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a  b  s  t  r  a  c  t

The  accumulation  of  water  and hydrocarbons  molecules  on  pure  Au  smooth  surfaces  were  monitored
during  100  eV  electron  bombardment  at various  beam  current  levels.  Our  studies  showed  that  these
low energy  electrons  could  accelerate  the  physical  adsorption  processes  of  the  gaseous  contaminant
molecules  on  the  mirror  surface.  The  100  eV  electron  beam  was  used  to provide  a  rough  simulation  of
the  secondary  electrons  generated  during  the  interaction  between  the  EUV  beam  at  13.5  nm wavelength
and the mirror  surface  in  an EUVL  device.  The  adsorption  enhancement  phenomenon  was  explained
eywords:
UV lithography
dsorption
u surface
econdary electrons

in  accordance  with  Langmuir’s  Adsorption  model  by the  increase  of  the  sticking  coefficient  of  adsorbed
molecules  onto  the  mirror  surface.  We  have  also  shown  that  a positive  biasing  of  the  top  of  mirror  surface
can  be  used  for  preventing  the  secondary  electron  emission  from  the  mirror surface.

© 2013 Elsevier B.V. All rights reserved.
ssisted adsorption

. Introduction

Due to the escalating demands on new advancement of
omputer chips specifications, including microprocessors and inte-
rated circuits and for keeping Moore’s law intact, the number of
ransistors per unit area [1] must be increased in about every two
ears. Nowadays we almost reached the theoretical limit of the
onventional optical lithography for further reduction in feature
ize with a reasonable resolution [2,3]. Several next generation
ithography (NGL) technologies are now being considered [2,3]. In
act, extreme ultraviolet lithography (EUVL) is considered to be the

ost promising technology among the others of NGL techniques
4]. EUVL is not only a promising tool, but also very challeng-
ng considering the technological point of view. Although huge
rogress has been achieved so far to ease many of these challenges
4], many issues are yet to be sorted out and hence still under
ntense research. Some of these obstacles that partially contribute
o the delay in commercializing the EUVL device are the lack of pow-
rful and clean EUV source [4], the difficulty of achieving defect free

hoto-mask [4], and carbon contamination of the EUV optics [5,6].

Carbon contamination in EUV optics is caused by EUV induced
issociation of the hydrocarbon molecules at the mirror surface

∗ Corresponding author. Tel.: +1 7654091695.
E-mail address: aalajlon@purdue.edu (A. Al-Ajlony).

1 Present address: Department of Physics, School of Natural Sciences, Shiv Nadar
niversity, Uttar Pradesh 203207, India.

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.10.167
during irradiation [7,8]. This dissociation process eventually leads
to the formation of amorphous graphite like carbon layer that
reduces the EUV reflectivity of the mirrors [8,9]. Basically, the
hydrocarbon molecules (gaseous phase) accumulate naturally on
the mirror surface, which is known (so far) to be independent of
the EUV irradiation process [5,10]. During mirror exposure to the
EUV radiation, these stable molecules can be dissociated to smaller
reactive fragments that react with each other to form eventually
carbon rich solid layer [5,11,12].

Generally, the accumulation of gaseous molecules on top of
solid surfaces is one of the possible interactions between solid and
gaseous phases, known as the adsorption process [13]. The adsorp-
tion process occurs due to the ability of gaseous molecules to be
bonded physically (physisorption) or chemically (chemisorption)
on a solid surface and stay there for a period of time until it has
sufficient energy to break the bond and desorb back to the gaseous
phase [13]. The mean lifetime of the gaseous molecules bonded
to the solid surface and the number of events that lead to suc-
cessful sticking of one gaseous molecule on solid surface are the
two  main factors that determine the equilibrium concentration of
the adsorbed phase at certain conditions [13]. Back in 1918, Lang-
muir had established one of the first adsorption theories based on
kinetic point of view, determining the equilibrium concentration
of adsorbed phase of certain system (adsorbent and adsorbates) at

certain pressure and temperature, leading to his famous isotherm
[13,14]. Langmuir’s findings lead to numerous advanced theo-
ries and empirical relations to match a variety of experimental
data at different conditions [13]. It is known, however, that the

