) Fraction of X-ray radiation absorbed by a 30 nm film of PHS.
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Analysis of the electron yield determined as demonstrated in Fig. 4a is presented in Fig. 4b (black
symbols and line). The normalized values of the collected current are plotted as a function of polymer
thickness. The obtained experimental data are fit with the exponential decay function:

I(h) = Iyexp (—h/EAL), (2)

where Iy is electron current collected from a bare Si substrate, h is the thickness of a film and EAL is
effective attenuation length. It is important to note that in the presence of the potential barrier at the
interface between the substrate and polymer film, some electrons might be reflected back into the
substrate. This accounts for a reduction of /o by 19% calculated via a model that solves the Schrodinger
equation with a step function potential term and is described in Supplementary Information (Sl). The fit
of the experimental data presented in Fig. 4b results in a value of EAL for PHS of 3.10 = 0.41 nm. This
value corresponds to the thickness of PHS film that reduces the initial number of emitted slow electrons
by a factor of 1/e (to about 37% of initial number). The corresponding data for PMMA is shown in Fig. 4b
by red squares and line. Corresponding EAL for PMMA is 1.78 £ 0.17 nm.

In the context of lithography, it is important to know the thermalization distances of electrons — the
distance which an electron can travel until it loses most of its energy. For PHS, the thermalization
distance of 3.2 £ 0.6 nm was determined by fitting results of Monte Carlo simulation into the
experimental quantum efficiency data.*® The EAL value obtained in the current study for PHS of 3.10 *
0.41 nm is close to the semi-empirical thermalization distance value of 3.2 £ 0.6 nm. While the EAL value
defines the distance at which the population of electrons decreases to 37% (1/e) of the injected
population, the thermalization distance can be a bit larger, because extra travel might be needed to
decrease energy of electrons to the thermal level. The same authors assumed that the thermalization
distance in PMMA is 6 + 1 nm solely based on the fact that the thermalization distance in many alkane
solutions ranges from 5 to 7 nm.***2 Whereas the experimental study of PMMA film thickness loss
caused by interaction with 80 eV electrons suggests that the electron blur for PMMA is 1.8 + 0.2 nm.%°
The latter value has similar meaning to the attenuation length and lies within the error bars of
determined in this study EAL value of 1.78 £ 0.17 nm.

From formula (2), the EAL value extracted from the measurements strongly depends on knowledge
of film thickness. Systematic overestimation (or underestimation) of film thickness will lead to
correspondingly larger (or smaller) values of EAL. Incorrect thickness measurement of thin (h < 3 EAL)
films might lead to significant error in EAL analysis. As it is demonstrated in the Sl the potential barrier
created by the substrate-film interface reduces number of electrons entering the thin film. Such
reduction could be significant for low KE electrons and needs to be accounted for. If one uses only data
obtained from substrates coated by films of finite thicknesses, then the substrate-film interface is
involved in all experimental data points. In that case, the fractional loss in intensity resulted from barrier
reflection will be identical in all data points and the reflection would not affect the extracted value of
EAL. This approach should be used when feasible, although difficulties, associated with preparation of
multiple films of known thickness may limit its applicability.

Because of the choice of X-ray photon energy described above, the absorption of photons by a film
is negligible and might be neglected in the analysis (in the case of PHS consideration of photon

11
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absorption decreases the EAL value by less than 0.5%). Nevertheless, the more explicit analysis, which is
only possible if the composition of the polymer is known, is presented below. To account for the fraction
of photons absorbed in a polymer layer, the right hand side of equation (2) should be multiplied by (2 —
exp(—aph)), where the exponential part accounts for the Beer-Lambert law (attenuation of light in the
material), where o is absorption cross-section of polymer units and p is number density of the polymer
units. The absorption cross-section can be calculated using tabulated values of elemental cross-
sections.®

While the technique described above provides general information on behavior of slow electrons, a
more detailed analysis is required in some cases, such as EAL for electrons of a particular KE. A small
modification of the proposed experiment allows for determination of KE dependence of EAL. Using
tunable X-ray radiation one can selectively change the KE of emitted photoelectrons. In particular,
change of X-ray photon energy will lead to emission of Si 2p electrons (narrow peak in Fig. 3a) at
different KE. Thus, at photon energy of 200 eV, the KE of Si 2p is 90 eV. Decrease of photon energy to
150 eV will lead to decrease of KE of emitted Si 2p electrons to 40 eV. Framing it differently, tuning the
photon energy from 110 eV to 200 eV will generate Si 2p electrons with KE from 0 to 90 eV. It is worth
noting that as the photon energy is decreased from 200 eV, the higher fraction of X-ray radiation will be
absorbed by a polymer film. Thus, 30 nm film of PHS will absorb 4.1% of 150 eV photons and absorption
reaches 8.0% at photon energy of 110 eV (Fig. 4c). This number needs to be accounted for during the
data analysis as described above, because only the photons, reaching the surface of silicon can lead to
emission of Si 2p electrons. A similar type of measurement as performed above, but in this case
evaluating attenuation of Si 2p peak intensity as a function of polymer film thickness, can provide
information on EAL of electrons with selected KE. An electron energy analyzer is needed to perform this
measurement. Because high energy resolution is not required, a simple energy analyzer, such as a
retarding field analyzer, can be utilized. As a result of such measurements, an EAL dependence on
electron KE can be determined. The dependence will provide more information on EAL of low KE
electrons and their correlation with the “universal curve”.

CONCLUSIONS

This study describes an approach to collect information on electron EAL in polymer films of interest
for EUV lithography applications. The technique uses a Si substrate irradiated by X-rays to generate a
continuous distribution of slow (with energy below 10 eV) secondary electrons. The photon energy is
chosen so that it is almost entirely transmitted by a polymer film and is absorbed by the substrate. The
generated slow electrons escape from the sample and the dependence of the resulting current as a
function of film thickness allows for extraction of EAL. The EAL values of 3.10 £ 0.41 nm and 1.78 £ 0.17
nm are determined for poly (hydroxy styrene) and poly (methyl metacrylate), correspondingly. The
obtained values are close to the literature values of electron thermalization length and secondary
electron blur. Finally, a technique, allowing for determination of electron energy-dependent EAL values
is discussed.

12



AIP

Publishing

SUPPLEMENTARY MATERIAL

See Supplementary Material for modelling of electron reflection by a potential barrier at the interface
between the substrate and polymer film.
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