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Abstract
The aim of this work is to characterize desorption induced by electronic transition processes
that affect the reflectivity of TiO2-capped multilayer mirrors used in extreme ultraviolet (EUV)
lithography. A low energy electron beam is employed to mimic excitations initiated by EUV
radiation. Temperature programmed desorption, x-ray photoelectron spectroscopy, and low
energy ion scattering are used to analyze the surface reactions. Carbon film growth on the
TiO2(011) crystalline surface is measured during 10–100 eV electron bombardment in benzene
or methyl methacrylate vapor over a wide range of pressures and temperatures near 300 K. Low
energy secondary electrons excited by EUV photons contribute substantially to the carbon
accumulation on clean TiO2 cap layers. For benzene on clean TiO2, secondary electron effects
dominate in the initial stages of carbon accumulation, whereas for C-covered TiO2, direct
excitations appear to dominate. We report on the adsorption energy, the steady-state coverage of
the molecules on the surface and the cross sections for electron-stimulated dissociation: all key
parameters for understanding and modeling the processes relating to the EUV lithography
mirrors.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Extreme ultraviolet lithography (EUVL), which uses 13.5 nm
wavelength (92 eV) radiation originating from plasma-
based sources, is a leading technology for next generation
semiconductor device manufacturing. Desorption induced by
electronic transition (DIET) processes play important roles in
the photoresist activation mechanisms. However, the lifetimes
of reflection optics (i.e., the Mo/Si multilayer mirrors used
for focusing EUV radiation) can be affected by oxidation
or carbon accumulation due to radiation-induced surface
chemistry in the inevitable background pressure of water
vapor and hydrocarbons. Mirror lifetimes can be extended
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substantially by choice of appropriate cap layer materials.
Promising cap layers for EUV applications include thin films
(∼2 nm) of Ru, or TiO2 [1, 2].

In our previous studies, to examine the effects of
irradiation on the accumulation of C on model single-crystal
Ru surfaces, we have bombarded the surfaces with low energy
electrons (substitutes for EUV photons) while exposing them
to methyl methacrylate (MMA, C5H8O2) vapor, a model
hydrocarbon outgassing product, and characterized the C film
formation [3–6].

Recently, we have reported on contamination and
mitigation of TiO2(011) surface as a model capping
layer [7, 8]. Bombardment of a crystalline TiO2(011) surface
by electrons with energies >25 eV causes desorption of O
and O+, creating a surface with oxygen vacancies that are
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quantified using x-ray photoelectron spectroscopy (XPS). Via
a similar mechanism, EUV photons can induce O-vacancies
by direct core level ionization of TiO2. The presence of
O-vacancies accelerates the surface reactivity towards both
thermal and non-thermal interactions with MMA and benzene.

In the present work, we expand the previous results for the
important cases of benzene/TiO2 and MMA/TiO2. We focus
on the accumulation of C on a TiO2 surface for both thermal
and non-thermal excitations; for non-thermal processes, we
use electrons as substitutes for photons. Our argument is
that most of the EUV-induced chemistry is caused by low
energy secondary electrons photoemitted from the substrate,
rather than direct photon-excitation of adsorbates [9]. Benzene
(C6H6) and MMA are models for the hydrocarbon background
gases that arise from resist outgassing in a typical EUVL
vacuum chamber. First, we show the importance of such
parameters as the surface temperature, hydrocarbon pressure
and energy of bombarding electrons for irradiation-induced
growth of carbon. Increasing the substrate temperature lowers
the carbon accumulation rate, increasing the vapor pressure
enhances the carbon deposition, and variation of the electron
energy shows a pronounce influence on the reaction rate. Then,
we characterize the adsorption/desorption behavior of benzene
and MMA on clean and C-covered TiO2(011), measure the
adsorption energies and estimate the sticking probabilities.
After that we present the hydrocarbon equilibrium coverage as
a function of pressure and temperature. Finally, we describe
experiments to determine the cross sections for electron-
induced dissociation of benzene and MMA on clean and C-
covered TiO2. These parameters (adsorption energies, sticking
probabilities, magnitude and electron energy dependence of
dissociation cross sections, etc) will provide key data for
modelers of EUV contamination rates.