dx.doi.org/10.1016/j.apsusc.2013.10.167
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.10.167&domain=pdf
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Fig. 1. The schematic of the experimental setup. The IMPACT system is used which
contains X-ray source, electron gun, ion gun, EUV source, and hemispherical elec-
trostatic energy analyzer. A dc power supply was used to bias the sample surface
positively or negatively and a picoammeter was used to measure the target current.
A. Al-Ajlony et al. / Applied Su

ssumption behind the Langmuir theory for single mono-
olecular-layer adsorption is not precise enough for many

ractical applications [13,15]. Moreover, the smooth uniform sur-
ace that was suggested as adsorbent in Langmuir theory is too ideal
or most of the practical cases [13]. On the other hand, the Langmuir
dsorption theory is reasonably precise enough when considering
he adsorption process of gases on extremely smooth solid surface
nder high vacuum or ultra-high vacuum (UHV) atmosphere where
he partial pressure of the adsorbates is not high enough to produce

 monolayer of adsorbed molecules on the surface. These conditions
re applicable in the case of water and hydrocarbon adsorption on
irror surface in EUVL devices.
The physical adsorption process on a mirror surface in the

ase of pure component adsorption system is known to be exclu-
ively dependent on the partial pressure of the adsorbates and
he temperature of the adsorbing surface [13–15]. An increase in
dsorption rate of gaseous species on certain surfaces after expos-
ng them to a flux of energetic electrons had been reported [16–18].
his phenomenon was explained in the framework of the role of
nergetic electrons to induce dissociation of adsorbed molecules,
here the produced reactive fragments can react chemically with

he surface to produce more stable chemical bonds (chemisorp-
ion) [16]. This chemical effect increases the mean lifetime of the
dsorbates on the surface, leading eventually to an increase in the
dsorption rate [16,17].

In this paper we report the impact of 100 eV electron beam on
he physisorption of hydrocarbons and H2O on a relatively inert
urface (Au). The main goal of this paper is to present the role
f secondary electrons in enhancing the adsorption process on a
eflecting EUV mirror during EUV exposure. It should be pointed
ut that the adsorption process is the early and the governing stage
hat dictate the rate of the subsequent dissociation stages. There-
ore, it governs the entire contamination processes and feature the
UV induced contamination process in the future EUVL device. This
rticle is designed to provide a systematic view of the early stages
f the surfaces contamination process from a kinetic point of view.
he 100 eV electrons were chosen to provide a rough simulation
f the electrons generated during the mirror exposure to 92 eV
UV radiation which corresponds to the wavelength of next gen-
ration lithography [12,19,20]. These generated electrons together
ith the reflected EUV beam are expected to reach the subsequent
irrors in a lithographic system and accelerate the contamination

rocess. Although Au is not a favorable candidate materials to cap
he Si/Mo multilayer mirrors (MLMs) for the EUVL device [10,21], it
as however used in this experiment to provide a relatively inert

urface that cannot easily react with the adsorbates species. Hence,
e can reduce any possible chemisorption processes. Also Au sur-

ace was selected to avoid any interference in X-ray photoelectron
pectroscopy (XPS) spectral lines with the C 1s line, providing a
ood opportunity to monitor the accumulation of the hydrocar-
ons on the surface. Currently Ru is considered as a capping layer
or Mo/Si multilayer mirror and it is difficult to monitor the accu-

ulation of hydrocarbons on the top of Ru using XPS due to the
verlapping between the C 1s and Ru 3d lines [5,22–24].

. Experimental details

A set of (10 mm × 10 mm)  50 nm thick Ru and Au films coated
i wafers was used in this investigation. All these samples were
tudied in an UHV chamber (base pressure ∼3.0 × 10−9 Torr) in
he materials characterization laboratory IMPACT [25] at Purdue

niversity. For each sample, surface contamination level was  eval-
ated by XPS analysis, where sample’s surface was excited with
l-K� radiation (h� = 1486.6 eV), while the photoelectrons emitted
t 45◦ from the target surface were analyzed using a hemispherical
electrostatic energy analyzer (PHOIBOS-100TM). Calibration of
binding energy (BE) scale with respect to the measured kinetic
energy was  made using the Au 4f7/2 line at ∼84.00 eV. A set of
three experiments was devoted to study the dynamics of contami-
nants concentration at the sample surface in different experimental
conditions as summarized in the next two sections. During all
experiments, chamber pressure was  fixed at ∼1.0 × 10−8 Torr in
order to simulate the optics chamber pressure of an EUVL system
[26]. The schematic of the experimental setup is given in Fig. 1
with different electrical switch configuration for each part of the
experiment.

