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A real time contamination of the Ru surface and corresponding effect on its work function were

studied using extreme ultraviolet photoelectron spectroscopy with a 13.5-nm wavelength of light.

The change in work function indicates formation of molecular dipoles, oriented outward from the

Ru surface. X-ray photoelectron spectroscopy investigations suggest variation in electromagnetic

interaction with the components of the adsorbed foreign species when the emission angle from the

target surface was changed from 0� to 50�; H2O and C-On show a strong coupling at lower angles

and OH dominates at higher angles, whereas carbon is found in the mid-range peaking at 30�.
VC 2012 American Institute of Physics. [doi:10.1063/1.3675518]

In order to continue the steady growth of the semicon-

ductor industry, next generation computer chips are required

to have features as small as 20 nm. To meet this goal, next

generation photolithography systems are looking to employ

extreme ultraviolet (EUV) radiation at a wavelength of

13.5 nm. The mirrors to be used in these systems consist of

alternating layers of Mo and Si.1 Because there are concerns

about potential oxidation of the surface Si layer, a thin Ru

protective layer has often been used on the top Si layer.1 A

Mo/Si multilayer mirror with a Ru capping layer can reflect

up to 70% of the EUV light2 near normal incidence.3 Ruthe-

nium films can also reflect 92 eV photons at a grazing angle.4

Since short wavelengths can be attenuated by most materi-

als5 and even by background gases,1 an EUV lithography

system requires a vacuum chamber. Now, the issue is how to

keep the optics clean, as carbonaceous and/or oxidized Ru

surfaces are often formed during EUV exposure and, as a

consequence, degrade the overall reflectivity of Mo/Si

mirrors. Several cleaning processes1 have been proposed to

circumvent and mitigate this problem. In fact, a large num-

ber of groups have been working on understanding the proc-

esses involved to mitigate the oxidation and/or carbonization

of the top Ru layer (Ref. 6 and references therein).6 It has so

far been established that the secondary electrons from the Ru

surface mainly take part in dissociating hydrocarbons and/or

water molecules under EUV radiation,6 creating chemically

active fragments on the Ru surface.7 Although several

reports are available in the literature that deal with EUV

radiation–induced growth of contaminants on Ru surfaces,8

knowledge of the adsorption dynamics and of the emission

angle (h from the target surface) dependency are still scarce.

In fact, detailed analyses of the latter will help to figure out

which of the components of the adsorbed species are mainly

responsible for degrading the mirror performance.

In this communication, we show real time contamina-

tion of the Ru surface in the presence of a 13.5-nm wave-

length of light using EUV photoelectron spectroscopy

(EUPS). This approach is extremely surface sensitive due to

low photoelectron escape depth.9 Using the measured cutoff

energy shift, we show the formation of dipoles on the Ru

surface. The in situ angular-resolved x-ray photoelectron

spectroscopy (XPS) has been employed to analyze the

chemical behavior of the adsorbents on the Ru surface with

varying h.

All our experiments have been performed at the surface

characterization laboratory IMPACT of CMUXE at Purdue

University, housing in situ facilities like XPS, EUPS, Auger

electron spectroscopy, ion scattering spectroscopy, and a

setup for EUV reflectivity. More details on the experimental

setup can be found elsewhere.10 Keeping in mind the baking

issues to avoid the degradation of the mirror performance,6

the samples were analyzed in our mildly baked ultrahigh

vacuum (UHV) chamber (base pressure< 1.8� 10–8 Torr)

during the experiments. A compact 92 eV source from Phoe-

nix was used to generate 13.5 nm EUV light, while time-

dependent EUPS measurements were carried out using a

hemispherical analyzer (Specs Phoibos-100), keeping h at

30� and the azimuthal angle u at 45� from the electron ana-

lyzer. Calibration of the binding energy (BE) scale with

respect to the measured kinetic energy (KE) was made using

the silver Fermi edge. A 50-nm-thick Ru film grown on a

4-inch p-type Si(100) wafer was diced into several pieces

with an average area of 1� 1 cm2. Before performing our

study, the Ru surface was sputter-cleaned with 2 keV Arþ,

giving a sample current of� 800 nA. XPS measurements were

performed using an Al-Ka radiation (h�¼ 1486.65 eV), and the

data were recorded for h in the range of 0� to 50� with u at 45�.
Figure 1 exhibits the typical EUPS spectra recoded in 29