2. Experimental procedures

The measurements are made in a stainless-steel ultrahigh vac-
uum chamber with a base pressure <1 × 10−10 Torr contain-
ing instrumentation for a variety of surface science character-
ization tools [10]. The surface chemical composition of the
topmost layer of the sample is estimated using low energy
He+ ion scattering (LEIS) and the near surface composition
is determined using x-ray photoelectron spectroscopy (XPS),
mainly for grazing emission (30◦) to maximize surface sensi-
tivity. Scattered ions and photoemitted electrons are energy-
analyzed using a 100 mm radius concentric hemispherical ana-
lyzer. A tunable low energy electron source (0–200 eV) is used
to initiate electron-stimulated surface reactions and molecular
decomposition [11].

The rutile TiO2(011) single crystal (10 × 10 × 0.5 mm3,
MTI, Inc.) is mounted on an X–Y –Z rotary manipulator that
can be cooled by liquid nitrogen to ∼110 K and resistively
heated to >1500 K. We have chosen TiO2(011) face of titania
due to its unusual behavior, in particular, the self-organization
of O-vacancies on the (2 × 1) termination of TiO2(011) under
electron irradiation [12]. Cleaning of surface is accomplished
by a combination of 1 keV Ar ion bombardment and annealing
in oxygen at a pressure of 10−7 Torr. Temperature programmed

desorption (TPD) is used to measure desorption temperature
and binding energy of the adsorbates as well as the surface
coverage. To optimize thermal contact for TPD from TiO2,
the sample is mounted onto a thin Ti heating plate through a
gold foil that insures uniform heating. The temperature was
measured using a chromel–alumel thermocouple spot welded
to the rear side of the sample assembly. As the surface is
heated at a linear rate, the desorbing atoms are detected using
a quadrupole mass spectrometer (QMS).

To examine the effects of electron irradiation on the
buildup of C on the TiO2 surface, we have bombarded the
entire sample with a defocused electron beam while exposing
it to a hydrocarbon vapor from a capillary array doser.
Carbon film thicknesses during accumulation under electron
bombardment in the presence of hydrocarbon vapor are mainly
determined by measurements of the Ti 2p peak attenuation.
But within submonolayer range the estimation of the amount
of carbon is based on the measurement of the C 1s peak
intensity. Pressures of MMA and benzene are measured
using an uncalibrated Bayard–Alpert ionization gauge, and
the pressures reported here are local pressures at the sample
surface, corrected for the factor ∼10× enhancement of the
doser.

3. Results and discussion

3.1. Electron-stimulated growth of carbon under MMA and
benzene atmosphere

In order to evaluate the parameters that govern the carbon
accumulation under electron irradiation and exposure to MMA
and benzene, we examined the substrate temperature, the
hydrocarbon pressure and electron energy dependences of the
carbon deposition rate.

Figure 1 presents carbon film growth on the TiO2

surface as a function of the electron irradiation dose, for
different substrate temperatures in (a) MMA and (b) benzene
atmospheres. It can be seen that for MMA exposure after
the initial similar carbon growth, and for benzene throughout
the entire growth process, increasing the substrate temperature
lowers the carbon accumulation rate. This decrease occurs due
primarily to the drop of residence time and adsorbate surface
concentration at elevated temperatures. The initial growth rate
is higher on the clean surface, declining toward a constant
growth rate on the carbon covered surface. This will be
discussed later in conjunction with the steady-state coverages
of MMA and benzene on the surface and the electron-induced
reaction cross section for these molecules on the clean and
carbon covered surfaces. It can be also seen that for the same
conditions, the carbon deposition rate from MMA vapor is
roughly twice as high as that from benzene vapor.