2.1. Effect of electron bombardment

In this part of the experiment, Au samples were used. The sample
surface was examined by XPS at different time intervals to monitor
the level of surface contaminants during electron bombardment at
different beam currents. Before electron beam bombardment, Au
samples were sputter cleaned for 10 min  by 1 keV Ar+ with a total
beam current of ∼0.5 �A using an ion source from NTITM. Imme-
diately after sputter cleaning, sample was irradiated by 100 eV
electron beam from a SPECSTM electron gun. During electron bom-
bardment a series of high resolution XPS scans were taken for O
1s, C 1s and Au 4f core regions. The experiment was repeated for
different electron beam currents (860 nA and 220 nA) and also in
the absence of electron bombardment (e-beam off). In the case of
the electron beam off, the electron source filament was  also kept

off. The experimental setup of this part is presented in Fig. 1 with
the switches 1 and 2 were in off and on positions, respectively.
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.2. Secondary electron emission mitigation

In this experiment, Ru samples were used. The
amples were biased with different positive voltages
uring 92 eV EUV irradiation, and effect of sample bias
oltage on the surface emitted secondary electron (SE) spec-
ra was studied. The electrical switches configuration for this
art of the experiment as mentioned in Fig. 1, switch 1 was  in on
osition while switch 2 was off. The EUV irradiation was  performed
sing a PhoenixTM EUV source [27] that emits light in the range of
2.5–15 nm with the maximum peak at ∼13.5 nm. The estimated
UV beam power reaching the target surface is ∼0.3 �W,  while the
ower of the 13.5 nm wavelength of light (within 2% bandwidth)

s ∼0.1 �W [25,27]. The EUV beam spot size on the investigating
u surface was estimated to be ∼7 mm.  Although the EUV beam
ower in our EUV source is significantly lower than the actual
UV beam power intended for the future EUVL device, the kinetic
nergy distribution of the S.Es generated using both sources will
e approximately similar, and only the intensity will be different.
he SE spectrum was recorded using PHOIBOS-100 hemispherical
lectrostatic energy analyzer.

In addition, we also investigated the impact of sample biasing on
he adsorption process of contaminants on the Au surface. Initially,
he Au samples were sputter cleaned for 10 min  by 1 keV Ar+ with a
otal beam current of ∼0.5 �A. Immediately after sputter cleaning,
he Au samples were biased positively or negatively at different
oltages and a series of high resolution XPS scans were taken for
he O 1s and C 1s regions. In this experiment +200, +100, −40 and

 V were applied during each experimental run.

. Results and discussion

.1. Effect of electron bombardment

A polished “mirror like” Au samples were sputter cleaned and
mmediately bombarded with low energy electrons (100 eV) at dif-
erent currents (860 nA, 220 nA and e-beam off). At the same time,

 series of XPS scans were taken to measure the level of contam-
nation on the sample surface with time. Fig. 2 gives the C 1s, O
s and Au 4f peaks which show the natural accumulation (e-beam
ff) of contaminants on Au mirror surface with time. In this case
o electron bombardment was carried on, and only the accumu-

ation of contaminants on the sample surface due to the normal
dsorption of the residual gaseous species in the vacuum chamber
s observed. As can be seen in Fig. 2, the O 1s core level spec-
rum does not show significant signal right after sputtering, but
ith time the oxygen concentration at the surface starts to build
p. By careful looking into this region and to the position of the
xygen peak formed at around 533 eV we can conclude that this
eak is corresponding to the adsorbed water molecules at the sur-
ace [5,10,12,22,24]. The measured partial pressure of water in our
hamber was ∼2.0 × 10−9 Torr during the experiments.