consecutive scans, each taking 43 s. As can be seen, the

signal in the high KE region is comparatively weaker than

the low KE (cutoff) region. Close inspection of the cutoff

region reveals that the magnitude of the secondary electron

peak intensity is increased with EUV exposure time. This

indicates that the Ru surface is gradually covered by the

adsorbents11 until it saturates. This is further confirmed by

investigating the change in work function (D/), which wasa)Electronic mail: mcatalfa@purdue.edu.
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derived from the onset of the cutoff region. The inset

displays the variation of D/ with scan step, indicating the

formation of dipoles at the adsorbent/Ru interface. It appears

(inset) that D/ saturates after 4 steps, with an initial decrease

of –0.04 eV. The negative value indicates that molecules are

directed away from the Ru surface. It seems that, after the

formation of the first monolayer, there is no more change in

orientation of the dipoles at the interface. However, the par-

allel increase in secondary electrons suggests that the foreign

species that are continuously falling onto the first chemi-

sorbed layer are forming physisorbed layers, which do not

have any significant impact on the interfacial dipoles.

In order to check the chemical properties of the adsorb-

ents, XPS measurements have been performed, showing

the dominance of carbon and water molecules on the Ru

surface — in accordance with previous studies.6 It is now

well established that the residual hydrocarbons and water

molecules are dissociated during EUV exposure because of

the interaction with the secondary electrons.12 During this

process, hydroxyl (OH) radicals are formed due to the disso-

ciation of water molecules, while carbon atoms accumulate

onto the Ru surface3 via splitting of hydrocarbons into

smaller and chemically active groups.7 In fact, the observed

time-dependent photoelectron dynamics in the recorded

EUPS spectra (Fig. 1) are found to be associated with a com-

petition between the adsorption and/or dissociation of water

molecules and hydrocarbons on the Ru surface under EUV

exposure, which will be discussed in the following, based on

our detailed XPS analyses.

Since the reflectivity and transmission coefficient of the

Ru layer depend on incidence angle of the 13.5-nm EUV

light, it is now important to know how this light is affected

at each angle. According to the geometry of the chamber,

when the incidence angle b is 25�, then h¼ 0�. Therefore,

when h increases from 0� to 50�, b will change from 25� to

–25�. Hence, the coupling between the electric field E

(which is perpendicular to the beam) and the molecular com-

ponents will vary with increasing b if they have chemical

anisotropy. However, our XPS data show band dispersions in

both Ru 3d and O 1s regions (see Fig. 2). One should not

expect such band dispersion, as the core levels are highly

localized in nature13 and should not be affected by the sur-

face contamination. Therefore, any shift seen in the spectrum

with h from 0� to 50� at both the O 1s and Ru 3d regions

(Fig. 2) is due to the variation in coupling between E and the

components of the adsorbed molecules on the surface.

Both the O 1s and Ru 3d regions in Fig. 2 show two sets

of data: one set is for the Ru surface, which was sputtered at

the beginning of the XPS measurements and, thus, was con-

taminated with time and increasing h (solid curves), whereas

the second set represents the data acquired after sputtering

the sample for every h (dotted curves). Both sets of spectra

FIG. 1. (Color online) Cutoff region of the EUPS spectra, showing growth

of the secondary electrons with EUV exposure time. The change in work

function is shown in the inset. Each step lasts for 43 s. The change in orien-

tation of the dipoles is indicated by a solid curve, obtained by fitting the

experimental data points (open circles).