The influence of the hydrocarbon vapor pressure on the
carbon growth rate at room temperature is shown in figure 2.
It is not surprising that increasing the vapor pressure over the
surface enhances the carbon deposition.

In our experiments we are using low energy electrons,
in the energy range up to 100 eV, to mimic the reaction of
the 92 eV (13.5 nm) photons in the EUVL apparatus. The
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Figure 1. The influence of substrate temperature on carbon growth as a function of electron irradiation dose: (a) during exposure to MMA,
(b) during exposure to benzene. The carbon thickness is calculated from attenuation of the Ti 2p XPS signal.

Figure 2. The influence of vapor pressure on carbon growth as a function of electron irradiation dose: (a) in MMA atmosphere, (b) in benzene
atmosphere. The carbon thickness is calculated from attenuation of the Ti 2p XPS signal.

photons can be absorbed directly by the adsorbed hydrocarbon
molecules on the surface [9] or can generate low energy
secondary electrons that are ejected from the surface and
can cause dissociation of surface molecules [2, 7]. Figure 3
illustrates the irradiation-induced carbon film growth from
benzene vapor for two electron energies and shows the
pronounce influence of electron energy on the reaction rate.

The above results indicate the importance of such
parameters as temperature, pressure and electron energy. In
the following sections we will try to give an insight how these
parameters affect the reaction with MMA and benzene layers
and carbon accumulation.

3.2. TPD measurements of MMA and benzene from clean and
carbon covered surfaces

To estimate the desorption energies of MMA and benzene
from clean and carbon covered TiO2 surface, sequential TPD
measurements were performed for increasing doses. All
hydrocarbon exposures are done at the substrate temperature

of 110 K. A series of TPD spectra for various MMA doses on
the clean TiO2 surface is shown in figure 4.

For the monolayer saturated MMA coverage, the
desorption peak maximum corresponds to ∼180 K, and the
shift in the TPD spectra to lower temperatures indicates that
the adsorption energy decreases monotonically with increasing
coverage. The inset in figure 4 shows the dependence of
TPD peak area versus MMA exposure. Although this uptake
curve passes through the origin, which basically indicates that
the MMA desorbs without dissociation, it is notable that the
curve is also somewhat concave. The nonlinear behavior
of the uptake curve implies that some minor fraction of the
MMA dissociates and thermally reacts with the TiO2 surface,
probably with the surface defects. The XPS analysis performed
after a few adsorption–desorption cycles showed a slight
increase in the C 1s intensity over the background level, which
indicates some thermal dissociation and carbon accumulation
on the surface. When the surface defects are blocked with
carbon, the MMA decomposition reduces and therefore an
increase in the slope of uptake curve is observed. A similar
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Figure 3. The influence of electron energy on the irradiation-induced
carbon growth on TiO2 in benzene atmosphere as a function of
exposure time.

Figure 4. TPD of MMA from clean TiO2. The inset shows the uptake
curve which slightly concave shape indicates some dissociation and
carbon accumulation on the surface, probably, on surface defects.

change of the uptake curve slope was also found for MMA
reaction with Ru surface [5]. The increasing MMA uptake
with MMA exposure can also be explained by the increasing
sticking coefficient with coverage over the transition from the
first to the second ML of adsorbate.

A similar set of TPD spectra for progressive benzene
doses on clean TiO2 surface is shown in figure 5. Since the
adsorption energy scales with peak temperature, this implies
that the adsorption energy decreases as adsorbate coverage
increases. For the ∼1 ML saturated benzene coverage, the
maximum desorption rate is positioned at ∼170 K. As the
coverage increases further, a second peak develops at ∼150 K
that we identify as the onset of multilayer formation for both
benzene and MMA (figure 4). The linear shape of the uptake
curve (inset in figure 5) is evidence of a constant sticking
probability and the absence of carbon accumulation during the
TPD of benzene from clean TiO2. It can be seen that the
temperature corresponding to the maximum in the desorption
rate at low MMA coverage (figure 4) is relatively high, above

Figure 5. TPD of benzene from clean TiO2. The inset shows the
uptake curve (TPD peak area versus exposure).

room temperature, in contrast to desorption peak position for
benzene, which has a low coverage maximum at ∼250 K.