Along with O 1s core peak, we also monitored C 1s (Fig. 2(b))
nd the results showed the carbon signal is also increasing with
ime. In fact, the carbon peak found to be positioned at 284.8 eV
hich is the most accepted value for the adventitious hydrocar-

ons [5,10,24] that could be adsorbed at any metallic surface due
o the presence of residual hydrocarbons in a vacuum chamber
tmosphere [10]. This observation also justified by the adsorption
rocess of the hydrocarbons on the sample surface. Although the

ample was sufficiently clean at the moment of stopping the sput-
er cleaning process, the first scan of the C 1s region after cleaning
hows the presence of carbon. It indicates that carbon accumulation
appens immediately after sputter cleaning. This carbon is most
Fig. 2. High resolution XPS spectra of (a) O 1s, (b) C 1s and (c) Au 4f core level peaks.
The XPS scans were performed in 1-h intervals starting from sputtered clean surface.

likely accumulated by surface adsorption of hydrocarbons during
the first ∼2 min which is required to complete an XPS scan.

We also monitored time dependent changes in the Au 4f core

level peak (Fig. 2(c)), which shows a continuous decrease in Au sur-
face concentration. The decrease in intensity of Au signal confirms
that the observed contaminants, especially H2O and hydrocarbons
were accumulating and covering the Au surface. The suppression of
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Fig. 3. Temporal evolution of the area under XPS spectrum of the (a) O 1s region, (b)
C  1s region, and (c) Au 4f region. The curves highlight the evolution of the surface
concentration of oxygen (H2O), carbon, and Au during 100 eV electron bombard-
ments for different currents. The corresponding natural evolution in the absence of
A. Al-Ajlony et al. / Applied Su

he Au signal also supports our hypothesis of surface contamination
ia molecular adsorption.

The behavior of contaminant adsorption was  also studied dur-
ng low energy electron bombardment. Fig. 3 gives the temporal
volution of the area under the XPS spectra at the O 1s (H2O), C 1s
hydrocarbon), and Au 4f regions during the contamination process
nder different electron beam currents (860 nA and 220 nA) as well
s for the natural adsorption process (e-beam off). Fig. 3(a) shows
ignificant change in H2O adsorption rate during the electron bom-
ardment process. The electron bombardment has increased the
ate of H2O adsorption at the surface where the adsorption rate
as found to change with electron current. For a beam current of

20 nA, the surface water concentration reaches the saturation in
 shorter time period ∼120 min  compared to ∼240 min  required
ithout electron bombardment. For 860 nA electron current, the
2O surface saturation reached even faster ∼50 min. Interestingly,

he water concentration was also decreased steadily after reaching
he saturation point when the electron bombardment was  used.
his slow but linear decrease of water concentration after satura-
ion was previously noticed during EUV irradiation [5,10] and it
as justified therein by the dissociation of water molecules due to

E-induced dissociation process. At the same time no decrease in
ater concentration after saturation was found when the electron

ombardment was not applied (not shown).
Similar change in adsorption behavior during electron bom-

ardment was also noticed in the C 1s region as can be seen in
ig. 3(b). In this region we noticed a dramatic increase in adsorption
ate of hydrocarbon at sample surface during electron bombard-
ent, and this increase was directly proportional to electron beam

urrent. This increase in adsorption rate resulted in shortening of
he time required for hydrocarbons to reach saturation at the sam-
le surface compared to the time of saturation when the electron
eam was not applied. Moreover, in the case of electron bom-
ardment carbon concentration was found to be steadily increased
ith a very slow rate even after saturation. This gradual increase

n carbon was also noticed during the EUV irradiation [5,10] and
t was justified therein by the accumulation of carbon due to the
E-assisted hydrocarbon dissociation process.

The time dependent behavior of Au signal is given in Fig. 3(c)
hich confirms the role of electron bombardment in modifying sur-

ace adsorption rate. The Au signal was decreased at a faster rate
hen the electron bombardment was in use. Based on our obser-

ations in all XPS regions studied (such as O 1s, C 1s and Au 4f),
he surface concentrations of all contaminants at equilibrium (the
aturation level) were not found to be significantly altered when
he electron bombardment was applied. Although the adsorption
ate was found to be significantly increased during electrons bom-
ardment, the saturation concentration at the surface was found
o be approximately similar. We  noticed a significant increase in
dsorption rate of water and hydrocarbons on Au mirror surface
uring low energy electron exposure. The same phenomenon had
een observed repeatedly for different adsorption systems [16–18].
or example, the adsorption of nitrogen on nickel was increased
ignificantly during low energy electron bombardment, especially
t electron energies higher than 15 eV [16]. This phenomenon was
xplained by the effect of electrons in dissociating the N2 molecules
nd allowing the N fragment to interact with the adsorbent sur-
ace [16]. The use of XPS in the present experiment allows us to
ecognize the chemical state of adsorbates. The recorded XPS spec-
ra showed no evidence of additional Au chemical state or any
hift of the Au pure state (Au0). Based on this stability of Au0, we
an conclude that all changes of adsorption rates were not based

n a chemical interaction between the adsorbed molecules and
he Au surface, and all adsorption process noticed was basically

 physisorption. We  used Langmuir theory to explain some of the
bserved phenomena.