FIG. 2. (Color online) Angle-resolved XPS scans

within a range of emission angle from 0� to 50�. Solid

lines indicate Ru samples sputtered once in the begin-

ning, while dotted lines indicate continuous sputtering

at every angle. Vertical dashed lines are given to guide

the eyes to follow the peak dispersion. All O 1s curves

are multiplied by 10 for clarity.
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indicate that the sputtering effect is almost negligible at

lower h. This is because the water molecules (O 1s region)

and C-On (Ru 3d region) in the first layer bind directly to the

Ru surface and dominate at lower angles (see Fig. 3), due to

their orientations. However, the corresponding XPS signals

are weak, due to poor photoionization cross-sections in the

presence of a limited number of molecules in a single layer.

Thus, the Ru 3d spin-orbit doublets, such as Ru 3d5/2 and Ru

3d3/2, which are peaking around 280.1 and 284.9 eV, respec-

tively, are only prominent for h> 35�. A clear variation of

the peak intensity ratio of the Ru 3d5/2 and Ru 3d3/2 is also

observed, whereas the O 1s peak becomes sharper at lower h
up to 15�. Looking at both O 1s and Ru 3d regions (Fig. 2), it

appears that the change in intensity is pronounced at higher

h, especially in the O 1s region.

For in-depth understanding of the observed facts, XPS

spectra recorded at various h have been deconvoluted into

components using a conventional fitting procedure. The

components used are the chemically active fragments result-

ing from the dissociation of hydrocarbons and/or water mol-

ecules by secondary electrons6 created by x-rays. Although

we have used Ru and RuO2 in our fittings, we have consid-

ered here only the components associated with the adsorb-

ents on the Ru surface. In particular, we found that water

molecules (532.6 eV) and OH radicals (530.75 eV)14 are the

components of interest in the O 1s region, whereas the Ru 3d
region consists of carbon (284.6 eV) and oxidized carbon

(i.e., C-On), which includes both O–C¼O (288.6 eV) and

C–O (286.4 eV).15 The relative change in peak area intensity

of water molecules and OH (right panel) and the carbon and

C-On (left panel) are plotted in Fig. 3. Although b was kept

near normal to the Ru surface (25� to –25�), there exists a

large change in peak area intensity of the molecular compo-

nents. This phenomenon can be explained in the light of the

variation in coupling between E with C-On and water mole-

cules at lower h and hydroxides at higher h. Interestingly,

graphitic carbon shows a parabolic behavior with a peak at

30�. This indicates that most of the carbon atoms are situated

on the top position of the underlying Ru atoms, suggesting

that the photoionization cross-section decreases on either

side of 30� in the presence of varying molecular symmetry.

Therefore, we can conclude that the adsorbents are aniso-

tropic in nature on the Ru surface and their components play

the decisive role in degrading the EUV reflectivity or optical

transmission.

In summary, we have shown time-dependent photoelec-

tron dynamics in the EUPS spectra using 13.5-nm wave-

length of light, where the rise of the secondary electrons is

explained in terms of the adsorption of contaminants on the

Ru surface. In addition, the molecules are proven to form

dipoles on the Ru film by measuring the change in work

function as a function of EUV exposure time, while the

diploes are oriented outward from the surface. Further angle-

resolved XPS investigations show the probability of the com-

ponents of the adsorbed species to couple with the electric

field of the incident electromagnetic radiation with increas-

ing h in the range from 0� to 50�. Such a fast contamination

on the Ru surface has also been revealed from angle-

resolved XPS measurements. Detailed XPS analyses suggest

that the water molecules and C-On are the dominant compo-

nents at lower h, OH radicals at higher angles; carbon atoms

are more probable at the middle regions. Finally, this study

reveals which components are responsible at which angle for

degrading the reflecting property of the surface Ru layer

when the electromagnetic radiation is falling onto the surface

in the near normal incidence.
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FIG. 3. (Color online) Relative peak area intensity with emission angle in

each XPS region. Left panel: C (open squares) and C-On (open circles).

Right panel: OH (solid squares) and H2O (solid circles).
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