For the experiments related to the figures 6 and 7 the
carbon covered surface was prepared by the electron irradiation
of the TiO2 sample surface at room temperature with the
dose of ∼2 × 1019 el cm−2 in the presence of MMA vapor
at pressure ∼10−8 Torr (see figures 1 and 2). Figure 6
presents TPD spectra for MMA from ∼2.2 nm thick carbon
covered surface for high (figure 6(a)) and low (figure 6(b))
MMA exposures. A continuous shift of desorption peak
towards lower temperatures can also be seen, similar to
desorption from the clean surface (figure 4), although the
desorption temperatures, especially for the initial coverage,
are significantly lower. The uptake curve is linear and
passes through the origin, which indicates a constant sticking
probability and total reversible desorption of the MMA
molecules.

Figure 7 illustrates the TPD of benzene from C-covered
TiO2 sample. Note that in this case, as well as for MMA
desorption (figure 6), we see no clear evidence for a second
peak, indicating the single ML and multilayer peaks overlap
on the surface. The nonlinear uptake curve (inset in figure 7)
indicates that the sticking probability is coverage dependent
and decreases with coverage growth. The absence of the
single ML can also be explained by the non-wetting adsorption
on the carbonized surface. Nonetheless, the fact that the uptake
curves pass through the origin in both inset plots of figures 5
and 7 is evidence that benzene adsorbs and desorbs reversibly,
without dissociation. This is consistent with previous reports
on benzene non-dissociative adsorption on TiO2 [13–17].

Assuming first order kinetic for the MMA desorption
(the molecule adsorbs and desorbs without dissociation–
recombination) we exploited simple Redhead equation
containing relationship between the peak temperature and the
binding energy [18, 19], to estimate the adsorption energies at
low coverage.

Figure 8 shows the calculated adsorption energies for low
coverage of MMA and benzene on clean and carbon covered
surfaces. The extrapolation of adsorption energy to zero
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Figure 6. TPD of MMA from 2.2 nm carbon covered TiO2. For better presentation, the curves are divided into two groups: (a) high and
(b) low coverage. The inset represents the uptake curve.

Figure 7. TPD of benzene from 2 nm carbon covered TiO2. The
inset represents the uptake curve.

coverage value is shown. The low coverage adsorption energy
results for benzene and MMA are in good agreement with those
found for benzene adsorption on TiO2 [16] and ZnO [20] and
for MMA on Ru [6].

3.3. Steady-state coverages of MMA and benzene on the
surface

One of the parameters that strongly influences the irradiation-
induced reaction rates is the adsorbate concentration on the
surface during photon/electron bombardment. To estimate
the steady-state adsorbate coverage on the surface under a
given pressure of benzene or MMA (isobaric conditions) we
exploit two techniques: TPD for the low pressure regime
(10−10–10−8 Torr), and LEIS for the higher pressure range
(<10−6 Torr), as described in details previously [8]. In brief,
during the TPD measurements the sample was placed in front
of the QMS aperture and kept at the desired temperature (300
and 340 K). The chamber was backfilled to the indicated
gas pressure and after establishing equilibrium conditions on
the surface, the sample was heated and a TPD spectrum

Figure 8. Low coverage adsorption energy of MMA and benzene on
clean and C-covered surfaces, as extracted from TPD results
(figures 4–7). The extrapolation to zero coverage adsorption energy
is indicated.

was recorded. By comparing the TPD intensities with
those obtained from regular TPD, the coverage of adsorbed
molecules at the indicated pressure can be deduced. To
evaluate the steady-state coverage on clean TiO2 at the higher
pressure range we used the attenuation of the titanium and
oxygen signals in the LEIS spectrum under the given gas
pressure.