electron bombardment (0 nA) is also shown.
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Langmuir theory of pure component physical adsorption is
ased on a very simple explanation of the adsorption process as
entioned in Eq. (1). This denotes the time rate of change of total

umber of adsorbed molecules which is equal to the rate of adsorp-
ion Ra (i.e. the number of molecules successfully bonded to the
urface per unit of time) minus the rate of desorption Rd (i.e. number
f bonded molecules that leave the surface per unit time) [13,14]

dn

dt
= Ra − Rd

a = ˛P√
2�MRgT

(1 − �)

d = kd∞ exp

(
− Ed

RgT

)
� (1)

here � = n/m, n is the number of adsorption sites occupied by
he adsorbates, m is the number of available adsorption site on
he adsorbent,  ̨ is sticking coefficient of the adsorbed molecule
nto a bare surface, P is the partial pressure of the adsorbates, M is
he molar mass of the adsorbed molecules, Rg is the universal gas
onstant, T is the surface temperature, kd∞ is the rate constant of
esorption at temperature equal to ∞,  Ed is the activation energy
or desorption.

The Langmuir isotherm [13,14] can be obtained at equilibrium
hen Ra = Rd, leading to:

 = bP

1 + bP

here b = ˛ exp(−Ed/RgT)

kd∞
√

2�MRgT
(2)

In UHV atmosphere, the partial pressure of the adsorbed
olecules is very low (∼10−11 Torr). Therefore, the fractional cov-

rage at equilibrium can be achieved with minimal adsorbed
olecules at the surface. Furthermore, the Langmuir adsorption

heory assumptions of a single monomolecular layer can be rea-
onably accurate.

For non-equilibrium case, Eq. (1) represents a constant coeffi-
ient first order differential equation that can be solved for n(t) by
aking into account the initial condition n = 0 at t = 0. Therefore, the
olution can be obtained as follows:

(t) = A

(
1 − exp

(
−˛P

A
√

2�MRgT

))
,

 = m˛P

˛P + kd∞ exp(−Ed/RgT)
√

2�MRgT
(3)

here A is a constant, representing the number of adsorbed
olecules at the surface at equilibrium (t = ∞).  The function n(t)

an strongly justify the exponential behavior of the accumulation
f the adsorbed molecules on the Au surface with time as shown
n Fig. 3, especially in the case where no electrons were applied
o the surface. Adding electrons to the surface can only increase
he adsorption rate by either increasing the sticking coefficient (˛)
nd/or by increasing the activation energy for desorption (Ed). It
hould be noted that the effect of any change in  ̨ on the adsorp-
ion rate is more dominant at earlier times of adsorption, while
he effect of any change in Ed is more effective at later time and

t has a maximum value at equilibrium. From Fig. 3 it is clear
hat, the electrons bombardment has increased the adsorption rate
n the earlier time, while it causes a decrease in the adsorption
ate at later time or near the equilibrium concentration. Hence,
Science 289 (2014) 358– 365

we  can conclude that the electron bombardment of the Au sur-
face enhances the adsorption rate of both water and hydrocarbon
molecules by increasing ˛. The increase in  ̨ can be explained by the
role of electrons in creating a temporary positively charged gaseous
molecules, and by creating a negatively charged Au surface due to
the fact that the electron yield of the Au surface is less than 1 for
100 eV incident electrons, which is proven by our negative sam-
ple current measurement at 100 eV. Hence, the electrostatic force
between the positively charged gaseous molecules and the neg-
atively charged surface increases the chance of sticking of these
molecules onto the surface. At the same time this electrostatic force
is not expected to have any role on Ed since the positive charge of
the adsorbed molecules will be neutralized immediately once the
adsorbed molecules touch the surface due to the abundance of free
electrons on the Au surface.

On the other hand, as can be understood from the decrease of the
adsorption rate at later time of adsorption, the electron bombard-
ment of the Au surface was  found to decrease Ed. This phenomenon
can be explained by the SE induced dissociation process that splits
the larger adsorbed molecules into smaller fragments, which in turn
can be desorbed easily from the surface (i.e. the smaller fragment
molecules will require less energy to leave the surface back to the
gaseous phase).

More careful analysis was made for the C 1s region because of
the importance of the carbon contamination of the EUV  mirrors in
EUVL systems. The main carbon peak in the C 1s region situated at
284.8 eV was found to be composed of mainly two  different chem-
ical states [28,29] as presented in Fig. 4(a). Graphitic carbon line or
C C line was found to be situated at 284.5 eV [28,29], and C H line
was  found to be situated at 285.4 eV [28,29]. The temporal evolution
of the surface concentration of these two carbon components is pre-
sented in Fig. 4(b). In this figure we  compare the behavior of the two
carbon components on the Au surface with and without electron
bombardment. As can be seen clearly, both components (C H and
C C) were found to follow the same trend observed for total carbon
(see Fig. 3(b)). Also we noticed that in both cases (with and with-
out electron bombardment) the increase in C C component was
faster and stronger than the C H component, which implies that
heavy hydrocarbon molecules with multiple carbon atoms were
being accumulated on the Au surface. Also a slight increase in C C
component was noticed after saturation only when the electron
bombardment was  in use, while C H component was found to be
unchanged.

3.2. Secondary electron emission mitigation

As discussed in the previous sections, a large number of sec-
ondary electrons are emitted from the EUV irradiated mirror
surface. The energy distribution of these electrons varies from the
kinetic energy of the incident photons to 0 eV [19]. The lower energy
part of this spectrum (also called SE) is produced due to a slow-
ing down process of the high kinetic energy photoelectrons that
undergo cascade collisions with other stationary lattice electrons.
While the higher kinetic energy electrons are generally produced
due to direct interaction of a photons with valence electrons that
bonded with the lattice atoms with a minimum BE. These emitted
secondary electrons are also expected to interact with the next mir-
ror surface posing further contamination in addition to the primary
contamination process caused by the EUV photons themselves.

Assuming all electrons is generated due to the interaction
between the EUV light and the mirror surface (photoelectrons and
secondary electrons). These electrons problem can be overcome by

biasing the mirror surface positively at a voltage that is sufficient
to create electrical field to decelerate the produced electrons and
totally mitigate the notorious electron emission. We  recorded the
photoelectron spectrum emitted by Ru mirror surface irradiated
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Fig. 4. The peak fitting of high resolution XPS spectrum of (a) C 1s region of the Au
surface. (b) The temporal evolution of the area under the peak of both components
o
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Fig. 5. (a) The impact of surface bias voltage on the SE spectrum emitted from Ru
f  the C 1s region C C and C H during 100 eV electron bombardment for electron
eam current of about 860 nA. The temporal evolution of the same components in
he  absence of electron bombardment (0 nA) are also superimposed for comparison.

y 13.5 nm (92 eV) at various sample positive bias voltages in order
o check the effectiveness of biasing to mitigate the SE emission.
s shown in Fig. 5(a), it can be seen clearly that the positive bias
f the sample largely reduces the intensity of electron emission
nd shifts the whole spectrum toward the lower kinetic energy
ide. Converting these data to a mitigation percentage, Fig. 5(b)
hows that the biasing the Ru surface by +36 V mitigates 90% of
he emitted electrons and reduced the maximum electrons kinetic
nergy by 36 eV. Meanwhile, biasing the surface by +100 and +200 V
itigates more than 98% and 99% of the emitted electrons, respec-

ively, and reduces the maximum electron kinetic energy to less
han 10 eV. Based on these results, we can conclude that the pos-

tive biasing of the mirror surface is useful for mitigating the SE
mission, and that in turn would be advantageous for reducing the
verall contamination rate in a stack of several mirrors in the EUVL
evice.
surface during 13.5 nm wavelength EUV irradiation. (b) The percentage of the reduc-
tion of the emitted electrons from the Ru surface irradiated by 13.5 nm EUV  versus
surface bias voltage.