Figure 9 shows the low pressure benzene steady-state
coverage, obtained by TPD, plotted versus log p for benzene on
the clean and carbon covered TiO2 surfaces at 300 and 340 K.

Figure 10 represents the low pressure MMA steady-state
coverage, obtained by TPD, plotted versus log p for MMA on
the clean and carbon covered TiO2 surfaces at 300 K.

The steady-state coverage for benzene and MMA in the
higher pressure range (5 × 10−9–5 × 10−7 Torr) on clean
TiO2 as a function of log p, obtained by LEIS, is presented
in figure 11. The concentrations of benzene and MMA are
higher on the clean TiO2, than on the carbon covered surface.
The coverage of the MMA is higher than benzene coverage
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Figure 9. Steady-state benzene coverage for low pressure range, obtained from isobaric TPD measurements at the sample temperatures of 300
and 340 K on (a) clean and (b) carbon covered TiO2 surfaces.

Figure 10. Steady-state MMA coverage for low pressure range,
obtained from isobaric TPD measurements at the sample temperature
of 300 K on clean and carbon covered TiO2 surfaces.

and reaches ∼90% ML at a pressure of 2×10−7 Torr. It is also
clear that temperature has a reversible effect on the steady-state
coverage for both gases.

It is worthwhile to note that the coverage depends
linearly on the logarithm of benzene and MMA pressure,
log p. As discussed in [7], for simple adsorption
kinetics (equivalent surface sites, non-dissociative adsorption,
first order desorption, constant adsorption energy per site
independent of coverage), the functional relation between
steady-state coverage Θ and the pressure p is given by the
Langmuir adsorption isotherm [18]. In this case, the steady-
state coverage Θ is proportional to p in the low coverage
limit. The fact that in our case Θ is proportional to log p
indicates that the adsorption energy is not constant and depends
on coverage. This functional form is consistent with the
Temkin adsorption isotherm [18]. The Temkin adsorption
isotherm is based on the assumption that the adsorption energy
E decreases linearly with increasing coverage due to repulsive
lateral interactions, as E = Eo(1 − aΘ), where Eo and a
are constants. Such a linear dependence of adsorption energy

Figure 11. High pressure steady-state MMA and benzene coverage
on clean TiO2, as obtained from LEIS measurements at the sample
temperature of 300 and 340 K.

on coverage is consistent with the data shown in figure 6, for
benzene and MMA adsorption energies.

3.4. Measurements of cross section for electron-induced
reaction with benzene and MMA layers

As one can see in figure 3, the energy of the incident electrons
affects the carbon accumulation rate on the surface. Therefore,
characterization of this energy dependence and cross section
measurements of the reaction of electrons with benzene and
MMA layers is of great importance for modeling the carbon
growth reaction. The change of the surface concentration of
the adsorbed species due to radiation can be expressed as

− dN

dt
= nσ N, (1)

where N is the density of adsorbed species, t is the time, n
is the electron flux (cm−2 s−1) and σ is the total cross section
for dissociation/desorption (cm2) due to irradiation. The cross
section measurements were performed on clean and on carbon
covered surface for different electron energies. Figure 12
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Table 1. Total cross sections of electron-induced reactions for MMA and benzene on clean and carbon covered TiO2 surfaces at different
electron energies.

Electron
energy (eV)

MMA/TiO2 cross
section (cm2)

MMA/C/TiO2

cross section (cm2)
Benzene/TiO2

cross section (cm2)
Benzene/C/TiO2

cross section (cm2)

10 1.6 × 10−17 1.5 × 10−17 3.5 × 10−17

20 3.8 × 10−17 1.9 × 10−17 8.1 × 10−17 4 × 10−18

50 6.1 × 10−17 5.2 × 10−17 6 × 10−18

100 1.1 × 10−16 7 × 10−17 1.3 × 10−16 1.3 × 10−17

Figure 12. Measurement of cross sections for different electron
energy reactions with 1 ML of MMA on clean TiO2 surface. I0—the
TPD peak area for 1 ML of MMA desorption, and I—the TPD peak
area corresponding to desorption of intact fraction of ML of MMA.

illustrates the cross section measurements by TPD of unreacted
part of adsorbate for electron-induced reaction in 1 ML of
MMA on TiO2. Here I0 is the TPD peak area, corresponding to
1 ML of adsorbate, and I is the TPD peak area corresponding
to intact, unreacted fraction of ML of MMA.

Table 1 summarizes the total cross section data.
Electron interaction with the adsorbed molecules can

cause desorption from the surface, as well as dissociation

and transform of adsorbed molecules into residual carbon on
the surface. Since the latter is of interest here, these two
phenomena have to be distinguished. The amount of residual
carbon can be evaluated by comparing the C 1s XPS intensity
of the residual carbon after electron irradiation and TPD
with the carbon intensity for the initial adsorbed monolayer,
as shown in figure 13 for 100 eV electron bombardment.
Here I0—integrated C 1s intensity corresponding to the initial
organic ML (MMA or benzene), and I —integrated C 1s
intensity corresponding to the carbon as a product of electron-
stimulated reaction after removal of unreacted fraction of the
adsorbate. About 0.7 of the initial MMA layer and 0.3 of the
initial benzene layer are transformed into carbon, while the rest
desorbs during irradiation.

4. Summary and conclusions

A key issue in EUV mirror contamination concerns the
mechanisms by which mirror cap layers become oxidized or
carbon covered during EUVL. The following are the relative
contributions of direct photoexcitation and indirect excitations
via low energy secondary electrons. Our experiments
for benzene provide evidence that low energy secondary
electrons play a major role in carbon accumulation on
clean TiO2. Consider the ratio E/P of the number of
hydrocarbon molecules dissociated by secondary electrons (E)
to the number of molecules that are dissociated by primary
photons (P). Taking into account the cross section for carbon
accumulation under 10 eV electron irradiation, resonance

Figure 13. The right axes: ratio between C 1s XPS intensity I for the residual carbon after electron irradiation and TPD and C 1s intensity I0

for the initial adsorbed (a) MMA and (b) benzene monolayers. The left axes: complimentary TPD results, where I and I0 represent the TPD
intensities for unreacted fraction of monolayer and 1 ML of adsorbate, respectively.
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effects due to the TiO2-capped MLM structure [21], substrate
quenching effects, our value of the ratio yields E/P ≈ 1 [8].
This is in contrast with a model reported by Hollenshead and
Klebanoff [9], where the maximal value E/P is about a factor
50 times smaller. A similar analysis for the benzene on C-
covered TiO2 yields E/P ≈ 0.1 i.e. as the surface becomes
covered with carbon suggests that the subsequent growth rate
is dominated by direct (EUV) photon excitations.

These analyses imply that the relative contributions
of direct photoexcitations and indirect (secondary electron)
excitations in carbon accumulation on EUVL cap layers
must be considered on a case-by-case basis. They will
differ for various gases and cap layer materials. The relative
contributions will depend on the background gas composition,
the magnitudes of cross sections for indirect excitations, the
composition of the cap layer, and the resonant enhancement of
secondary electron yields for the capped MLM.

In this paper we also reported on the adsorption energy
and steady-sate coverage of benzene and MMA on the clean
and carbon covered TiO2 surface. It was found that the
coverage depends on the log of gas pressure. According
to the Temkin isotherm [18] this implies that the adsorption
energy E decreases with increasing coverage due to repulsive
lateral interactions. Depending on the pressure, the coverage of
molecules on the surface can be significant, where for MMA
the coverage reaches a limiting value high as ∼0.9 ML at
2 × 10−7 Torr. It seems therefore, that in an unbaked and
organic-molecule-containing EUVL chamber, the coverage of
those molecules on the surface can be significant, providing the
building blocks for a carbon layer. The steady-state coverage
of the molecules on the surface and the cross sections for
reaction are key parameters for understanding and modeling
the processes on the EUVL mirrors.
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