Now the next question is what is the effect of the surface biasing
on the surface adsorption mechanism? Since the surface charging
can cause changes in adsorption rate. For answering this question,
Au surface was sputter cleaned and immediately biased at differ-
ent voltages, while a series of XPS scans were recorded to track
the temporal evolution of surface composition. We  examined the
natural accumulation of the water and hydrocarbons at the mir-
ror surface through the adsorption process, and neither electrons
nor EUV radiations were involved in this contamination process.
Fig. 6 shows the accumulation of both H2O (O 1s) and hydrocar-
bons (C 1s) with time at the top of Au surface at various sample
bias voltages. As can be seen from Fig. 6, changing the surface bias
voltage and polarity does not have a significant impact on the H2O
accumulation, and that is also identical to what we  have noticed in
the first part of the experiment (in the case of electron beam off),

where H2O contamination level saturates after about 200 min. A
slight increase in rate of H2O accumulation was noticed when the
sample was biased by −40 V and this can be justified by the sen-
sitivity of the H2O as a polar molecule to the negatively charged
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Fig. 6. The temporal evolution of area under XPS spectrum of the O1s region (a)
and C 1s (b) regions, showing the evolution of the surface concentration of oxygen
(
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[

[
[

H2O) and carbon under different surface bias voltage and polarity compared to the
ase  of natural evolution without surface biasing (0 V)., surface was  scanned in high
acuum atmosphere at ∼2.0 × 10−8 Torr.

urface [30]. On the other hand, the accumulation of hydrocarbon
olecules was not found to be affected by the sample bias volt-

ge (Fig. 6(b)). Although biasing the surface negatively is expected
o make the same effect as the electron bombardment in terms of
egative surface charging, the adsorption rate in the case of nega-
ive surface biasing was found to be unaffected. The reason behind
he enhanced surface adsorption rate in the case of electron bom-
ardment is attributed to the combination of the negative surface
harging and the positively charged gaseous molecules produced
uring the direct interaction between the electron beam and the
aseous molecules in the chamber atmosphere.

Our results show that the surface bias voltage (up to +200 V)

s found to be harmless in terms of surface contamination based
n adsorption process in high vacuum atmosphere. Furthermore
iasing the top surface layer of the EUV optics could be a good
olution to mitigate EUV generated photo-electrons, especially SE

[

[
[
[
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that might increase the risk of optics contamination in the future
EUVL devices. More research should be conducted in this direction
to explore the effect of the surface bias voltage of EUV multilayer
mirrors (MLMs) on their optical properties such as EUV reflectiv-
ity. For example, biasing the Ru capping of Si/Mo MLM  could alter
the electrons–holes distribution homogeneity, which can lead to
changes in optical properties of the Si–Mo interfaces.

4. Conclusions

We  investigated the impact of 100 eV electron beam on the
physisorption of hydrocarbons and water molecules on Au sur-
faces to simulate the effects of contaminants on the optical system
performance in future EUV devices. A noticeable accumulation of
H2O and hydrocarbons contaminants on the top of clean Au mir-
ror in high vacuum atmosphere was  observed. This accumulation
was  explained by the natural accumulation due to the adsorption
process. The rate of accumulation of H2O and hydrocarbons on
the top of Au surface was  increased significantly when the sur-
face was bombarded by 100 eV electrons. The observed increase
in adsorption rate was  proportional to the electron beam current.
This phenomenon of enhanced physical adsorption due to electron
bombardment was  explained by the enhancement of the stick-
ing coefficient due to the formation of temporal electrostatic force
between the adsorbed molecules and the bombarded surface. Also
we noticed a decrease in the activation energy for desorption of the
adsorbates. This decrease is most likely occurs due to the SE induced
dissociation of larger molecules into smaller fragments, where less
energy is required to desorb back to the gaseous phase.

In order to mitigate the electron induced enhanced adsorption of
molecules, especially H2O and hydrocarbons, we  used biasing of the
top mirror surface to suppress the surface SE emission generated
during the EUV–surface interaction. Biasing the Ru mirror surface
positively by 200 V was found to be useful to cut off more than
99% of the emitted electrons. On the other hand, we found that the
positive biasing of Au surface does not have any influence on the
rate of contaminants adsorption on the Au surface in high vacuum
atmosphere. More research still needs to be conducted in order
to understand the impact of applying positive bias voltage on the
MLMs  reflectivity.
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